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Abstract

A novel ionic polymer metal composite (IPMC) actuator based on
partially fluorinated ionomer composed of polyvinylidene fluoride (PVDF) and
perchlorateis successfully developed. The PVibBse filmsare prepared by
solution casting, followed by electroding thvi gold (Au). Unlike other
commercial Nafiorbase IPMCs, the PVDFIm doped with 15 wt.% Cobalt
perchlorate(Cop) is the first one ofelectractive polymes which show large
cathode deformatio3.5V DCis lowest drive voltage argkstelectromechanical
behavior is shown under 4V DOver 250°0f bending angle and less than 30s
of response time are observed. A CCD camecords the deformation history,
Tracker softwarés used to analyze video and bending arggle becalculatel
by Newton methodin high humidity (43%)PVDF-CoPfilm shows fast cathode
deformation, followed by positive back relaxation when the DC electricdtéld
appliedon. While the PVDFbase IPMQdoped with 7.5 wt.% lithiurperchlorate
(Lip) display anode deformationithout any back relaxatiorit means that the
different cations can be tailored to obtain a desired actuation response. Th
actuation process depends sire dfference betweemation and anionslt is
discovered that back relaxation will disappear when humabitynto 33%. If
humidity low enough (23%), samples show maxmbending withoutback
relaxation.We have reason to believe that hydratieaction of cations could
largen the diameter of hydrated cations. It leads to decrease the size difference

between hydrated cations and anions.
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Chapter 1: Introduction and Research Objectives
1.1Fundamentals of Electroactive Polymers (EAPs}heir Background and

Significance

Electroactive polymers(EAPS) are a novel group of smart materials with
unique electrical and mechanical properflHEAPs exhibit a significant shape
and size change when stimulated byetactric field[2]Due to outstanding
electrostrictivaesponse, EAPs not only can be used as bidirectional material like
actuators and sensors, but atam be applyn biomimetic areauch asrtificial
muscles

Since the discovery of EAPs in the seventh decade of last century, EAPs
did not attach enough importance to actuator because of their low capability.
[3]However, actuators based on electroactive polymers (EAPS) have attracted a
great deal of interest for past decades due to their electrical energy consumption,
light weight compatibility, and compliant ability properties, bio to operate in air
and aquatic mdia, insensitivity to magnetic fields and simple fabrication
processeft].While today's piezoelectric actuators only deform by a fraction of
a percent, EAPs caxhibit astrainof up to380%][3] They have the potential for
application in the field of biologically devices and robots because the manmade
actuators are mosfosely emulate natural muscles. Therefore, EAP materials
have earned t he n a[B€hdDriYaseghiBdCohen, JBU, muscl es o
NASA, organized an armreding match between robotic hand made by EAPs
and human hand in 199Bigure 1). The contemporary aim at improving EAPs

product performance and enable to create better artificial muscles in lower cost


https://en.wikipedia.org/wiki/Electric_field

with greater force[5]At the same time, the toy industries are benefiting from
EAPs. The first commercial entertainment EAPs product was a robot fish which
developed by Eamex, Japgn1999 [5]With the research over the past decade,
EAPs have become more stable, but these problems are not completely resolved.
In recent years, research concerning EARserials has expanded more in terms

of getting higher efficiency, lower driving voltage, larger actuation strain and

shorter response timgi]

Figure 1. An artistic interpretation of the Grand Challenge for the development of EAP
actuated robotics[5]

At present, based on activation meuisan, EAPs can be basically
divided into two types: electronic EAPs aimthic EAPS.
1.11 Electronic EAPs

Electronic EAPs€ -EAP), also named as fielatctivated EAPs (FEAPS)
are used broadly and of great significance in worldwide. It should be noted that
FEAPs exhibit excellent performances, such as high flexibility, light weight, high
stress impact resistance, and easy praogs€oulomb force drivee-EAP to

bend, stretch and contract. The deformatiom-&AP can be occurred in air



without any liquid electrolyteHowever it need a very high driving voltage
(>100MV/m) which is close to breakdown levi]

Silicone is a common material used in the creation of dielectric elastomers
(ane-EAP). It can achieve electromechanical strains upwards of 2% at £3 V DC
with response times of underd@sd eergy densities reaching 7 Wh/kg][8][9].

The mechanisms of EAPs materials can be subdivide by two main parts:
Maxwell stress andlectrostriction] n t heor vy, Maxwell 6s stress
from free charges on two side of dielectric materials when extra DC electric field
applied on it.[10]Zhenyi et al reported that polyurethane which is a
nanocrystalline polymer showed 10% of actuated strain due to Maxwell stress.
[11]As displayed inFigure 2, a dielectric elastomer film, a typicall-EAP
matrtial, is coated with thin gold layer as electrode on two sides. Sample would
be stretch due to compress between top and bottom surface when high DC voltage

applied on it.

. AN —oV

Polymer film 7/ * %
%—Q e 7 T 1

Compliant electrodes (on
top and bottom surfaces) y

Voltage off Voltage on X

Figure 2 The dielectric elastomers actuate by nans of electrostatic forces applied via
compliant electroddl®2] on the elastomer ylm

For electrostrictive martials, sample size and shape change with dipole
density before and after applied DC voltage whether they are crystalline or
amorphous. To be specific, if polarization direction is X direction, while the

expansion direction is Y dicgion. [7]However, the electrostriction stain is too



small to be an actuatoE-EAP materials show large strain and short response

time, but the high driving forclemits them application.

