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Energy Harvesting Applications of lonic Polymers

Benjamin R. Martin

Abstract

The purpose of this thesis is the development and analysis applications for ionic
polymers as energy harvesting devices. The speci ¢ need is alscontained energy harvester
to supply renewable power harvested from ambient vibratiors to a wireless sensor. lonic
polymers were investigated as mechanical to electrical emgy transducers. An ionic polymer
device was designed to harvest energy from vibrations and gply power for a wireless
structural health monitoring sensor.

The ionic polymer energy harvester is tested to ascertain wether the idea is feasible.
Transfer functions are constructed for both the open-circut voltage and the closed-circuit
current. The impedance of the device is also quanti ed. Usinghe voltage transfer function
and the current transfer function it is possible to calculate the power being produced by
the device.

Power generation is not the only energy harvesting applicabn of ionic polymers,
energy storage is another possibility. The ionic polymer deice is tested to characterize its
charge and discharge capabilities. It is charged with both OC and AC currents. An energy
storage comparison is performed between the ionic polymerand capacitors. While the
polymers performed well, the electrolytic capacitors are hle to store more energy. How-
ever, the ionic polymers show potential as capacitors and hae the possibility of improved
performance as energy storage devices. Current is measuradross resistive loads and the
supplied power is calculated. Although the power is small, he ionic polymers are able to

discharge energy across a load proving that they are capablef supplying power.
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Chapter 1

Introduction

1.1 Motivation

Energy harvesting or energy scavenging has become an areaiotreasing interest for re-
searchers (Anonymous, 2003). Producing sustainable powesources from existing environ-
mental conditions has many applications. One application hat is being heavily pursued
is using scavenged energy to power remote wireless sensofzh@ndrakasan et al., 1999).
Wireless sensors can be placed in locations and environmenthat have previously been
unaccessible because of hard-wiring issues. In the case ofonu electromechanical systems
(MEMS), the size of the device and the fact that they can be wieless opens many pos-
sibilities where before a sensor or the wiring was too obtruge. A main area of use for
remote wireless sensors is structural health monitoring, lte act of monitoring a structure
and detecting damage at the earliest occurrence. Self-powed wireless sensors for structural
health monitoring is the application driving the research presented here.

The speci ¢ application is for a small self-contained energy hrvesting device mounted
on the propulsors of a ship. The device will harvest energy sim the vibrations of the pro-
peller to support a wireless sensors or network of sensors dah can monitor the propeller
and propeller shaft. Ambient vibrations have already proven to be a viable energy source
for wireless sensors (Roundy et al., 2003). It is important hat the device be small and
self-contained so that it does not disrupt the performance ofthe propeller or be damaged
by the environmental conditions. Conditions could be hazadous as radial accelerations
from the dynamics of the propeller are estimated to be on the cder of 100 Gs. The reason

for wanting a wireless self-powered design is that it will be nore robust than a design that



relies on an external power source. Wiring and the mechanidgarts associated with bring-
ing external power to the propeller environment can fail. Therefore, using a well-designed
device to harvest power from vibrations is more reliable ande+cient.

Active materials have already been explored as mechanicabtelectrical energy trans-
ducers (Sodano et al., 2004). lonic polymers o®er several atages as the choice of active
material for the speci ¢ application. They have the potential for further development as
electromechanical transducers since the technology is r&ively new. Most work done with
ionic polymers is research based, trying to model the behawr and either improve perfor-
mance of realize it at lower costs. Also, ionic polymers canustain large strains making
them ideal for the high stress environment of the ship propusors (Shahinpoor and Kim,
2001). The ability to endure large strains also allows the ptymers to have a large stroke,
which will be advantageous since operating frequencies arestimated to be between 0.2
and 4.2 Hz. These reasons make ionic polymers a perfect caddte to explore for energy
harvesting applications in the described environment.

lonic polymers have previously not been used for energy haesting. This need
provides a unique opportunity to explore a possible applicéion of ionic polymer technology.
It also provides an opportunity to characterize the mechancal to electrical production of

the polymers and the energy storage capabilities.

1.2 lonic Polymers

1.2.1 History

Research in active polymer materials has existed for over aemtury. The rst experiments
were conducted on rubber bands in 1880. However, the work thded to electroactive poly-
mers (EAPS) did not occur until 1949 when chemically stimulated polymers were discovered
and studied. The work with these chemomechanical polymerseld directly to synthetic poly-
mers that could be used for actuation. Before long electroaove polymers became prominent
because of the convenience of the technology. Even with thenéreased interest in EAPS,
the largest amount of work and progress only began in the 1996 (Bar-Cohen, 2001).

lonic polymer-metal composites (IPMCs), a type of EAP, were aiginally devel-
oped as fuel cell membranes and not until the early 90's werehkeir actuation and sensing

properties discovered. The two properties were discoveredoncurrently, but by di®erent re-



searchers. Sensing properties were discovered by Sadegip in 1992, who was using them
as hydrogen pressure transducers. The initial sensing useas as a vibration sensor. Also in
1992, Oguro described the actuation function of the IPMC's ly bending them under applied
voltages (Bar-Cohen, 2001). Since those initial discoverigthere has been much work trying

to understand, improve, and apply the performance of IPMCs ad other EAPSs.

1.2.2 Description of lonic Polymers

Active materials are de ned as materials that exhibit useful coupling between multiple phys-
ical domains (Leo, 2003). Electroactive polymers are a clasof active materials. Polymers
labeled as EAPs have a mechanical response to electrical stulation and produce an elec-
tric potential in response to mechanical stimulation. EAPs are divided into two categories,
electronic, driven by electric eld, and ionic, driven by di®usion of ions. The research per-
formed for this thesis uses ionic polymers. As stated, the ectromechanical coupling in ionic
polymers is ionic di®usion, speci cally the motion of mobile ations. lonic polymer material
has both xed anions and mobile cations. When the material is lydrated the cations will
di®use toward an electrode on the materials surface under anpalied electric eld. Inside
the polymer structure, anions in interconnected clusters povide channels for the cations
to °ow toward the electrode. This motion of ions causes the stucture to bend toward the
anode (Bar-Cohen, 2001). Conversely, bending the ionic potyers will force ion di®usion
and produce voltage, which can be measured or collected thugh the electrodes.

The speci ¢ type of ionic polymers used are ionic polymer-methcomposites, which
consist of a base polymer coated with a metal to act as surfacglectrodes. Typically the base
polymer is one of the following, per°uorinated alkenes with $iort side-chains of ionic groups
or styrene/divinylbenzene-based with substituted ionic groups. Per°uorinated alkenes have
large polymer backbones and the side chains provide the ioaigroups which interact with a
solvent to produce the "active" characteristic. Styrene pdymers take ionic groups from the
phenyl rings to produce the "active" mechanism (Shahinpoorand Kim, 2001). The base

for the IMPCs used in this research is Na_on(R

, Which is a per°uorosulfonic acid polymer.

Electrodes must be added to the polymers before they can be ad as active materials.
The current manufacturing procedure involves an initial compositing process and then an
electroding process. During the rst step, polymers are plaed in a metal salt bath so that

metal-containing cations can di®use into the material. With initial metal ions in place, a



reducing agent is added to grow the metal into a plating that coats the surface. The metal
particles are concentrated near the surfaces of the polymerThe nished IPMC is e®ectively
three layers, a large polymer layer sandwiched between twoglymer-metal composite layers
(Shahinpoor and Kim, 2003).

The electromechanical coupling of EAPs is characterized byigh strain, low stress,
fast reaction speed, and low drive voltage. Because the basweaterial is a polymer, ionic
polymer actuation can range to strains of >10%. The extremely large motion relative
to size makes the polymers attractive as acutators. Howeverthere is a tradeo® with
stress generation. lonic polymers can only generate a few mgapascals of blocked stress.
Depending on the source this value ranges from 1 (Leo, 2003) to 3 MPa (Bar-Cohen, 2001).
Stress generation is one of very few limitations of the actution mechanism. Reactions
speeds of EAPs are as low as a few microseconds, but can rangerhinutes. Also, EAPs
only require a few volts for actuation, usually less than 10 V(Bar-Cohen, 2001). Because
of large strains, quick reactions, and low voltages reseaners are working to nd niche

applications for EAPs.

1.2.3 Applications as Actuators and Sensors

Current research is working to nd applications for ionic polymers in both the sensing and
actuation mode. It is believed that applications can be fourd that take advantage of the
inherent properties of the polymers and not be limited by the low force production. Some
of these example applications are highlighted in the followng section (Shahinpoor and Kim,
2005).

