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Abstract

This project focus onhe investigation of ionic Electroactive PolymerAHs) as
an electrolyte in the creation of lonicolymer-Metal Composés (IPMCs). Thi
polymer electrolyteis coated with a noble metal (g) and used for the study
actuation, that is, inducing a change in the sludpgee material by the application of

electric current.

Firstly a review in EAP actuators is providexplaining the different mechanisi
of actuation, their applications and their potdntigorovements for future research ¢
work. Later on, it is explained how we built an IEMand how we implementse

actuation in it.

Different techniques were used in er to characterize our material such
Differential Scanning Calorimetry (DSC), Thermograetric Analysis (TGA) ol
Scanning Electron Microscopy (SEM). The materiabva#so subjected to tensile te

in an INSTRON machine to evaluate their strengthoung’s modulu:

This work intends to demonstrate a simple and cheaphod to build EAF
actuators with adequate properties in terms ofsirstrain, actuation fatigue life a
efficiency for applicationn some fields as a safer, cheaper and suitakernative to

conventional actuators.
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1. Introduction

1.1. Project organization

This project is structured in six chapters followmsda list of references used &
the appendices mentioned throughout the report. ditepters which this report

composed by are:

= Chapter 1brief introduction to the project ancs theoretical backgrour

= Chapter 2:literature review about EAPs, actuators, fabricatpocesse
and experimental data of previous researchers, cleallenges regardir
material properties of actuators and a rough gdtmn of the results th
are gang to be attaine

= Chapter 3description of the projet

= Chapter 4:characterization of the material needed for falioca and
preparation of sample

= Chapter 5fabrication and preparation prior to the actuapbenomenc.

= Chapter 6experimental seup and procedures of actuation.

= Chapter 7conclusion and last observations and recommendatarfuture

work.
1.2. Background

Actuators are used for a wide range of purposeseamnology. Going fror
mechanical moving parts to very high technologiapplications such as walkir
robots, prosthetics or in the aerospace field faraae accurate utilization of the flig
control sufaces of an aircrafEffort is being put in the development of new tyjod:
actuators to better fulfil the requirements and thefety conditions for thes
applications. Current challenges for this technglagcludes safer interaction wi
humans, eneggdensity optimization, ability to better withstataitge forces and lighte

devices.

In recent years the investigation polymershas been augmented due their
potential applications ancheir exceptional propertiesvhen compared to oth

materials.Their ease to combine with other materials showilggasing and attractiy
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properties as well as their h-level compliance in different situations make potys

very attractive materials.

The focus of this project is on polymers that are able to resg
electromechanically tepecific stimuli.These polymers are also known as electroa
polymers (EAPs). This kind of material has the vengresting property cacting as
actuators and sensomesponding mechanically to an electcurren or converting
mechanicalmotion to an electric field respectivelThere are a great amount
conventional meamisms and devices that reqi and are driven by actuators and ¢
of bearings, gears and other componeHowever, EAPs are thought to be
alternative to the conventional actuator or sensor in theseséhnat with a much lows
electrical consumption, they show compliant prapertsuch as light weiglr
considerable shape cha, noiseless, fracture tolerant, low power consump
significant mechanicaénergy density and so (Bhandari, Lee, and Al, 2012). In
Table 1someproperties of EAPs are compared to other conveatiactuator, such as
shape memory alloys and electroactieramics. Alot of research has recently anc
currently being carried out in improving the straapability,the strength and stiffne:
of the material, among other characteristics. EA¥Ps believed to me a huge
advantage in several engineering and scientifitdd, thought to be able to cree

applications and systems that nowadays are jutds.

Table 1: Comparison among various actuator materials(Bar-Cohen and Leary, 2000; Shahinpoor, Simpsotl
and Smith, 1998; Uchino, 1995) *Shape memory alloys produce actuation due to eithehermal effect by
increasing the temperature or by Joule effect, thats to say that heat is produced as a consequendecarrent
passing through a conductor. This heat induces thehape change and therefore actuatior(Kumar and
Lakshmi, 2013).

Electroactive

Property Shape Memry Alloys Electroactive Polymer _
Ceramic
Actuation Change o Electrostatic forces of iol Change of
Mechanism temperatur diffusion phase
Actuation voltage lonic EAP: 1-7
~5* , ) 50-800
V] Field-activated: 1A:50 V/ium
Actuation strain Up to 8% ~300% 0.1-0.4%
Actuation time s to min us to min pustos
Density [g/cc] 5-6 1-2.5 6-8
Force [MPa] 700 0.1-25 30-40
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1.2.1. State of the art

The origins of the discovery of some polymers beibtg to behave as actuators
sensors go back to the 1880s. WilhRontgen, a German physicist who first dete«
electromagnetic radiation in the-ray range (0.01:0 nm), observed the length variat
of a rubber bandubjected to an electrical charge. Nineteen yeaes, lin 1899, the firs
theory on strain response &n applied cuent was postulated by Sacerc (Bar-Cohen
and Zhang, 2008However the first piezoelectricpolymer, was not discovered ur
1925 thanks to the workf Eguchi(Kestelman, Pinchuk, and Gold:, 2000). This
polymer was obtained by solidifyin@rnauba wax, beeswax and roat the same time
as a DC current was appli Some years later, in 1969, Kawai achd to show the
piezoelectric activity of poly(vinylidene fluorid®VDF (Bar-Cohen and Zhar, 2008).
After this discovery, other authors have beerestigating on new EAP materials, th
properties and their impvement Since the 1990s the research on EAPs have
mainly focused on biomedical applications as aitifi muscles due to the simil

motion of the activation phenomenon to that of alior human muscl.