1.12lonic EAPs

lonic EAP is a very common type in EAPs materials. It consists of two
thin metal layers as electrode and polymer solid electrolyte which is doped with
mobility ions. [4]lons can be treated as charged carrier when external electric
field applied. So, the barrier 6EAP activation is very low. It means thaEAP
actuator can be used in low voltage (<10Vhdoedistribution and accumulation
with time is contribute to-EAP actuator bending displacemeMEAP could be
divide into main 4 types: lonic polymer gels, ionic polymerstal composites,
conductive polymers and carbon nanotupg®ifferent size of ions may lead to
different electrostatic pressure in a bending processing. Particularly, ionic
polymersmetal composites (IPMC) have received significant research interest
over the past decade after discovering by three group of scientists from Japan and
United States.

Presented ifrigure 3 is the mechanism of bending process. Classically,
ions, doped into polymer film, can be divided into two types: positive (cations)
and ngative (anions). Among which, cations are free and often combine with
water molecules formed hydrated cation while anions usually fix at the end of
branch chain. Both cations and aniatistribute randomly and uniformly in
polymer matrix. When voltage appliedon it, only hydrated cation moves to

cathode due to coulomb force. With the time going, an increasing nuwhber



hydratedcations accumulate in cathode and then generate pressure which results
bending. This process is very similar with matunuscles response.

Compared t@-EAP martials, IPMC actuators exhibit large bending strain
under lowdriving voltage. Most IPMC martials excel in some advantages like

low-mass and high strain

B 4 o e

Hydrated ion Water  Fixed anion  Mobile cation

Figure 3: lllustration the cross-section of IPMC actuation mechanisni4]

E-EAPs need high driving voltage to exhibit lager work density, while
EAP can bend in low electric field but the work density also low. The mechanics
properties of some smart materials are summarizéchiole 1. [4]IPMC is a

subset bi-EAP and has potential as an actuator in large defamation and high

efficiency.
Table 1:Comparison of an IPMC with other smart materials
Smart Materials  Strain (%) Stress (MPa) Efficiency (%)
Piezoelectric 0.1 35 >75
Magneto strictive 0.2 - <50
SMA >4 >300 >3.8
IPMC >40 >0.3 >30




1.2Commercial lonic EAP Materials (Nafion and Flemion)

Nafion (perfluorinated sulfonic acid) is the first commercialized IMPC
materials, which was widely used in last years in the field of fuel cells,
electrochemical energy storage device, batteries[E{Nafion is a typically
perfluorinated polymers with short branch chain fixation The chemical

formula of Nafion is displayed iRigure 4.

(CECF)(CECE)— —(CECF)(CECE)—
O—CECF—O— CECESO:7-M*  O—CECECECOO-
CF

3
M": Counter ion (H} Li'or Na)

Nafion Structure Flemion Structure

Figure 4: Chemical formulas of Nafion® and Flemion®[1]

In materialfield, properties are determined by strucfw@s IPMC. The
polytetrafluoroethylene (PTFE) backboneavé effect on their mechanical
properties such as stress strength,
branched chain not only can femionsbut also reduce the glass transition
temperature (Tg) to make sure polymer is in rubbery statgom tempeature
However, the side chain with a sulfonic acid grewvquld damp ions motion. As
the result, both ionic conductivity and strain will be limit.

Alkali metal cations such as .iNa", K*, and Rb can beadopted in
Nafion bare membrane. Different cations yield different bending angle and speed
for the same Nafion film{4]The process of polymer metallization isitiNafion
film is soaked in a salt solution to allow cations to diffuse in. However, it is hard

to control the concentrations of cations and the metallic cations are not

strai



homogeneously distributed. Predictably, the concentration of cations near the

surfaces higher than what is in film center. The surface electroding process is a

chemical process. The primary react{@guation. 1.1) is showed[14]

AT (100 ( W (+1t00po. (.A"1 o/ p®
Figure 5 showsthewhole process ampregnatiorreduction Major steps

include: surface roughening and cleanirgyelling complete platinum ions

immerson andsurface electrodeeduction

‘Soaked in a '

platinum Immersed in a
Cut Nafion _— complex solution of a
membrane Roughening ([Pt(NH3),]Cl, or | suitable chemical
and Clean in surface in [Pt(NH3).Cl,] | reductant (NaBH,)
D.l water H,S0,4 solution. and NaOH

NaBH,  B(OH),

? e

[ Nafion} [® f Nafion]

Figure 5: An impregnation-reduction method to prepare Nafiorbase IPMC

Flemion, like Nafion, is also a commercialized perfluorinated polymer.
Figure 4 shows the chemical formulas of Flemi@ry Nafion-based or Flemion
based IMPC cannot bending when electric filed applied. So IMPC sample need
solvated or hydrad To make ste sample fully hydrated, actuation test in water
bath because hydrated IPMC sample dries vert fast in opeli&i®o, it is a
limit for researchand application in our daily life.

1.3 Current Actuation Monitoring Methods

Thebending of IPMCs is computed in a cantilever configurattaneans
that one end of sample is fixed while thitber ends set freeThe bbcking force

with actuation frequencyan bemeasuredas shown ifrigure 6(a). The stiffness



of actuatoralso can be measuredriQure 6(b)). Typical time or frequency
dependentest is shown ifrigure 6(c). However,A largedeformation of IPMC
is hard to detected blasersensor.n this paper, a new testing systdan tip

bending trackingbased on Netoniterationmethod will be introduced in detail.