The high strains of IPMCs make them attractive as mechanicalactuators for ap-
plications requiring large motion but little force. Two IPM Cs can be made into grips by
having them actuate in opposite directions. Also, three-dimensional actuators have been
constructed by joining three individual polymers aligned in di®erent actuation directions.
Polymers have also been used to mimic the swimming or °apping mtion of ns and wings.
The use of polymers as ns is intriguing since most ns are useddf balance or stability,
not propulsion. Therefore, it is the position of the n that ma tters, not the force gener-
ated, making the high strain polymers well suited to performthe function. Other industrial
applications range from pumps and valves to electromechanal relay switches to musical

instruments.



Many biomedical applications are being explored for ionic plymers. This area could
benet from the ability to manufacture tiny polymer actuator s. Also, since the ionic poly-
mers require a solvent, the hydrated human body provides a raral environment. Work is
being performed to use ionic polymers as assist muscles forgans such as the heart and
eyes. Polymers would be actuated to contract, assisting théeart to pump, or correcting the
shape of the eye to improve vision. Another use is as miniatwe surgical tools that can be
inserted inside the body. Possibly the biggest biomedical se would be as arti cial smooth
muscles, one of the original ideas for EAPs. These musclesud be placed in exoskeletal
suits for soldiers or prosthetic devices for disabled persts.

lonic polymers can be incorporated into micro electromechaical systems as sensors
and actuators. The ability to easily manufacture large quartities of ionic polymers and
make them almost as small as desired shows promise for MEMS plications. Sensors
and actuators tend to be the most unreliable component of sesory-actuator-electronics,
so IPMCs could potentially lower the cost and improve the relability. MEMS technology
is extremely diverse, so pairing IPMCs with MEMS could lead © applications in many

di®erent areas and products.

1.3 Energy Harvesting Technologies

1.3.1 Piezoelectrics
Description of Piezoelectric Materials

Like ionic polymers, piezoelectric materials exhibit a copling between their mechanical and
electrical domains. And while ionic polymers belong to a lager class of materials, EAPS,
piezoelectrics are a type of ferroelectric material. The gucture of ferroelectric materials
contains electric dipoles, a positive and negative chargeeparated by a xed distance. When
an electric “eld is applied, the grains of the structure expard along the dipole direction and
contract in the lateral direction. Originally the dipole or ientation is randomly distributed
throughout the material, but by poling the material the dipo les can be aligned. Dipoles are
aligned by heating the material above the Curie temperatureand applying an electric eld.
The cation moves in the direction of the eld and the anion oppcses it. The material is then
cooled, producing the permanent alignment of the material. The poling process gives the

ferroelectric material its electromechanical coupling byallowing all of the grains to move in
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one direction when actuated (Gonzalez et al., 1998).

The electromechanical coupling works in two directions in pezoelectrics just as in
ionic polymers. The sensor path, applying a mechanical strgs and producing an electric
charge, is called the direct piezoelectric e®ect. The motorgth, applying an electric eld to
produce a mechanical displacement, is called the converségaoelectric e®ect. Piezoelectrics
are typically actuated in one of two ways, along the poling drection or perpendicular to the
poling direction. When actuated along the poling direction, the con guration is referred
to as a stack. The material will expand in the poling direction and contract in the other
directions. Multiple layers of material can used to amplify this e®ect. Actuation perpen-
dicular to the poling direction can be used to produce a bendig motion. A piezoelectric
bender or bimorph uses two pieces of material bonded togethén a con guration where an
applied electric “eld will cause expansion of one piece and otraction of another. Because
the pieces are bonded, the material bends (Leo, 2003).

Piezoelectrics have the opposite electromechanical coupb characteristics of ionic
polymers. Piezoelectrics produce low strain, but large stess. Typical strains for piezo-
electrics are between 0.1 and 0.3%, while generated stresanges between 30 and 40 MPa.
Another di®erence between the ionic polymers and the piezos ithe drive voltage. lonic
polymers can be activated with low voltages, but piezoeleaics require anywhere from 50
to 800 V to cause actuation. The only property that is similar is the reaction speed, a few
microseconds for both materials (Bar-Cohen, 2001).

Di®erences in the characteristics of the piezoelectrics arattributable to the base
material. Most of the piezoelectrics used for engineering yrposes are ceramic. It is ex-
pected that ceramics would produce less motion than polymes since they are more rigid.
However, because they are a more rigid structure they can pmuce larger forces. Typically,
piezoceramic sheets have a elastic modulus of 50 GPa in the g direction and 62 GPa in
perpendicular direction (Piezo Systems, 2005). That is appoximately two to three orders

of magnitude larger than ionic polymers.

Piezoelectric Power Generation

Power generation with piezoelectrics has been pursued viawo di®erent methods. The
“rst method excited the material by simulating vibrations pr oduced by an automobile.

Vibrations are the most common source of energy for excitinghe material to exploit the



energy harvesting potential. The material can be attached b any machine or vehicle that
has signi cant vibrations. The second method compresses thenaterial. Compression was
achieved in two ways, impacting the material and using a rapil deceleration.

Piezoelectric power generation from ambient vibrations ha shown potential for pro-
ducing usable power. Various vibration sources have been plored including vehicles and
humans. Promising results were shown by simulating the magitude of vibrations produced
by a automobile compressor. The piezoelectric material is»eited with a chirp signal to
obtain data at di®erent frequencies. Maximum power produceds approximately 2 mWw,
occurring at the natural frequency of the piezo. Average powr is in the range of 0.2 mW.
Also demonstrated is the ability to charge a battery with the harvested power. At resonance
the piezoelectric material is able to charge a 40 mAh batteryin one hour. Using a random
signal, similar to the car compressor, the charging time clinbed to 1.5 hours (Sodano, 2003).

The other method for straining the material is compression,using impacts to create
a pulse generator. The compression force is input in two waysdropping a mass on the
material for approximately 10 kN of force and imparting a deceleration for approximately
20 kN. This method was able to generate maximum power pulsesfd@20 kW, but with
lengths of 0.51s. This is signi cantly less than the vibration method since the average
power can be sustained for as long as the vibrations are susteed. However, this study did
conclude that power is scalable with the volume of the piezdectric device (Keawboonchuay

and Engel, 2004).

1.3.2 Electromagnetic Devices
Description of Electromagnetic Devices

Electromagnetic devices use the motion of a magnet relativéo a wire coil to generate an
electric voltage. A permanent magnet is placed inside a wouth coil. As the magnet is moved
through the cail it cause a changing magnetic °ux. This °ux is responsible for generating
the voltage which collects on the coil terminals. This voltage can then be supplied to an
electrical load (Du®y and Carroll, 2004). Because an electronagnetic device needs a magnet
to be sliding through the coil to produce voltage, energy havesting through vibrations is

an ideal application.



Electromagnetic Power Generation

Two di®erent studies are discussed to exemplify electromagtic power generation. Both
studies focus on producing power from the motion of human beigs. Also, both studies
produced several milliwatts of power. The rst study tested the electromagnetic device at
resonance frequency and with optimal loading. This device &s able to produce a maximum
of 2.5 mW (Poulin et al., 2004). A second study actually prodwced electromagnetic devices
that 't inside the heel of a shoe. One a sliding magnet-coil degjn, the other, opposing
magnets with one xed and one free to move inside the coil. The st device was able to
produce 8.5 mW and the second 0.23 mW (Du®y and Carroll, 2004)While both designs
were able to produce milliwatts of power, this production is dependent on the dimensions
of the device. If the length of the coil is increased, which iereases the turns, the device is

able to produce more power.

1.4 Thesis Overview

1.4.1 Contribution

The purpose of this thesis is the development and analysis @pplications for ionic polymers
as energy harvesting devices. The worked focused on addressthe speci ¢ power harvest-
ing need for the condition-based health monitoring and wireéss communications discussed
in the Motivation section. The speci ¢ application for mounting the energy harvesting
device on ship propulsors incorporated strict environmenél guidelines including the the
frequency of the vibrations, loading magnitudes, and dimesions. Using the design require-
ments, an ionic polymer device was developed to function inlie described environment as
an energy harvester. The device uses the dynamics of the emenment and the properties
of the ionic polymers to convert mechanical energy to elecical energy. Design curves have
been generated to describe the mass, sti®ness, size, and sses for various options of the
design. The selected design was then characterized to detame the amount of electrical
energy that could be harvested by mechanically exciting thedevice. Transfer functions
were collected to quantify the open-circuit voltage and clogd-circuit current. Data was
collected for frequencies up to 500 Hz. The impedance of theedice was also measured
for the same bandwidth. The expected power that the ionic poymer device could produce

was calculated using the voltage and current. The power caldation included adjusting
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for the increased resistance from matching the impedance dhe polymer device to the re-

quired recti er circuit. Therefore, the power calculated is the actual power expected after
the raw AC signal has been converted to a DC supply. Along withthe energy generation
device, ionic polymers were also considered as the energystge vessel for the harvesting
application. The capacitive characteristics of the designwere investigated for the purpose
of using the polymers in place of a standard capacitor bank. Tie ionic polymer device was
tested to determine the charge and discharge characterists, which were then compared
to commercial capacitors. The research has explored the ergy harvesting application of

ionic polymers and concluded that while ionic polymers do nb produce large amounts of
electrical energy, they do show potential for storing signicant amounts of electrical energy.

Using the polymers as specialized capacitors is a real pobdity.

1.4.2 Approach

A detailed design process is presented in Chapter 2. The dagi requirements are discussed
along with the process for developing the design curves andekecting the nal design.
Chapter 3 describes the testing procedures and presents thexperimental results of the
ionic polymer energy harvesting device characterization. Also included in Chapter 3 are
the power calculations and an examination of the transfer functions obtained during testing.
The energy storage testing and results are presented in Chagr 4 along with a comparison
of the storage ability of ionic polymers and commercial capaitors. Chapter 5 presents the

conclusions of the research and provides recommendationsrffuture work.



Chapter 2

Design of Power Harvesting Device

The concept of the Phase | energy harvesting device is an arrgement of ionic polymer
membranes that will convert mechanical energy into electrcal energy. Two posts, made
of individual polymer membranes, will support a head mass tlat induces strain when the
system is exited by the revolutions of the propeller. Figure2.1 illustrates the original
concept. When mounted on the propeller, the axial directionin the gure is the radial
direction of the propeller. Oscillations in the lateral direction will produce the recurring
strain in the material. Speci ¢ requirements were given for &e, loading, and operating
frequency range. These design parameters are listed in TabR.1. The ionic polymer energy
harvester will be packaged in a cylindrical container that has already been designed. Only
75% of the cyclinder volume is available for the harvester. Tie remaining space is reserved
for electronics necessary for collecting the harvested engy. Loading and frequency range
estimates are based on assumptions of the speci ¢ applicatioof the device.

Design of the device concentrated on four areas, maximizinghe strain of the poly-
mers, tuning the device to the selected frequency, packaginthe device within the speci ed
container, and assuring the survival of the device under theassumed loads. However, each
area of the design a®ects the other areas. The mass needed toast the polymers a®ects
the sti®ness and strains. Sti®ness a®ects the stroke, which eénteres with the packaging.
Packaging dictates the maximum size of the device which comains the amount of mass.
To combat this circular e®ect, design curves were generateaif each area of the design to
provide options. Comparing the design curves allowed a sotion to be selected that meets

all of the requirements and constraints of the environment.
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Figure 2.1: Original concept design for the ionic polymer energy harves

Table 2.1: Design parameters for the Phase | ionic polymer energy harv

Package Size: Outside Dimensions | 6.35 cm dia. £ 7.62 cm (241 crd)

Package Size: Inside Dimensions 5.72 cm dia. £ 6.86 cm (176 cnd)

Available space for energy harvester 132 cn?
Axial (Radial) Acceleration 0 - 100 Gs
Lateral Acceleration §1G
Operating Frequency Range 0.2-42Hz

11
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2.1 Maximizing Strain of the Polymers

lonic polymers convert mechanical energy to electrical engy with a nearly linear rela-
tionship (Newbury and Leo, 2002, 2003a,b). To make the energharvester excient the
polymers should experience the largest possible strainsohic polymers can sustain strains
greater than 10% without failure, but for this design the limit is set at 10% (Shahinpoor
and Kim, 2001). This provides adequate strain on the materid and also provides a level of
safety in the design. The harvester device experiences load) in both the axial and lateral
directions. Axial loads are assumed to be a constant 100 Gs ding operation and lateral
loads are assumed to b& 1 G. Since the axial loading is much greater, it determines tle
required mass.

The size of the polymer posts is varied to provide design optins requiring mass to be
calculated for each option. Number of layers and width of thepolymer samples are varied
in the mass calculations. For the calculation each polymer pst carries half of the load, so

the forces in either direction can be calculated with the folowing expression,
1
Fair = émh®dir: (2.1)

To simplify the calculation the post is assumed to be solid. D justify this assumption the
polymer posts will be encapsulated and embedded into the hebmass and base of the device.
The encapsulation will stop the individual samples comprisng the post from separating and
having each end of the post embedded will minimize the layerslipping past one another.

Combining the following two equations (Beer and E. R. Johnsbn, 1992),

+
2= I—; (2.2)

Fal
= —, 2.3
= (23)

with equation 2.1 provides an expression for the necessary ass,
22 WtE

Mp = : 24
h & (2.4

For these calculations the modulus, E, is 249 MPa, which willbe veri ed later. The
results of the mass calculation are shown in Figure 2.2. Smiar widths and fewer layers

reduce the amount of mass required to produce the desired sim.

12



T
« Width=1cm
« Width=2cm
e Width=3cm

Mass, kg

*1 layer is 0.2 mm
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Figure 2.2: Curves for predicting amount of mass needed for 10% axial st rain
of polymer material.

2.2 Frequency Tuning

Operating frequencies for the device are between 0.2 and 4Rz. Tuning the harvesting
device to the proper frequency creates limits in the designiace the frequency is so low. To
tune the device to these low frequencies requires the polymeosts to have a low sti®ness.
However, a relatively °exible post will have large de°ectionsthat could interfere with the
device's container. To increase sti®ness the harvester deeé is tuned to a frequency of 7
Hz. Designing to this higher frequency also avoids resonarg®ects which would amplify the
de°ections.

Again, a curve is generated to predict the sti®ness required en the amount of
polymer material is varied. A sti®ness that will tune the device to 7 Hz is calculated for

each mass shown in Figure 2.2 using the following equation iiman, 2001),
kg = mp! 2: (2.5)

The calculated sti®ness follows the same trends as the mass. héh the amount of
material is increased the sti®ness is increased. Again, ugjriess material is shown to be

bene cial. Figure 2.3 shows the sti®ness curves.
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Figure 2.3: Curves predicting the required sti®ness to tune the d evice to 7 Hz.

2.3 Packaging the Energy Harvester Device

The harvester device will be packaged in a container that haslready been designed. The
container has an inside length of 6.86 cm and an inside diamet of 5.72 cm. There is
approximately 176 cn?® of available space inside the container; however, the hargter device
must share the space with the necessary electronics. Sevgntve percent or 132 cn? has
been designated for the ionic polymer harvesting device. Soealistically the harvester
device, which includes the base, polymer posts, and head msscan only have a total length
of 5 cm.

The length of the polymers is independent of width so the onlydesign option con-
sidered for this calculation is the number of layers. Sti®nes for a two-beam support is

calculated with the following equation (Blevins, 2001),

g = 12E(II13+ 15) 2.6)

where I, with both posts having the same geometry, is (Beer ad E. R. Johnston, 1992),

1
| =11=1p= 1—2Wt3: (2.7

Rearranging these relationships, it was possible to calcate the free length of the polymers,

14



I, from equation 2.6, S

(2.8)

The free length of the polymers needed for the various desigoptions is shown in

Figure 2.4. The total length of the polymer will be larger since both ends will be embedded.

4.5

35} : §

Ind
o
T
1

Length, cm

15F . i

0.5 : I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Number of Layers

Figure 2.4: Free length of the polymers required to produce the targe t sti®ness
for the design options.

2.4 Stress Calculations

Stress calculations are critical to the design to insure thesurvival of the device under operat-
ing conditions. The ionic polymers are made from Na ot N-117 that has been impregnated

with noble metals. Since NaonR

is a commercial polymer, the material speci cations are
well known (DuPont™ | 2004). Speci cation sheets list three di®erent values for &wable
stresses based on the level of hydration of the material, 50%elative humidity, water soaked
at 23*C, and water soaked at 106C. To determine which allowable stresses are appropriate,
the material was placed in design con guration, both ends clanped to simulate a post, and
tested to determine the elastic modulus. The modulus of the mterial is also dependent on

the level of hydration, so it will indicate which stress levd is acceptable.
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Elastic modulus is not measured directly, but derived from the sti®ness of the ma-
terial. A random signal is used to impart motion to the polymers while the opposite end of
the sample is constrained with a load cell. A potentiometer neasures the motion and the
load cell measures the corresponding force generated by thmolymers. This provides the
sti®ness transfer function,

f().

The modulus is derived from the sti®ness using the followingguation (Newbury and Leo,

2003a),

a4k(1H)I%

E(1)= =3

(2.10)

Five di®erent samples were tested and the results are shown Figure 2.5. The same batch
of ionic material tested for modulus will be used to fabricat a model of the selected design

to insure consistent results.