— Data
| Acquisition |

Load Cell

Figure 6: (a) Schematic diagram of blocking force test setup, (lgxperimental setup for
stiffness measurement of IPMC actuator and (c) Schematic diagram of frequency response
test setup[4]

1.3.1Generative Force Analysis

Generatse force, also named as block force, can be measured at the tip
of IMPC, as displayed ifrigure 6(a). In test process, actuators would be block
and load cell can be tremtas sensor to measure block force directly] [Mhe
generative force mostlgepends on thickness and mass of IPMC actuators in
same voltage. However, only measure block force is far from enough, tip
displacement and respond time are also important parairetatuation.
1.3.2Laser Vibrometry Analysis

In this system, one end actuator is fixed while another is freleaser
can measure the tip displacement in real time because laser would reflect off form
sample surface back to laser detector. Bending speed and respond time,
meanwhile, can be calculated. Using this monitormgessfrequency response

parament can be detected form 0.1 Hz to 200[H&But it has limitation in



bending test. | f s a mipwing zobee datd can not be o f
obtained because rectilinear propagatibfight.
1.33 Optical Imagery Analysis

Nowadays, a digital video optical systesrused to measure the actuated
bending. Recording is taken before application of theirdyivoltage. Video
could intuitively reflect the dynamic process of bending. According to the video,
most of parament, such as speed, bending angle, respond time, can be calculated
eadly. Even though optical imagery method is unable to detect in real tmee i0
EAPs generally use an optical analysis systermfamitoring actuation behavior
1.3.4Capacitive Sensing

An alternative method to monitor actuation process is to measure the
value change of capacitance. This method can be applied in almost dielectric
elastomers[17]Dielectric elastomer is a kind @EAP. It can be observed in
large deformation (strain>100%) under high voltage-@K¥ DC) because of
Maxwell stresses. Capacitance for parallel plate aapa is defined as

Equation 1.2

# R R, 8
1
Here,-o is the permittivity of free space (which is a constants film&
dielectric constanti is the electrode area ahds sample thickness. According
to thisequation, capacitance will increase as thickness decreases or area increase
in actuation process. The capacitive reactance can be obtained through a further

calculation.

O — PR

t

he



Where,7 is angular frequency oéxtra AC electric field. Soyvoltage

change between input and output can be calculated Egunagion 1.4

6 - 6 8

Throughthis method, there are two different electric fields applied on the
dielectric elastomer samples: a driving DC voltage-@2®kV DC) and a seing
AC voltage (30ao ) AC at 100 Hz). It proved that this method is more suitable

for e-EAP thani-EAP.

1.35Current Electromechanical Actuation Model

To developlPMCs, it is importantto predict how theypend Actuation
processof IPMC can befuzzy described some tesnsuch aslow steady and
saturatedit is identical with humaintuition. At first, bending need response
time becaus most of mwable ions distributed randomly imfymer matrix. And
then, cations and anionbegin to gparate andiccumulate atorresponding
electrodewith time goingby. So, the rate of bendingmenlinear. Finally, IPMC
reaches its maximum bending angle nasegdrated process because the number
of ions in polymer idimited.

The actuation profile imonlinear with respect to timeSelection of the
IPMC for designing actuatorsequires a clear understanding bénding
mechanism

Currently modelgan be divided by three parts:1) black lboxde| where
basedntest dataather tharelectromechanicahechanisms. 2) white barodel
whereboth physical mechanisms and chemical processes ceonbilered. 3)

10



gray box modelwhichis takenbridgeeffect form black box model to white box
modelwhenthe mechanismareso complexthat cannotexplain processery

well. [18]

1.351 White Box Model

White-box modelsalso name physicsbased mode]dry to characterize
the behavior of IPMC actuatioKim, in 2008, proposed &elationshipusing for
describing the diffusionf charges under electric field.9]

% $ # %& #B O # o)
Here,Cis the concentration of charged particl2ss the diffusion constart,
is the valence numbéf, is the Faraday constamt, is the electric potentiaR is
the universal gas constant, ang the ionic velocitylt is assumedhatall ions
would move to their attracting electrodéerextra filed appliedThemodel can
fit results for Nafion base IPM@ery well. [20]
The White Box Model also has shortcomiiige underlying physical and

chemicalmechanismof IPMC bending have not yet beéstally understand.
Additionally, the parameters aliis equatiorarehard to detect.
1.35.2 Black Box Model

To explain IPMC bending process, Kanno et al developed a new model
to fit experiment data in 1999. They treat IPMC sample as cantilever beam which
fixed on end and another end is free. Titteng equation is shown dsquation

1.6

11



Where A, B,C,D,Eand/ ,/,/,/ are constants which depend on bending
behavior

Physical processes and the mechanisms of IPMC deformationcare
fully considerA simpler blackbox model was developed Montazami in2011.

[21]

30 Y p O P

There are only two parametersthe maximum strair8  and time
constant) IPMC actuatiorfollows a slow, steady and then saturdiedding due
to the flux of ions.So, the process is very similar with Arrhenius equation.
However, the Montazami model can not fittingng time response or slow
bending speetesult
1.35.3Gray-Box Model

Gray-box modeldss agoodfitting model which complex physical laws
andempirical dataThe mobile water moleculesiot be considered in grdyox
model. Comparisons of how wetiray-box models fit IPMC actuation dataill
be presented i€hapter 3. And, it will be shown that which modés most
closely resemble the bending result

According to graybox moeel, the actuator can be divided by two part:
electrical conversion and electromechanicahversion In Figure 7,currents
throughresistancefe, R1 and Rrdo not show any mechanical processile

the currenthrough capacitivdranchesvhere the currens absorbedgroduces

12



the mechanical effectt means that the current absortilgdcapacitor is due to

chages redistribution angeneratestress inside the IPMC

electrode
Re

R, R,

Rit= * Nafion"

electrode

Figure 7:Equivalent electrical circuit for an IMPC -based actuator[22]
1.4 Back Relaxation
Back relaxatiormeans that films begin to bend back to opposite
directionafter got maximin bending angl&mong them, some samples even
back beyond the initial positiofror commercial PMC materialsdifferent

phenomenaf back relaxatiofnave been reported, which ateowed inFigure

8.
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Figure 8:Different relaxation displacements of NafionlPMC under saturated conditions:
(a)negative relaxation; (b) zero relaxation; (c) positive relaxation; and (d) no relaxatiof23]
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NematNasser claimed that fafioni IPMCs doped with alkali cations
show a large relaxation deformation beyond the initial position towards the
cathode, as shan in Figure 8(a).[1] Kim reported that bimetallic FRd
electrodebased NafionlPMCs with various RPPd ratios showed quite different
relaxation phenomena, from negative relaxatioRigure 8(a) to no relaxation
in Figure 8(d). [2]In addition, Zhu and his eworker show that RgCu-, and
Ni-Nafioni IPMCs also show a large negative relaxation deformation like
Figure 8(a). However, AuNafioni IPMC often shows a positive deformation,
as shown irFigure 8(c). [3]

Shahinpoor et al. first pointed out that the back relaxation can be
eliminated by removing some of the water contg@#]Shoji also found that the
relaxation disapears at 50% relative humidif\25]Scientists claim that there
are three states of water in Nafibase filmat least (1) water molecules
closely bonded to the Banates; (2) loosely bound water; (3) free, unstrained,
and bulklike wate(Figure 9) [23]So the different states of water molecules
display different back relaxation phenomenon. Closely boned water relates to
ions by chemical bonds. Some water molecules are weakly connectesely clo
boned water by hydrogen bond, which can rotate rather than move freely. There
are several factors that influence the free water, such as the ions concentration,
polymer machinal properties and size of the cluster. When relative humility
decreaseshe degree of freedom of all three states of water molecules is

decrease.
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5 “-.  Cluster

¢ Colsely bonded to fixed anion © Bonded to sodium

® Outer hydrated shell Free water
Figure 9: The three different states of water in IPMC[23]

Thehydrated cationplay a major role on back relaxation. Anode
deformation is due to cation migration to cathode with water molecule, while
the back relaxation is the resultlofdrated cabn go backdriving by osmotic
pressurg23]. In other words, the whole actuation process is mainly dependent
on electrostatic stresndosmotic pressure. At first, the electrostatic stress is
much higher than osmotic pressure. Asrdmult, anode bending occurred. As
approach the saturation bendittge motionof cationsis finished, and hydrated
cationbeginto move to anodeThe anode side of polymer will lose water lead

to shrink. So, hydrated catiopfay a leading role in back relaxation.
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(a) Platinum
clectrode

membrane - ,‘A\: S

Anion Cation Water Hydrated
cation

Figure 10:Shrinking and swelling of Nafion-base IPMC [26]

It is seen from th&igure 11(a) thatfilmsbend towards the anode
because cations move to anode while anion fixed on the end of polymer branch
chainafter DC voltage applieffrom a to b) After that,the strip slowly bends
back to the cathode while electric field still appl{&dm b to §. Whenvoltage
off, the two metal electrodes would be shorted. The sample shows that bend
towards the cathode (from c to d) immediately and then slow relaxed back to
anode (frond to e).Finally, sample reaches a new equilibrium position after

whole electromechanicaktuation tesf27]
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t=0sec

t=5sec

Figure 11 (a) Photos of aNafion-base IPMC doping with alkali cations under 1.5V D(27]
(b) Photos of a Flemiorbased IPMC doping with TBA*, actuated by 3V DC[1]

For another common EAP material, FlemibBA " IPMC showsslowly
bendingspeedwithout backrelaxation(Figure 11(b)).

Back relaxation is harmful to engineering applications of IPM®s.
mechanism of back relaxation needs to study, and the problem is urgent to be

solved.
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o

o

H
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Figure 12Act uat i o n -based IRMCNha\Ng aml TBA* form under a 1.5 V DC[1]
When ion speciess the only variable, films doping with alkali cations

are show obviously negative relaxation while NafitBA IPMC shows slow

bending without back relaxatio(frigure 12) Diameter ofdifferentcationis the
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main reasonThesizeof tetrabutytammonium (TBA) is much larger than that

of alkali ions.[1]

In addition, Pd, Cu, Pt and Ni are coated as NafidAMCG6s el ectr ode
also show darge negative relaxation deformation, while IPMC deposited Au as
electrode often shows positive relaxation deformaf@y¥hen different metals
coated on the swate of IPMC, morphology of electrogedifferent It makes a
greatdifference withsurface resistance. If resistance high enough, sample does
not show back relaxation. Negative relaxation ocedrensurface resistance
decreased_ower surface resistande produce the largeleformation and

relatively stable actuation with positive relaxation phenomena

0.5
s 041 Flemion-TBA+
o
[ =
% o3}
Q
S
o 02F .
(O] Flemion-Na+
E'. 0.1}
a Nafion-Na+
-E' 00 T T T 7 T T T
= 0 10 70 30 20 50 60
-0.1
Time (sec)