500

450 - B

Modulus, MPa

—— Polymer 1
1501 —— Polymer 2 7

Polymer 3
Polymer 4

100 —— Polymer 5 )

1 1
2 4 6 8 10 12 14 16 18 20
Frequency, Hz

Figure 2.5: Elastic modulus of the ionic polymers.

Polymer materials have a frequency dependent modulus becae of the viscoelastic
behavior of the material. These ionic polymers have an elagt modulus of approximately
260 MPa at the target frequency of 7 Hz. NaonR N-117 speci cations list the modulus
to be approximately 249 MPa at 50% relative humidity, which matches well with the test

results. Results show that at extremely low frequencies, 0-24z, the modulus is 249 MPa.
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Figure 2.6: Calculated stress curves and allowable stresses for the polymer
posts.

Based on the material speci cation sheets, and validated by he modulus test, the polymers
have an allowable tensile (axial) stress of 43 MPa and an allgable transverse (lateral) stress
of 32 MPa (DuPont™ | 2004).

Using the mass curve, stress curves are calculated to predithe stresses seen in the
polymers for each design case. The stress in the axial and ketal directions were calculated

with these relationships (Beer and E. R. Johnston, 1992),

Fa
Yo = —; 2.11
4= Lo (2.11)
1
sFlt
Y = L; (2.12)

I

The stress curves are shown in Figure 2.6 with the known alloable stresses shown
as well. While there are three mass curves, one for each widttithere is only one stress
curve for each de°ection direction. This occurs since the rdb of mass and geometry is
constant between the curves. Calculated axial stress in th@olymers is constant since the
mass is designed to produce 10% strain in that direction. Calulated lateral stress shows an
exponential decrease as the number of layers in the polymergsts is increased. As layers

are added to the post, the lateral strain of the post is decreaed as are the stresses.
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2.5 Selected Design for the Energy Harvester Device

Using the design curves discussed in the previous sectionss possible to select a design for
the energy harvester that will meet all of the design criteria. A smaller width bene ted the
design, requiring less mass, so only the 1 cm width option isansidered. Using more than
10 layers will require almost 1 kg of mass, which is too larged package, so these options
are also discarded. Finally, the stress curves show that atdast three polymer samples must
be used in each post. The available range for the device is beeen 3 and 10 samples per
post. A design from the high end of this range is preferred sice more ionic material will

convert more mechanical energy to electrical energy.

17.410
B8.750

:::;;;;&Y @ 35.400
i i — @ 42.900
[ ¥

6.080

¥
10.051

R 1.000—

| \
1.851 —f—= =— ‘ T ‘
H | H 20.000 S I
‘ i H ‘ 10.000
T >y f i
10.000 - \ i
4] 40° 54+ 20.000 40.000

—

Dimensions are mm

Figure 2.7: Detailed design of the head mass.

From the usable range the 8-layer polymer post is the best optin. After experiment-
ing with the options and the design of the head mass, the 8 layepost allows for the most
ionic material to be in the design while the stroke of the devce does not interfere with the
container. A mass of 0.816 kg and a sti®ness of 1577 N/m correspd to the 8 layer post.
To conserve space the head mass will be made from a dense maagrspeci cally Tungsten
which has a density of 19250 kg/ni. The polymer posts have a 2.35 cm free length, a 1 cm
width, and a total thickness of 0.16 cm. Length was added to tke individual polymer sam-
ples so that they could be embedded and secured properly in thdesign. Each individual

polymer sample will have the following dimensions, 3.85 cm1l cm, 0.02 cm. Figures 2.7,
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Figure 2.8: Detailed design of the individual polymer samples.
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Figure 2.9: Fully packaged energy harvester. One half of the packagi ng con-
tainer has been cut away to show how the device ts.
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2.8, and 2.9 provide detailed dimensions of the design.

Under the assumed loading the dynamic forces placed on the diee will be 800 N in
the axial direction and 8 8 N in the lateral direction. These forces will produce streses of
25 MPa and 22 MPa in the axial and lateral directions, respecively. Assuming a modulus
of 249 MPa, the strain in the lateral direction is 8 8.8%. This represents a lateral stroke of
§ 0.507 cm.

Clearance for the device at maximum stroke is 0.2 cm in the lagral direction. A
10% strain of the free length of the polymer in the axial dired¢ion produces a de°ection of
0.235 cm. The harvester device design has a clearance of 30dm after the maximum axial

de‘ection.

2.6 Failure of the Energy Harvester under Loading

The harvester device will fail in two ways under the loading @nditions. Combined axial

stress is too great for the ionic polymers and the static weibt of the head mass will cause
the posts to buckle. The head mass needs to be supported by sething other than the

ionic polymers. A Phase Il design will need to include some dter support for the head
mass. Possible options would be a post other than the polymerwith the proper sti®ness
or a track that allows the mass to slide but also provides supprt. Other possible options
would be to decrease the axial strain reducing the axial stres or to increase the target
frequency. Less direct axial stress will lower the combinedtress. A higher target frequency

will increase the sti®ness, which will also reduce the stress

2.6.1 Combined Axial Stress

The maximum combined axial stress occurs in the polymers athie peak of the stroke. At
this point the bers carry both the maximum axial load and maxi mum lateral load. The
combined stress, shown in Figure 2.10, indicates that the dggn will fail if less than 16
polymer samples are used per post. However, using that manygtymers for a posts will

require the head mass to be too large to package.
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Figure 2.10: Combined axial stress in the ionic polymer samples at pe ak stroke.

2.6.2 Buckling

The design is analyzed for buckling under the static weight 6the head mass. For the analysis
each polymer post supports half the weight. The posts are rstanalyzed to determine the
appropriate buckling region: compressive, Euler-Johnsonpr Euler Buckling. Both area

moments of inertia are calculated (Beer and E. R. Johnston, 292),

1

Iy = 1—2Wt3; (2.13)
1

ly = 1—2W3t: (2.14)

Buckling is assessed using the following procedure (Misclekand Shigley, 2001). The smallest

moment of inertia is used to calculate the radius of gyration
r

I x
= = 2.15
Wi (2.15)
The slenderness ratio,
I
s= " (2.16)
is then compare with the tangent slenderness ratio,
s
2V#CE
(I=)1= (2.17)
Sy
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to determine the appropriate region. In equation 2.17, C is he end-condition constant,
which in this case is xed-free. The conservative value for C uder these conditions is;ll.

The Euler region is the appropriate region of buckling to corsider based on the geometry
of the polymer posts. Critical loading in this region is calalated with this formula,

CYZEWt
(I=)1

The amount of critical mass is calculated by dividing the critical loading by gravity. From

Per = (2.18)

the Euler buckling theory each post can support 0.387 kg of mss.

However, actual testing does not support these numbers. Theroposed energy
harvester design was tested statically to determine the aatal amount of weight it can
support. The sti®ness of the proposed design, two posts in paltel sharing the load, is
greater than the sti®ness sum of two individual posts as illusated by equation 2.6. It
should therefore be able to support more weight per post thanthe theory suggests. In
reality, the design buckles under less weight than calculad.

A Phase | model was placed in a test xture and loaded to determrme the actual
weight it could support. For the buckling test the 8-layer polymer posts are encapsulated
to prevent the layers from separating. Plastic wrap is woundaround the polymers and then
sealed by melting the layers of plastic together. When the pests are straight the device
can support 0.23 kg, much less than the predicted weight. If he posts have any de°ection,
so the loading is eccentric, the allowable weight is decreas to 0.154 kg. Both values are
signi cantly lower than the design weight of 0.816 kg. For Phase Il additional support is

needed.

2.7 Chapter Summary

In this chapter the design for an ionic polymer energy harveter has been presented. Design
of the device concentrated on four areas, maximizing the sain of the polymers, tuning the

device to the selected frequency, packaging the device with the speci ed container, and

assuring the survival of the device under the assumed load€esign curves were generated
for each area to aid the choice of a suitable design. The desigwas based on nding a
head mass and ionic polymer combination that would t within t he design constraints and
also provide adequate strain on the materials. Using the degn curves, a 16 layer ionic

polymer design was chosen. The selected design was evaludt® quantify the axial and
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lateral de°ections as well as the axial and lateral strains. The clearance of the device inside
the canister under loading was also calculated. The designan sustain the axial and lateral

stresses independently, but fails under the combined stres Buckling of the design is also
an issue. Additional supports would need to be designed if te device was taken to a Phase

Il level. The next chapter presents the results of testing tte design for power generation.
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Chapter 3

Characterization of Power

Generation

The feasibility of the proposed design is tested by buildingan engineering model, denoted
EM1. The polymer samples are the same size as those proposedthe EM1 design, 3.85
cm£ 1 cm£ 0.02 cm. Two posts, constructed of eight individual polymersamples for a
total thickness of 0.16 cm, are wrapped with plastic wrap to smulate the encapsulation.
The polymer posts are clamped in a xture that provides the sanme clamped-free boundary
conditions. The polymers have a free length of 2.35 cm when ated in the xture. Pictures
of the test setup are shown in Figures 3.1 and 3.2.

Testing is performed on the ionic polymers in both sensing ad actuation modes.
Figure 3.3 provides diagrams of the experimental test setup. During voltage and current
testing the material is placed in a sensing con guration, meaing no voltage is applied to the
materials, only motion. A Tektronix 2630 Fourier Analyzer i s used to supply the excitation
signal and collect the data. A shaker excites the polymers aththe signal is conditioned with
circuits to a form compatible with the Tektronix. A Polytec O FV laser vibrometer measures
the displacement of the polymers which is also collected byhe Tektronix analyzer.

To obtain impedance data the polymers are placed in actuatio mode. The shaker
is removed from the xture allowing the polymers to move freely when activated. A voltage
is sent directly to the polymers from the Tektronix. This vol tage as well as the current
present in the polymer is measured. The Tektronix construck a transfer function for the

impedance based on the measured current caused by the voltagignal.
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Figure 3.1: lonic polymers in the test xture.

a)

Figure 3.2: Side views of the test setup: a) left view b) right view.
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Figure 3.3: Diagrams of the experimental setups: a) sensing con gurat ion b)

actuation con guration.

3.1 Open-circuit Voltage

Open-circuit voltage produced by the polymers is measured. Rcing the polymers in the
open-circuit con guration ensures the largest voltage possile because there is an in nite
resistance, which is equivalent to having zero electricaldading on the polymers during
testing.

A transfer function of the voltage sensitivity is collected to determine how much
voltage the ionic polymers will produce at certain frequendes. The voltage sensitivity,

V(! ), is described in the following equation,

Vo(!)
u(!)

where, vo(! ) is frequency dependent voltage andu(! ) is the induced displacement. The

V()=

(3.1)

polymers are layered in series so voltage will add. To colleédhe transfer function EM1 is
excited with a 1.812 Vrms random signal. The voltage sensitiity transfer function is shown
in Figure 3.4. Near the target frequency the ionic polymers poduce approximately 3.8
mV/cm. Therefore, the voltage produced by the proposed degjn of EM1, with a calculated
stroke of 8 0.507 cm, is§ 1.9 mV. One complete stroke of EML1 at the target frequency wil
produce approximately 3.8 mV. However, the transfer functon shows that the polymers are
frequency dependent in energy production. The voltage prodced by EM1 will change if

the frequency of the loading changes.
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Figure 3.4: Open-circuit voltage sensitivity transfer function f or the EM1 test
model.

Open-circuit voltage is tested for each individual sample ad then for multilayer
stacks comprised of the samples. The stacks range from two teight layers. Polymer
samples are stacked so that they connect in series. The inddual voltages are shown in
Figure 3.5 for all sixteen polymers. While there is a little scatter, the voltage transfer
functions all lie in the same range. Therefore, all of the samples are working properly
meaning a damaged sample did not e®ect the voltage charactedtion. Figure 3.6 shows
the results of the open-circuit voltage test for multilayer stacks. Voltage production does
not increase linearly with increasing layers. Generally tle production increases, but some
of the data appears to be out of order, such as stacks 1-6 and 1-8The reason for these
irregularities is that the testing procedure has some inheent errors. First, the polymers
must be taken out of the test xture when a layer is added. It is impossible to reset the
test xture exactly the same every time. The larger factor is the connection between the
polymers. Wrapping is applied to the outside to contain the entire stack, but there is
nothing attaching the individual layers to one another. When excited the layers slide past
each other. Depending on how tight the outside wrap is, the fiction between layers could

change and e®ect the strain, which e®ects the voltage produot.
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Figure 3.5: Open-circuit voltage transfer functions for the indivi dual polymer
samples.
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Figure 3.6: Open-circuit voltage transfer function for multilayer stacks. The
plot shows the irregularities in voltage production due to changin g connection
conditions between the layers.
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3.2 Closed-circuit Current

The current measured in the polymer samples is closed-circucurrent. A short circuit has
no resistance, allowing the maximum current to be measured.Again, this is done so that
there is no electrical loading of the polymers during testiry.

The current sensitivity transfer function is collected using the same method as the
voltage transfer function. The current sensitivity, | (! ), is described in the following equa-
tion,

(1) = % (3.2)

where,i¢(! ) is frequency dependent current andu(! ) is the induced displacement. A 1.812
Vrms random signal excites EM1 and the resulting current is neasured. A transfer function
of the close-circuit current is shown in Figure 3.7. Near the arget frequency EM1 produces
approximately 4.5 1 A/lcm of current. For the predicted de’ection thisis 8§ 2.31Aor4.61 A
per complete stroke. However, this could vary since the cuent is also frequency dependent.
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Figure 3.7: Closed-circuit current sensitivity transfer funct ion of EM1: a) full
bandwidth b) low frequencies.

Individual samples are also tested for closed-circuit curret production. The proce-
dure is the same as for the voltage, each sample is tested inddually and then stacks of
up to eight layers are also tested. The individual results ae presented in Figure 3.8. Since
the polymers are layered in series the current should stay tatively constant, which Figure
3.9 supports. While there is some scatter, it is caused by thehanging internal conditions

of the stack.
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Figure 3.8: Closed-circuit current transfer functions for the ind ividual samples.
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Figure 3.9: Closed-circuit current sensitivity for multilayer s tacks.
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3.3 Impedance

The impedance of the ionic polymer posts designed for EM1 isniportant for the power har-
vesting application. To maximize the power collected by therecti er circuit, the impedance
of the circuit must be matched to that of the transducer device. If the impedance of the
source and the load are not matched part of the energy is re°eetd.

Impedance data is collected using the same signal that is udeto collect the sensing
data. A 1.812 Vrms signal is applied to EM1 and the resulting wirrent is measure. The

ratio of the two values is the impedance of the device,

_ov(t).
2= i1y (3.3)

Figure 3.10 shows the impedance transfer function for EM1. mpedance of the ionic poly-
mers is very high at low frequencies, typically on the order bhundreds of Ohms. Examining
the impedance transfer function reveals that the impedanceof EML1 is approximately 800

- at the target frequency of 4 Hz.

10*

10°F /

10"

Impedance, Ohms

10 , ,
10° 10 10 10° 10
Frequency, Hz

Figure 3.10: Impedance of the EM1 energy harvester device.

Impedances for the single samples are shown in Figure 3.11.h&re appears to be
some scatter between the samples, especially at lower fregncies, but they all fall within
the same range. The multilayer stack data shows a linear in@ase with increasing layers,
Figure 3.12. This supports the theory that slipping of the layers causes the irregularities in

the voltage and current stack data since strain does not faatr into the impedance.
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Figure 3.11: Impedance for the single polymer samples.
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Figure 3.12: Impedance for the multilayer stacks showing a linear increase.
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3.4 Power Calculations

Power is the product of voltage and current. Using the voltage transfer function and the
current transfer function it is possible to calculate the powver being produced by the ionic
polymer energy harvester. However, simply multiplying the voltage and the current overes-
timates the power by a factor of four. Matching the impedanceof the recti er circuit, the
load, to that of the transducer device, the source, doublestie resistance. This increased
resistance reduces the amount of current and voltage by half To correctly calculate the

power that can be collected, the power transfer function musbe divided by four,
(3.4)

as illustrated in Figure 3.13.

The calculated power transfer function is shown in Figure 314. The units of the
power transfer function are * W/cm 2, but it is not power per area. Since both the voltage
and current transfer functions are functions of de°ection, this dependence becomes squared
in the power transfer function. To correctly estimate the power produced by EM1 its
de’ection must be squared before being applied to the transfefunction in Figure 3.14.

The expected power of EM1 can be calculated using the power &nsfer function and
the expected de°ection of§ 0.507 cm. At the target frequency of 4 Hz, EM1 produces 0.003
1W/cm 2. During one complete stroke the energy harvester will prodee approximately
0.003* W, a negligible amount of power. The low power is due to very lav current being
produced by the polymers, only a few microamps. While milliwlts of voltage might be
suzcient to harvest power, the low current makes it impossible to generate a signi cant
amount. At the target operating frequencies the ionic polymers will not work as generators.
However, at larger frequencies all of the transfer functios show much more mechanical
energy being converted to electrical energy. It is possibl¢hat at these higher frequencies

the ionic polymers could harvest usable power.