Figure 13Act uat i on -based IRMCNhaNg éorm and Flemion-base IPMC inNa*
and TBA* under 1.5V DCJ[1]

As for differentpolymer basehoth Nafion- and Flemiorbased IPMCs
doping withNa" are bend towards the anagieder 1.5V DC. NafiofNa IPMC
shows fast anode bending and then bend towards the anode until beyond initial
state. While Flemioibased film shows stable positive bending without back

relaxation. Different chemical structure of two polymer is the main aafuse
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back relaxation. There is a weak acid anion fixed at the end of side group of
Flemionbase IPMQFigure 13). Undissociated acid groupsGOOH) should
be considered. It means that three chemical reaaticcur in the polymer base

at the same tim¢23]

2 #/1 1 °& 600 0 THC
2 #//1#£2 000 O T8
0/ z0 00 1)

The N4 is fully ionized However, H cation is not in Flemioibase
film. When extra electric filed applied, all Nand current Hmove to cathode
and thereforéhe concentration of Hs decrease near fixed anode. More and
more H will be generated from water molecule and then migratettmda.
The slow secondary Hlissociation leads to slow anode deformation rather
than back relaxation.

1.5Motivation

After learned basic theias of EAPs, the research aims at developed a
new type of PMC, which property is low drive voltage, large strain, high
reusability controllable bending directionand short respond time. High
efficiency test method, meanwhile, can be chosen to describenggrdcess in
open air accurately. Furthermore, it is necessary to extend our knowledge to

synthesis a new type of EAP materials
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Firsty, a new fluorgpolymer matrix film without branch chain need to
be investigated, which has a lower glass transitimpé&raturé Tg). Additionally,
it is necessary to find a new way to doping ions to make sure concentration of
cations and anions uniformly in polymer matr&t the same time, physical
electrode coating should be used to replace chemical electrode phetingd
What 6s mor e, the new analysis method shou
bending.

1.6 Research Objective

1.61 Objective I- Development ofNew M aterials for IPMC
The main targetof this researclare developed a new linear polymer
matrix which has high ionic mobility and large bending strain. As for metal ionic
salt, the relatively large disparity of volume, between cations and anions, has
effect on bending process.
Poly(vinylidene fluoride) (PVDF) widely investigated solid electrolyte,
is often served as iemxchange membrane in cell industry. PVDF is a
semicrystalline polymer[28]According to different crystallization condition,
PVDF can be divided into at | easbt four dif
and U phase, and (Figuee 14)AmoigdHose nphlise is p has e.
nonpolar due to trasgauche alternative conformation (T35 .-phase (a =
4.96 Ay, b=9.64 A, c = 4.62 A, b =) i©9ro6t stdady orientation and it
often obtained from th&eezingprocess[29]T he strong pol ar b phas
has all trans zigzag chain conformation (TTTT), has good-pgnd pieze

el ectri c -R/D(p=e8584, e=<.91 Ahc= 2.56 A) film is often

20



prepared by solution cag9]T he weak pol ar fromhmh as e, obt a
temperature crystallization, has three trans linked with onehgaconformation

(TTTG'TTTG). Whenhighextra el ectric f-PV®OFchn appl i ed,
be obtained by polP¥DA Severalgactoreinfluencethe pol ar U
crystal structure such as method of cast, solvent, stretching thin films and

annealing processA mo n g t-RVBHns a very tiractive polymer, widely

used to piezoelectric sensors, energy storage devices and actuators. There is a

significant dipole moment of each repeat unit. It means that a typical spontaneous

polarization process is generated by additive dipole moméiifs.

@ Fluorine
Q Hydrogen
@ Carbon
Alpha Structure
¢ Beta Structure
Gamma Structure
Figure 14Di agrams of the chain conformation3for U, b an

Because oPVDF excellent thermal stability, chemical resistance and
hydrophobicity, filns could be utilized in water treatment process, construction

industryand fuel cell.
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The glass transition temperature (Tg) of PVDRB& , whi |l e t he
temperature is not fixef®1] The Tg is defined as the temperature at which the
polymer softensAbove Tg, PVDF exhibgrubber elasticitylt meanghat PVDF
film is in arubber stateat room temperature. It means th&iatn segment can
movefreely but polymer molecule is fixed. As the result, the large straimbe
generatedAfter the force is released, deformation can complete recovery.

Because there isorbranched polymer chaganfix anions both cations
and aniongnoving freelyin PVDF matrix. The PVDFfilm is able to absorb a
larger amount of ionic salt without becoming noticeably softer compared to

Nafion- or Flemion base IPMJilms.

1.62 Objective II: Development of anEfficient Electrode Plating M ethod

To coating a uniformly thin noble metidyer as compliance electrode,
physical vapor deposition method should be used like vacuum evaporation and
sputtering coatingThe ionomer is sandwiched structure between two electrodes
having large surface area that bear high levels of conductivity

Compared to the chemical deposition of the gold coatmgphysical
electrode coatingf PVDF is easier to handle and the time required for the

coating is significantly reduced

1.63 Objective IlI: Time -Dependent Electromechanical ActuatiomAnalysis
Model

The typical bending process can be divided by three processes: slow
steady and saturated. By applying electric field, ions are attracted anddeg

move tothe correspondinglectrodes. There is a respond time that cations and
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anions formrandom distribution to directional migration. As time increases,
more and moréns accumulate ithe correspondinglectrodes so that bending
process is faster than before. Finally, ions coulddteratedand the bending
angle reached maximum vali@n, the relationship between bending process and
time is worth studying.
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Chapter 2 Experimental Setup and Procedure

2.0 Research Methodology and Measurement Process

To realize the previous objectyyghe detailed research and measurement
are presenteth this chapterThis thesis hdichosen the PVDF as the object of
study because its low glass transition temperature and good mechanical property.
Perchlorate saltseredoped in PVDF solutiarmhe composite film was prepared
by casting form DMF. Glass sideasused as substrate for solution cast. After
film dry, using tweezers to peel off film from glass side. The ionomerdduaid
be cut into desirablshape The chain conformation has been determined by X
ray diffraction. Employing differential scanning cametry (DSC), the melting
and crystallization process of PVDF ionomer were investigated. The crystallinity
and melting pointouldbe calculated at the same time.

Nobel netal such as 3@m thick gold was deposited on the top and
bottom side as electrde The physical vapor depositiamaseasy to control the
thickness of electrode. After that, dielectric property, such as permittivity, loss
and relaxation timegould be measurement by impedance analyzer. Using self
made instrumentest bendingprocess The DC filed was generated by using
Function Generator. A digital video optical system was used to record the whole
actuaton process. Measurements were taken after voltage on. According to
record data, bending angle and strain can be obtainrdgkdr software and

Newt ond sHunmmdedr ltauld be pumped in to system tmontrol
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atmospherichumidity So, both electromechanical and dielectric test would be
accomplished.

2.1 Material Preparation

PVDF power Mw~534,00Q0 and perchlorate saltssuch as lithium
perchlorate (LP), copper perchlorai€uP)and cobalt perchlorate (CoRyere
obtained fronSigmaAldrich chemistry company.

PVDF composite solutions were created using 0.3g of solute in 20ml
N,N-dimethytformamide (DMF), which the conceation of ionic salt is 15whb.
PVDF matrixhadable to hold large number of ions and do not block cation and
anion diffusion. A clean homogeneous solution was created by magnetic stir for
12h and stand more than 18tass side was used for solution daefbre solution
cast Glasssideneed preheat in ovdrefore castingml PVDFbased solution
were dropped by Fisherbrand 2000 00 e L Fi nnpi pette. The sol u
40 for al most 3h. Af t erformhglassasiddlty dr y, fi
was necessary to cover another glass side to make film flat. As for thickness
measurement, Mitutoyo 5432 Absolute Digimatic Indicator was used, which
resolutionwas1 m. A thin noblemetal layer, 28B0nm gold, was deposited on
top and bottom sideof film as electrode. The rectangle sample was cut into

19.10>6.35 mm, which was used to actuation test and dielectric property test.
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2.2 Characterization and Measurement

This part will highlight the details of test process aadianalysis method,
which are different form previous work. New software and-seflechamber

areutilized in my research.

2.2.1 Actuation Excitation Overview and Procedure
A quantitative static and dynamic performance evaluation sysem

developedFigure 15).

Humidity and temperature control chamber
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Camera H1 } Air pump

— Thermal
R—r< element !
.i'.) —\ Saline

— Temperature

sensor  Humidit water
sensor S

*| Conditioning and
control circuit

l
li Function
generator

Laptop
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Figure 15:The diagram ofnew monitoring system

The bending process is the best manifestation of actuator property. Even
though the bending speed of sample under 10V DC is faster than at 4V DC, the
lower voltage drive large stain &desearch trend. So, all of samplesretested
in 3~4V DCvoltagerange Four or five small rectangle samples cut from one
wholefilm. Samplesvould bend under constant DC voltage until blocked by the

clip. After that reverse voltageasapplied to strgjhten the film back to initial
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state. IPMC samples were tested twice or three times under a constant DC voltage
with their bending data bending averaged.

To realize large stain, more ions should be infused into polymer matrix as
charge carriers. But excessnic salts are added into polymer film, the
crystallinity would decrease. As the result, the film becomes softer and hard to
control. [1]

According to previous work, 1®t.% of ionic salts not only provide
enough movable cations and anions but also show maximum bending angle in

first Imin. Therefore, 15wt% and 3~4V DC were chosen in following research.

PVDF was treat¢d as polymer matrixAdditionally, humidity was controllig
during testing using an AG901 air pump. Because ambient humiditgis a
variation in the range of 20960% in different time. Air was pushed through a
saturated sodiurohloride salt solution and then into the incubator. The
incorporation of this device enabledcanstanthumidity within the testing

chamber that ranged betwe2®45%.

2.2.2Characterization of Sample Dielectric Properties

Dielectric properties can be measured using Agilent 4294A Impedance
Analyzer. Its frequency range is 100~1MHizring the impedance test process
It is noteworthy that AC voltage so small thahad little effect on actu@sn
bending.
2.2.30ptical Analysis Procedure

Bending process is taken as my research object rather than block force

(output force). It is important to select suitable method to monitotteg
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actuationof IPMC. Traditional test method is relied on laser and camera. As
conduction time goes on, tipgfilacement can be measured. If large strain or
crimp occurs, samplewiill beyondthe detection area. So, a new way of
monitoring bending process and analyzing the actuation data shaldddieped