3.5 Examination of the Transfer Functions

In an e®ort to explain the shape of the transfer functions, twoproperties of the ionic
polymers are analyzed: the natural frequencies and the impance. By examining each of

these properties an explanation for the shape of the transfefunctions is clear.
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3.5.1 Natural Frequency Analysis

The transfer functions show a large increase in electricalreergy between 150 and 300 Hz,
with a peak near 200 Hz. An analysis is performed on the ionic plymer posts to determine
if a natural frequency exists at this point. The boundary conditions chosen for the analysis
are clamped-sliding. Although one end of the polymers is comptely unrestrained, the
dual posts working in parallel cause the de°ected shape to resnble the clamped-sliding
boundary conditions. The mode shapes were calculated withhe following equations for

natural frequencies and mode shapes (Inman, 2001),

s
-, EI
| ="2 =
I'n N A (3.5)
Mode Shapes = cosh(X) i cos( nX)i ¥(sinh( 1x)i sin( hX)): (3.6)

The mode shapes and natural frequencies are calculated foroth the xed-free and
“xed-sliding boundary conditions so the results could be compred. The rst mode shapes
for the two boundary conditions are compared in Figure 3.15. Comparing Figure 3.16 to
the mode shapes of Figure 3.15 it is easy to see that clampedsdihg is a better choice for
the boundary conditions.

The natural frequency calculations are performed for both te ionic polymer posts
and the individual polymer samples. For the analysis the poss are assumed to be a solid
beam with the following dimensions 2.35 cm£ 1 cm £ 0.16 cm. Dimensions for the
individual samples were 2.35 cmE 1 cm £ 0.02 cm. The rst ve natural frequencies for
each case are shown in Table 3.1.

Table 3.1 makes it clear that the natural frequencies of the st are not the reason
for the peak in the transfer functions, but that the natural f requencies of the individual
polymers are responsible. The posts frequencies are high,ast likely due to their short,
wide geometry. The individual samples, which are thinner, fave much lower frequencies.
The calculations show that for both boundary conditions the rst natural frequency of the
individual sample is reasonably close to the peak in the trasfer functions. The clamped-
sliding boundary condition predicts a natural frequency of 181 Hz, which is precisely where
the peak in the transfer functions appears. This evidence sygests that the individual

polymer samples are being excited even though they are wramga during testing.
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Table 3.1: Calculated natural frequencies of the posts and sampl es for clamped-
free and clamped-sliding boundary conditions.

Posts Individual Samples
Freq | Clamped-Free | Clamped-Sliding | Clamped-Free | Clamped-Sliding
fq 1820 2895 114 181
fo 11406 15646 713 978
f3 31938 38637 1996 2415
fa 62585 71845 3912 4490
fg 103457 115272 6466 7205

3.5.2 Impedance a®ect on Power Generation

Understanding the de nition of impedance, the ratio of voltage to current, makes it simple
to explain why there is almost no current production by the polymers at low frequencies.
Examining Figure 3.10 shows that the impedance at low frequecies is more than 600 Ohms,
a voltage to current ratio of at least 600 to 1. The impedance 6 EM1 remains above 100
Ohms until the frequency reaches approximately 100 Hz. Arond 100 Hz is also when the
current production of the polymers increases. At low frequacies,< 100 Hz, the impedance
of EM1 is an order of magnitude greater than at higher frequegies. The impedance is too

great to produce adequate current and hence adequate power.

3.6 Chapter Summary

Chapter 3 presented the power generation testing of the iori polymer energy harvesting
design. The model, denoted EM1, was placed in a test xture tha simulated the xed-

free boundary conditions of the proposed design. EM1 was theexcited mechanically and
the electrical power generation was measured. Transfer fustions were obtained for the
open-circuit voltage, closed-circuit current and impedance Using the transfer functions the

expected voltage and current were calculated for one comple stroke of the device at 4
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Hz. The device produces 3.8 mV/cm, which for a stroke of§ 0.507 cm, is approximately
3.8 mV per stroke. The current production at the target frequency was 4.5' A/cm, which
is approximately 4.6 t A per stroke. The impedance of the device was 800 -. Individual
samples and multilayer stacks of di®erent sizes were also afagterized for voltage, current,
and impedance. Each single sample showed the same perfornaninsuring that there
are no damaged polymers. However, the voltage did not scalankarly with the layers.
This error is due to the layers slipping and changing the stran from test to test. Current
production from the multilayer stacks was relatively the same as expected for series stacking.
The impedance did show a linear increase with added layers,on rming the theory that
strain di®erences were the cause of the irregularities in theoltage data from the multilayer
stacks. Power was calculated from the voltage and current tansfer functions. The expected
power at 4 Hz is 0.003* W, a negligible amount of power. An analysis of the natural
frequencies of the polymer samples and posts was performed help explain the shape of
the transfer functions. The individual polymer samples haw a natural frequency at 181 Hz.
The increased production of the device near this frequencysi the result of the individual
samples in the posts resonating. The next chapter presentshe tests of the device as an
energy storage vessel. Data on the charge and discharge chateristic of the design are

discussed.
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Chapter 4

Energy Storage

Power generation is not the only energy harvesting applicabn of ionic polymers, energy
storage is another possibility. lonic polymers are highly epacitive. If another device is
used to harvest the energy, the polymers could potentially eplace a capacitor bank as a
means of storing the energy. This use of the ionic polymers imtriguing for two reasons.
First, the polymers are a new technology and their performawce is likely to improve with
further development. This means that while recent testing dready shows promise for energy
storage, this potential can be improved and optimized later Second, the polymers can be
manufactured into a myriad of shapes and dimensions. Convdional capacitors will be
restricted to commercial sizes and shapes. Also, they willikely have to be wired to a
circuit board. Both of these restrictions take up space ingile the harvester device packaging
where space is at a premium. The polymers can be manufactureith the desired shapes or
dimensions to tthe needs of the harvester. They could be ttedaround the harvester device
and electronics, molded as a lining around the inside of the @ckaging, or even inserted as
part of the packaging container. EM1 was tested to evaluate he energy storage potential of
the proposed design. However, the con guration of polymersn the EM1 design is not the
optimum con guration for storing energy. The two posts are in parallel, but the individual
samples forming the posts are in series. Capacitors shouldebused in parallel so that
the capacitance adds. Capacitors wired in series actually ichinish the overall capacitance.
However, testing the EM1 design will still provide an idea ofthe energy storage potential
of the ionic polymers and highlight a few ways that the storage ability can be improved.

The ionic polymers are tested to determine how fast they willcharge, the amount
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of energy that can be stored, and how long the energy can be sted. During testing the

design is observed while charging and also after the signalas been removed. A virtual
instrument model is built in Simulink and linked to a Control Desk real-time interface. The
RTI allows the user to control dSPACE DAC and AD boards. Using this setup, a signal
can be sent to the polymers to supply the charging current. Béore the dSPACE signal is
sent to the polymers it passes through a transconductance apii er, which converts the

controlled voltage signal to a controlled current signal. This allowed the polymers to be
charged at a constant current level. The results of the testig, the capacitive characteristics

of EM1, are examined in this chapter.

4.1 Charging with DC Current

A constant current signal is used rst to charge the polymers. Using a step function,
constant current is applied to the polymers for ve minutes and then removed. The poly-
mers are monitored for another ten minutes to observe any sédischarge. Charging of the
polymers is done with input signals of various magnitudes.

Initial testing shows that the polymers charge extremely wdl. Once the current is
applied, voltage rises sharply. However, after an initial mpid charging the polymers continue
to acquire and store voltage at a decreasing rate. There ap@es to be a limit on the amount
of voltage that can be stored with the maximum amount of voltage being dependent on the
magnitude of the charging source. Once the stored energy rehes a constant voltage level
the source is removed, which short-circuits the polymers. W no resistance except for that
of the material there is a rapid self-discharge. The rate of tle discharge then decreases, but
does not reach zero in the test time frame. The initial rapid dscharge is likely the result
of electrolysis. The solvent in these particular ionic polymers is water, which requires only
1.23 V for electrolysis to occur. However, electrolysis is ot entirely responsible for the self-
discharge. When the stored voltage is above 1.23 V it does natlways fall to that voltage
during the initial discharge. Also, when the stored voltageis well below the electrolysis
voltage there is still some discharge, although it is less sere. At the point where the
charging rate goes to zero, the polymers are likely dischaigg energy at the same rate that
it is being supplied. The charging tests are shown in Figure 4.