As stated earlier, the laser rangefinder has a greatation, a CCD
camera or digital smart phoaeeconsidered Lens face to thickness dimension
of rectangle sampland cameraecord whole bending process includibgck
relaxation After that, video need analysis using a software named Tracker. The
basic procedure of analysis includes establish coordinate, building tracing points
and obtaining Excel report. Thext part will give more detailed interpretation

of iterative data gdiorm TrackerBut it is not a reatime monitoringmethod

2.24 XRD Equipment and Differential Scanning Calorimetry

As mentioned previously, PVDF exists at least four different phases.
Phases of thin films were analyzed byray diffractometer, using CiK U
radiation, with the generator working at 4
is 10~30¢? Scan angle of each step is 0.1°and scan speed is 10s/step. Diffraction
only occur in a few specific directions, determinedBoggg's law

¢ AGEITY P
Whered is the spacing between two parallel atomic plaanes thed is

the incident angle. The value ofspacing is different with different crystal
structure. So different phases have different diffraction anglescHdracteristic

p e a k sphasd are(17.94°(100), 20.2°(021), 29.92°(110), 36.12 °(200) and
39 °(002). o-phase peak at 18.5°(020),20.1°(110),26.8°(002) and 38.7°(211)

respectivelyPeaks at 20.7A (200) and 20.8A (110)
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phase in PVDF, other peaks would locate in 36.6°(020) (101) and 56.9°(221).
[2]

Another experimental technique used in PVDF samples is differential
scanning calorimetry (DSC). Thischnologycanmeasure the heat differentness
between sample and reference when phase transition occurs no matbedérst
or seconebrder phase trangin. At the same time, other properties of polymer
like glass transition temperature (Tg), melting temperature (Tm) and
crystallization temperature (Tcan be detectedror the melting process, the area
of melting peak is the enthalpy (heat) absorbed ialting process.So,

crystallinity can be calculated using by following equation.
yo
] Yo . &

where YO #s the heat of fusion for 100%rystalline However,
different phases of PVDF have different value of heat of fusion for 100%
crystallin. According to theoretical calculation, the heat of fusion of main two
phasespg=al04es J.agk n d p TPH9.7 J. § respectively[3,4] In my
reach,used an aluminum (Al) pan to weigh sample (mass ranrg&ngy) which
is already cut into pieces, while another Al pan is empty which can be regarded
as reference. The heating andngefmmo | i ng r at e
60 t0200.

There are many factors carfluenceon crystallinity of polymer, such as

annealing treatment, stretching and nucleating agent.
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2.3 Data Analysis Calculation

This pat will briefly introduce the iterative method of process video data.
Assumptions need be established to solve the equation at the same time. It is

necessary to discuss the principle and process of iteration in following part.

2.3.1 Radius of Curvature, TipDisplacement Angle, and Determination of
Electromechanical Strain

In Tracker software, the initial length of sample can be measured after
reference system established. When extra electric filed applietiajgbetoryof
tip can be tracked. Bending process can be divided by many frames. For each
frame, the coordinatealuecan be obtained. The track process is automatically
from one frame to next frame. A series of coordinatiele are conculcatedn
Excel. According to those data, the chord length can be calculated by
Pythagorean theorem. It is reasonable to assume that the bending process showed
a neasperfect circular curve. The initial length of sample equates to length of arc,

as displayed ifrigure 16.
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Figure 1l6Newt ond6s Met hod Process

To calculate the bending angle, only two known quantities, wdriethe
arc length (a) and the chord length (c), are far from enoAgbording to
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geometry, there are two basic equatican be obtained. Unfortunately, the value

ofRccannot be calcul ated directly only
way of solving the problem.

A Y C&

A Y O&T ®

Newt onds Met hod, wihdingafgorithss,sechosea y f

solve problemR: can be calculated usirieguation 2.3. Adopting following of

forms to iteration.

"Qw
c8

WhereXn is an initial guess for a root k), Xn+1is a next approximation
which iscloserto real value. If the functiof(x) satisfies the assumptions made
in the derivation of the formula, the process will repeat until a sufficiently

accurate value is reached. The functigr) can be obtained by combing

Equation 2.2 andEquation 2.3 yielding:

A Lodi ®
J G

o O

A ®

Where,o -. Rearranging this function into an equality:
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According toEquation 29, an initialguessp) i s bet ween O and 2
For the simplicity iterationit is assumd thatinitial guess is Yadian After ten

timesiteration the value ofoot isstably Based on angle value, the radius of

curvature R:) can be obtained. The bending angiacrease with the

decreasing of radius of curvatuig) with conduction time prolonged. The

geometric relationship of bending process is displayétigare 17.

Figure177.Pr ogr essi on of EAP bending @ngle d and radi
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Furthermore, strain can be calculated ugtqgation 2.10. [5]

Q

Whereh is sample thickness. The strain of E&fhversely related to
the radius of curvaturdzf). It is clear that the smaller of radius of curvature due
to larger bending angle thus greater strain.
2.3.2 Dielectric Calculationsand Analysis
As mentioned earlier, a CCD camera can record the whole bending
process of PMC under constant DC voltage.tlms part, a new research
method would be presented. Frequedependent dielectric properties are
taken into consideration. Impedance analyzer can directly measure the capacity
(Cp) and loss (D) using Cp~D mode.
As an example, the dielectric propertptsl of pure PVDF film are

displayed inFigure 18. The test frequency ranges from 100 Hz to 1M Hz

= Pure PVDF
= Pure PVDF

01fF

Loss (D)

Dielectric

L L L 0.01 L L L L
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= Pure-PVDF
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Figure 18 Example of dielectric calculations for a film of Pure PVDF films showcasing the
a) real permittivity, b) loss and c) imaginary permittivity
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Chapter 3 Development and Analysis of &@VDF-Base IPMCs

3.0 Overview

As mentioned irChapter 1, theprinciple of IPMC actuator bending
wasthe diffusion of ionsunderelectric field.For my sample, both cations and
anionscouldmove free in solid PVDF electrolyteAdditionally, how to prepare
thePVDF-base samplesasalready discuss in previous chapter. The lithium
perchlorate, copper perchlorate and copaithlorateverechoiceto doping
into PVDFfilm. Simultaneouslysame number of cations films were prepared
and tested them under in same context. Similarly, sam#er of anions films
were synthesized to figure out different number 6fdrid C3* effect on
bendingstrainanddirection This chaptewill discuss the effect of different
cations doping in matrix and emphatically analyses the actuagicawior of
PVDFCoP films.

3.1Physical Parameters of PVDFCoP Film

3.11Research on thePhase ofPVDF-CoP Film
In Figure 19, the signal intensity peak observed at 200§ 2d v al ues) ,
which are belongs tb-phase This is because all filmserecast from solution

and the carboxyl of glass side will hégphasecrystallizing.

37



3000
2700
2400
2100
1800
1500
1200
900 [
600
300 |

= PVDF(CoP 15wt%)
Solution Cast (no anneal)

Intensity

10 12 14 16 18 20 22 24 26 28 30

2¢ /£
Figure 19:XRD spectra data of PVDF doped with 15 wt.% CoP
3.12 Measurement ofCrystallinity and Temperature ofMelting and
Crystallization of PVDF-CoP Film

Figure 20(a) displaysDSCcurve of pure PVDF filmThe peak of melting
temperature is169.9 . While the peak of crystallization temperature is
145.02 . AccordingEquation 2.2 the crystallinity of pure PVDF film casd
form solution is34.93%.

Presented ifrigure 20(b)is theDSCcurve of PVDF film dopdwith 15
wt.% CoP. Melting temperature and crystallization become smallEne
crystallinity is decrease t82.04%.When enthalpy is constant, the melting
temperature will decreasBecause the entropy of composite will increafter

doping.
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Figure 20:DSC curves of a) pure PVDF filmand b) PVDF with 15 wt.% CoP

3.13 Dielectric Analysisof PVDF-CoP Film
This partis devoted to systematic study of frequexependence
dielectric respondinderAC extra field.lt means that dielectric properties
changebefore and after doping witherchloratelmpedance analyzer would be
used to test the filmbds dielectric propert

field is from 100 Hz to 1Miz.

39



= PV/DF CoP — gZzFPi:/E;
= Pure PVDF

100k F

10k |

ctric constal

100 |

10

(b)

1 . . . . . . .
100 1k 10k 100k ™M 100 1k 10k 100k ™
Frequency (Hz) Frequency (Hz)

= PVDF CoP
= Pure PVDF

i maginary dielectri

e

100m [ ©

. . .
100 1k 10k 100k M
Frequency (Hz)

Figure 21:Frequency dependent a) real permittivity, b) dielectric los®nd c) imaginary
dielectric constant in 43% relative humidity at 20

It is clear that all of dielectric properties are increase obviously after
doping with CoHn low frequency ranggFigure 21) It means thaPVDFCoP
IPMC isan ionic conductorAdditionally, the loss peak shifts to higher
frequeng direction In highfrequency, théntrinsic characteristics of PVDIE
showed.The oscillate ofl i p o | -©\8DFis domihate rather thaons
mation. Table 2 list these dielectric parameters and the values where the loss

peak is present.

Table 2:Frequency-dependent dielectric data for PVDFbased IPMC

Sample Approximate values At Loss PealErequency
U Nj D U Nj D F U D U N
(100Hz) (100Hz) (1MHz) (1MHz) (kHz)

Pure 7.74 0.04 5.91 0.15 261 7.2 0.02 0.17

PVDF 7
PVDF 1.7 1,28 6.62 9.74 5388 49. 225 748
Cop 01 2
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3.2 Actuation Performance (Strain and TipAngle Displacement)

The main reason of the IMPC figactuation is thathe size difference
between cation and anioBoth cation and anion will redistribute after extra
electric filed applied. Catiorsreattracted to move to cathode, while anians
forced tomigrate to anode. More and more ions accumulate to respective
electrode with the timgoes by As the result, different pressures are generated
between cathode and anode. It is clear that expaasmbthecremenarecreaed
leadto macroscopic bending.

In my experimentcobdtous perchlorate (CoPgppper perchlorate
(CuP) andithium perchlorate (LiP) are treated as dopingréglhe diameter

of different ions is showed ifiable 3. [1]

Table 3:Diameter of different ions

lons Atomic Valence Diameter(A) Hydrated(A)
Number

Li* 3 +1 0.76 3.82

Co?* 27 +2 0.74 4.23

Cu® 29 +2 0.73 4.19

ClOs - -1 2.40 -

After doping,the proposedhodes of bending includednization
totally, ionscanmove freely thevelocity of ionsdrift is constantjonic
hydration does naiccurandions would accumulate #te interface between
matrix and electrodénally. Let us take PVDFCoP IPMC as an example,

Figure 22 shows the wholerocess of ionsedistributionandaccumulatiorof
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PVDFCoP IPMC Themechanisnof PVDFCuPsamples similar because

closerrelative atomic mass and diamedéication

36 35
Il Anions
% [ cations | 0
254 25
35 20 20 =
z =
S 15 15 3
(e} e}
10 10
5 ks
0 .ﬂ'—l]—l—l]—'—l]—l_- 0

() (b)

42





































