The two posts that comprise EM1 are charged separately to enge that both are
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Figure 4.1: Charge and discharge characteristics of the ionic polyme rs at dif-

ferent input signal magnitudes.

functioning properly. This test also provides a means to chek if increasing the amount of
ionic polymers increases the capacitance. Each post is chged and allowed to discharge
in the same fashion as the EM1 device. The results are compatteén Figure 4.2 a) where
the solid lines represent the left post and the dashed linesapresent the right post. Both
posts have similar charging and discharging paths. The lefipost (solid data lines) holds
slightly higher voltages. It also shows more gradual dischae curves, but this can be at-
tributed to small experimental variations. Essentially, b oth posts have similar performance
characteristics, proving the ionic polymers are functionng properly in each post.

At “rst glance a single post appears to store approximately the same voltage, and
have the same capacitance, as when both posts are used in pdeh However, examining a
model of the ionic polymers will show that the capacitance an power is larger when both
posts are used. A common model of ionic polymers is a resistan series with a capacitor

as in equation 4.1,

1
j'C a

where Z(j! ) is the complex impedance transfer function (Akle et al., 2@4). Therefore,

Z(' )= Rp+ (4.1)
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Figure 4.2: Charge and discharge comparison of the individual posts an d the
EM1 device: a) Characteristics of the individual posts with th e left post rep-
resented by a solid line and the right posts represented by a dash ed line. b)

Characteristics of the EM1 device.

since each post is constructed of eight identical polymer saples, each post has the same
equivalent resistance and capacitance. Putting the postsn parallel causes two things to
happen, the overall resistance is cut in half and the overaltapacitance doubles. Capacitance

is related to current with the following relationship (Hamb ley, 1997),

i = Caa (4.2)
which can explain the similar voltage curve between the sintg posts and the combined post
device. When the two posts are placed in parallel the currentis split between them, but
the capacitance is doubled, so the rate of voltage being sted is equivalent. However, the

power, as a function of capacitance and voltage as in equatin4.3,

dv
P=vC at (4.3)

increases since the voltage is constant but the capacitande doubled. In the experimental
setup, increasing the amount of polymers used for storage Winot increase the voltage
stored, but it will increase the amount of energy stored by ircreasing the overall capacitance.

Curves were t to the data to estimate how long the ionic polymers will store energy
before completely discharging. The data is rst truncated sothat only the discharge curve
is used for the curve t. The entire discharge curve resembles power function, which is

used as the rst model. The equation for the power function moel is,
yp = 1:6296¢] 014792 (4.4)
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Figure 4.3: Models t to the data: a) Power function model of entire d ischarge
curve. b) Linear function model of linear portion of discharge curv e.

i ]

.
Figure 4.4: Comparison of both models to the discharge data. The time s cale

is shifted to show only the time after discharge begins.
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However, the power function model approaches an asymptote g@ar the end of the data
window while the polymers continue to discharge slowly. To povide a better 't near the
end of the data, it is again truncated until only the data with an almost linear slope remains.

A linear tis then calculated for the data producing the follo wing equation,
y1 = i 0:0531%;; +1:2621 (4.5)

The two ts provide a best and worst case scenario with the actal discharge of
the polymers somewhere in the middle. While the current polyners will probably never
completely hold charge like the power function model the disharge is not as drastic as the
linear model. The power t and linear t are shown in Figure 4.3. The comparisons of both
“ts and the data are shown in Figure 4.4. Based on the "ts and the data, the polymers can

store energy for several hours before completely dischargg.

4.2 Charging with AC Current

Charge and discharge testing is also performed on the ionicglymers using an AC current
signal. Several di®erent frequencies of a 1 mA AC current sigth are used to charge the
EM1 device. An AC signal is representative of the raw signal hat an energy harvester
would generate from oscillating vibrations. If the polymers can be charged with an AC
signal it would eliminate the need for a recti er circuit betw een the harvesting device and
the polymer capacitor bank.

AC testing is performed with low frequencies since the operiéng frequencies are
between 0.2 and 4.2 Hz. Even with these low frequencies the poners do not charge well
with a alternating source. The voltage in the polymers is corstantly driven by the source
and very little voltage is actually stored in the polymers. As the frequency of the AC
signal is lowered there is a slight improvement in the voltag storage. The lower frequency
signal allows the polymers to charge to a higher absolute vithge, but the net voltage stored
remains the same. To be able to store large amounts of energyracti er circuit is needed
to convert the AC signal to DC. The results of the AC charging tests are shown in Figure

4.5.
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Figure 4.5: Charge and discharge characteristics of the ionic polyme rs using an
AC charging signal. Frequencies of the signal are varied but the m agnitude is
a constant 1 mA.

4.3 Comparison of lonic Polymers to an Equivalent Capaci-

tor

A comparison is performed between ionic polymers and commeial electrolytic capacitors
to gauge the performance of the polymers as capacitors. Theapacitance of EM1 can
be calculated from the impedance transfer function. Using he imaginary component of
equation 4.1,

103

Ca = MG Y E ! (4.6)

the capacitance of the EM1 device is computed in millifaradsfor the frequency bandwidth.

The DC capacitance, 0.82 mF, is used for the equivalent capatEince of the commercial
capacitors since EM1 is charged with a DC signal. The calculked capacitance of EM1 is
shown in Figure 4.6.

Using standard electrolytic capacitors, an equivalent capacitance is tested and ob-
served to compare with the charge and discharge charactetiss of the EM1 device. A
resistance is placed in series with the equivalent capacitece since the polymers also have

an inherent resistance. The DC resistance of the EM1 is appromately 200 -. Comparisons
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Figure 4.6: Capacitance of the EM1 energy harvesting model.

of the EML1 device and an equivalent capacitance are shown inigure 4.7. The commercial
capacitors outperform the ionic polymers in the amount of erergy they can store and the
rate of discharge. Commercial capacitors are able to achievhigher voltages per milliamp of
current sent to the capacitor. Also, commercial capacitorshave a slower discharge rate once
the charging source is removed. However, both the capacitare and the discharge rate has
the potential to be improved in the ionic polymers. Using an ionic liquid as a solvent will
improve the degradation voltage of the polymers, thus impraoing the capacitance at higher
voltages. Increasing the thickness of the polymers will impove the resistance, which will
slow the discharge rate. After the initial rapid discharge the ionic polymers hold a voltage
very well. The long term rate of discharge is comparable to tle electrolytic capacitors.
Another di®erence between the ionic polymers and the electhgtic capacitors is the
storage ability at higher charging currents. The capacitarce of the commercial capacitors
remains approximately constant with changing current levds. Plotting voltage per current,
as in Figure 4.8, the ionic polymers show a decreasing amoumtf capacitance as the charg-
ing current is increased. This is likely a result of the electolysis occurring in the ionic
polymers. As higher voltage levels are reached, the rate olextrolysis increases diminishing

the capacitance. Again, using a di®erent solvent could impnee storage ability.
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4.4 Discharging across a Load

The ionic polymers are discharged across varying loads to taulate the amount of power
stored. Resistors, ranging from 10 - to 1 k-, are placed in series with the EM1 device to act
as a load. Using dSPACE the polymers are charged to 1 V. When tht voltage is reached the
charging signal is removed and the current is measured with anultimeter. Measurements
were taken every minute for fteen minutes. The current measued is presented in Figure
4.9. The initial rapid discharge seen in Figures 4.1 and 4.2 ccurs in the rst minute and

is not recorded. The recorded data shows a gradual decrease current during the “rst

“ve minutes and then an almost steady current for the remaining ten minutes. The same
behavior is seen in the voltage gures and shows how well the pygmers can store energy
over time. The magnitude of the current declines as the resiance of the load is increased,

the expected result since the peak voltage is xed.
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Figure 4.9: Stored current in the EM1 device discharged across vary ing loads.

Discharging the ionic polymers across a load made it conveent to calculate the
available power. Substituting for v in Ohm's Law, power is calculated from the current and

the resistive load (Hambley, 1997),
P=Ri% 4.7
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The power is shown in Figure 4.10. The stored power is in the sae range as the generated
power, only a few nanowatts. Low current is the limiting factor for the stored power as it was
for the power generation. However, this limitation might be improved by con guring the
polymers in parallel which would maximize the capacitance.Looking at the lower portion
of the current range, as shown in Figure 4.11, the power is mamized with a resistive load
of 150 -. The power is maximized because that resistance matobs the impedance of the
EM1 device. This match is veri ed by Figure 3.10, which is appoximately 300 - at 0.6 Hz.

Extended the curve toward 0 Hz would likely put the impedancein the range of 150 -.

4.5 Chapter Summary

This chapter presented the results of the energy storage téisig. Constant current signals of
varying amplitudes were used to charge the EM1 device. The strred voltage was measured
during charging and discharging. The polymers charge extmmely well, however, perfor-
mance deteriorates when higher voltages are achieved. Foxample, when charging the
polymers with 1 mA the peak voltage reaches 2 V, but when charimg with 2 mA the peak
voltage is approximately 3.25 V. An attempt was made to charg the polymers with an
alternating current, but this was not successful. The altemating current constantly drove
the amount of voltage in the polymers and the net e®ect was thatery little energy was
stored. The capacitance of EM1 was calculated from the impeance. The DC capacitance
of the polymer device is approximately 0.82 mF. An equivalehcapacitance was constructed
from standard electrolytic capacitors to be compared with the ionic polymers. The com-
mercial capacitors are able to store more energy than the pghmers, but the long term
storage ability is comparable. Current was measured acrossesistive loads ranging from 10
to 1000 -. The power was calculated and found to be on the same afer, nanowatts, as the
power generated. Power was maximized for a resistive load df50 -. The conclusions of

the research are presented in the following chapter.
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Chapter 5

Conclusions

The work presented in this thesis focused on nding unique aplfications for ionic polymers
as energy harvesters. The speci ¢ need that drove the resedrds a self-contained wireless
sensor powered by harvested energy from ambient vibrationsLocating a renewable power
source with a sensor will enable the sensor unit to be wirelssand require minimal mainte-
nance. lonic polymers were explored as energy transducerséas agents for energy storage.
An ionic polymer device was designed to t the need and testedd determine whether it is
a viable option for harvesting or storing energy. This chaper restates the contributions of
the work and presents the conclusions of the research. Alsduture work for exploring and

qguantifying ionic polymers for energy harvesting applicaions is discussed.

5.1 Contribution

The research presented in this thesis is the development andnalysis of applications for
ionic polymers as energy harvesting devices. The speci ¢ afipation for mounting the

energy harvesting device on ship propulsors incorporatedtsct environmental guidelines

including the the frequency of the vibrations, loading magritudes, and dimensions. Using
the design requirements, design curves were generated to\dgop an ionic polymer device
that could function as an energy harvester in the described mvironment. The selected
design was then characterized to determine the amounts of ettrical energy that could be
harvested by mechanically exciting the device. Transfer factions were collected to quantify
the open-circuit voltage and closed-circuit current. Data was collected for frequencies up

to 500 Hz. The impedance of the device was also measured fordtsame bandwidth. The
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expected power that the ionic polymer device could produce @as calculated using the voltage
and current. The power calculation included adjusting for the increased resistance from
matching the impedance of the polymer device to the requiredecti er circuit. Therefore,

the power calculated is the actual power expected after theaw AC signal has been converted
to a DC supply. lonic polymers were also considered as the ergy storage vessel for the
harvesting application. The capacitive characteristics ¢ the design were investigated for
the purpose of using the polymers in place of a standard cap#or bank. The ionic polymer

device was tested to determine the charge and discharge chauateristics, which were then

compared to commercial capacitors.

5.2 Research Conclusions

An energy harvesting device can be designed to use ionic polymer m aterials.

A two-post ionic polymer design that will "t inside the prescri bed environment is presented
in Chapter 2. The design provides dimensions for the polymematerial as well as the head
mass needed to provide the strain. The device is tuned to a figuency of 7 Hz, very close to
the operational range of 0.2 to 4.2 Hz. It was tuned to a frequecy outside the operational
range to avoid resonance. Under the estimated loading the ggmer device can survive the
axial and lateral stresses incurred during operation, calalated to be 25 MPa and 22 MPa
respectively. However, it does not have a factor of safety astresses are barely below the
allowable limit. Since both the axial and lateral stresses & close to the failure limit the
combined axial stress is above the allowable stress of the rexial. Also, the ionic polymers
buckle under the static weight of the head mass. Critical bukling stress is calculated to
be 0.387 kg, but testing shows that the design can only supp®r0.23 kg. Both values are
signi cantly smaller than the design mass of 0.816 kg.

The design can be modi ed in a number of ways and still functionas an energy
harvester. One reason the design was tuned to 7 Hz was to avoigesonance e®ects that
would amplify de®ections. Another was the thought that given the loading and space
constraints, tuning the design to 4 Hz would be impossible. i hindsight, 7 Hz was also too
low. Increasing the tuning frequency would increase the s®ness of the polymer posts and
decrease the stresses. Testing would need to be performed ittsure that the device would

still be excited by the operating frequencies if the tuning fequency was increased. Another
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option for reducing the stress is to reduce the initial targe strain. All design calculations
were based around 10% axial strain. However, lowering the t@et strain would reduce the
amount of converted energy. Another option would be to suppat the headmass with a
di®erent material becuase the ionic polymers cannot supponnuch weight staticlly . Using
a support post, with equivalent sti®ness, but made from a matdal with larger allowable
stress would solve both the stress and buckling issues. Thenic polymers could still be

strained laterally, but not have to support any loading axially.

At the low frequencies targeted for this study, the current ioni ¢ polymer trans-

ducers cannot produce usable power as energy harvesters.

The energy production of the design was characterized as elgined in Chapter 3. Open-
circuit voltage, closed-circuit current, and impedance wee quanti ed for a bandwidth of
500 Hz. The ionic polymer device produces decent voltage, beeen a few millivolts per
centimeter at low frequencies and 100 millivolts near the ed of the bandwidth. At the
highest estimated operating frequency, 4 Hz, the device pruces approximately 3.8 mV/cm.
At the peak of current production the device produces approxmately 1 mA/cm. However
most of the current data is in the range of microamps per centineter. Approximately 4.5
uA/cm of current is produced at the operating frequency. Theimpedance of ionic polymers
decreases with increasing frequency. The impedance of theitvester device shows an initial
increase at low frequencies but then declines. The largestiipedance is approximately 1000
- and the lowest approximately 45 -. At 4 Hz the impedance is 800 -. Expected power
was calculated from the open-circuit voltage and the closed+itcuit current. To maximize
the power of the harvested energy, the impedance of the dewcand the recti er circuit
need to be matched. Doubling the resistance reduces both theoltage and current by half.
Therefore, the expected power produced by the ionic polymedevice is 0.003: W/cm 2 at 4
Hz. The extremely low current produced at low frequencies ighe biggest limiting factor in
energy production. Large impedances at these frequencieigrit the amount of current. The
result is that the ionic polymers cannot generated enough pwer to be used as a renewable

supply at low frequencies.
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The ionic polymers do show potential as energy storage vessels.

The same energy harvesting device tested for energy generah was tested for energy stor-
age, which is discussed in chapter 4. Both the charging and dcharging characteristics of
the polymer device were recorded. The polymers were chargedith a constant current

signal while the voltage accumulating was monitored. The p&ymers charge extremely well,
however, performance deteriorates when higher voltages arachieved. For example, when
charging the polymers with 1 mA the peak voltage reaches 2 V, bt when charging with 2

mA the peak voltage is approximately 3.25 V. The nonlinearity in peak voltage is likely the

result of electrolysis occurring and using some of the stodkenergy. An attempt was made
to charge the polymers with an alternating current, but this was not successful. The alter-
nating current constantly drove the amount of voltage in the polymers and the net e®ect
was that very little was stored. An energy storage comparisa was performed between the
ionic polymers and commercial capacitors. The capacitancef the polymer device was cal-
culated from the impedance and an equivalent capacitance watested. The DC capacitance
of the polymer device is approximately 0.82 mF. The electrojtic capacitors outperformed

the ionic polymers by achieving higher voltages per millianp of charging current. Also,

the performance of the capacitors is una®ected by higher vaiges, doubling the charging
current doubled the peak voltage. The polymers did have comarable discharge character-
istics. There is an initial rapid discharge of the polymers,but once that is over they hold a

voltage well over time. Current was measured across resiste loads ranging from 10 to 1000
-. The power was calculated and found to be on the same order, naowatts, as the power
generated. Although the power is small, the ionic polymers g able to discharge energy

across a load proving that they are capable of supplying powe

5.3 Recommendations for Future Work

Based on power generation characteristics of the ionic polyers future work in this area
seems unneeded at this time. While the open-circuit voltage pduced is decent, there is
little current. With the current ionic polymers, producing a usable amount of power at
low frequencies is not possible. However, power improves dtigher frequencies, so if the
operating frequency increases power generation could be asgsibility.

The results of the energy storage tests do warrant further reearch. It was shown
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that the ionic polymers have potential to be an agent for enegy storage. However, only
one type of ionic polymer and one con guration was tested. Futire work should explore
polymers with solvents other than water to try and decrease he e®ects of electrolysis on the
stored energy. Also, the con guration of the polymers, stackd in series, was not ideal for
maximizing the capacitance. Parallel stacking would incrase the capacitance of multilayer
stacks. Another area of exploration would be the dimensionsf the polymer samples. E®ort
should be made to determine how surface area and thickness thfe polymer samples e®ects

the capacitance of the ionic polymers.
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