EAPs can be classified into two main groups basetthe method in which they a

activated, fieldactivated and ionic electroactive polyme

Field-activated EARequires Coulomb electrostatic for created by an electr
field in between the electrodes on fil (Bar-Cohen and Zhan@008. Among the
field-activated EAPs it is possible to find ferroelectiimlymers, dielectric ¢
electrostatically stricted polymers and electrasire graft elasomers. They can opere
at roomtemperature for a relatively long time inducinggractuation forces in a fe
manner. However, large strains require high adbwafields of values sometimes clc
to the electric breakdown of the mate, which will produce a drop in the mater

resistance and thus the transition of the mattrialconducto(leda,1980.

In contrast to fielcactivaed EAPSs, ionic EAPs produce the actuation phenom
by transport or diffusion of ions within the mat#rmembrane. Normally the actuati
comes in form of bending of the material at lowtage and activation energy. Th

! “The direct piezoelectric effect is present whemechanical deformation of the material produc:
proportional change in the electric polarion of that material, i.e. electric charge appeanscertair
opposite faces of the piezoelectric material whés imechanically loadec(Gautschj2002).

7
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drawbacks they are characterized by are low dutykihd efficiency, slow response
ion diffusion takes longer to occur ¢ normally,relatively low stiffness and blockir
force® (Tiwari and Garcia2011.

Advances are needed in the field for increasing rdsponse to the electric
current, expanding lifetime and theierformance in general to make them suitable
important industries such asthe biomedical, electricalelectroni@al, aerospace,

mechanical or textile, among othe

1.3. Objective

In this project we are going to build an actuat@nf an ionic EAL This kind of
actuators in comparison to others are lighter amghler to build and use. Good over
performance as artificial muscles and the posgihai implementation in robotics as
safe alternative to conventional mechanical actsat® another rean to chose this

material though more investigation is needed in the 1.

We are going to design and build lonic Polymer-Metal Gmposite (IPMC
actuator composed by a polymer membrane capahtmaxchange in aqueous me
and two metal electrodes coating both faces optilgmer membrane. This material
going to be mechanically and electrically charazest to observe the operties
influencing the actuation process and understardptinciples behind Finally, the
actuation mechanism in going to be observed anddéflection in a cantileve

configuration is going to be measured as a funatifathe electric fielcpassing through.

2 Blocking force or generative force is the maximwrcé exhibited by the tip of a bending actuatoa
cantilever beam set up with showing no displacer(Yun, Kim, and Kim, 2008).

8
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2. Literature review

This chapter starts with a general review of wimaEkectroactive polymer (EAP) i
explaining the two different types of EA based on the actuation mechanism they
driven by. Examples of materials from each clication are also provided. Lat
sections on this chapter include an overview ofliagppons where EAPs have be
shown to be useful and mean a huge advin science and technology. To end w
the actuation mechanism of EAPs is going to be ampt ind compared to pric
technologies.

2.1. Electroactive polymers (EAPs)

Electroactive polymers are materials, as aforeghiat, are shown to be able
behave as actuators and sen because of their ability to respond mechanicall
electrical stimulation. feir operational resemblance to animal muscles and
natural tissueby exhibiting large strains when subjected to atteical stimulu have
positioned the investigation on EAPs as target amynscientific fields, as well as thi
properties and thpotential improvements on th. In comparison to other inorgar
materials EAPs present several attractive properties sugHightweight, easy t
manufacture, large strain when exposed to an aectirrent, etc.Electroactive
polymers can be classiflein two different groups attending their type atuation:

field-activated and ionic EAF
2.1.1. Field-activated EAPs (FEAPS)

Field-activated or electronic EAPs are a type of electiva polymer that show
dipole formation and Coulomb interaction vn an electric field is applielOne of their
main features, apart from their high efficiencythe fast response speed, which ind
is determined by the polymer dielectric and thestedarelaxation time. Strain can
visible as a reaction to the elric current in various scales: macroscopic, Micopsc

and molecularThe conformation of the lati can be changedhen applying a voltag
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as the dipoles within the polymer arrange with direction of the currel (Bar-Cohen
and Zhang, 2008).

Field-activated EAP are light, easy to manufacttand manifest high flexibility
and impact resistancBxamples of fiel-activated EAPs are PVC, PVDF and silico
among othersMost of these kins of electroactive polymers are actually widely uge
daily life for insulators or coatings but they can alsohioeight to produce electroacti
molecular devices in the nano and micros (Cheng and Zhan@008. In most cases,
due to their high glass transition tempere® Ty, they are inadequate for Ic
temperature actuatidipelow the 5 of the materialps it would be the case for artific
muscles or room temperature applions. InTable 2some fieldactivated EAPs’ 4 are
specified. The higher the 4 the narrower the temperature range in whictuation
occursbecause the material can only change size or shifip@ temperature beyond
Ty (Harwin et al., 2004)The ideal case for an actuator would thereforeabew T4

material with high molecular mobilit

Table 2: Data for gass transition temperature Ty for different field-activated EAPs (Scott, 2001. Actuation to
be efficient should occur at higher temperature tha the Ty. Most of these materials are therefore inefficient a
room or low temperature and thus not suitable eithefor biomedical engineering applications

Materia Glass Transition Temperatury[°C]
Polyvinyl chloride PVC) 80
Polyvinylidene fluoride PVDF) -35
Polyamide Nylon) 50
Poly(chlorofluoroethylene) ICFE) 45

Field-activatedEAPs ca be sometimes difficult to classify and authors 10
different ways of classificatio Cheng and Zhang divided theimto four categories
piezoelectric, electrostrictiv electrostatic and electrets-basé@dheng and Zhau,

2008).In the following lines each of these types are gambe briefly describe

» Piezoelectricand ferroelectricEAP. the ferroelectrieffect is a property ¢
some materials that present spontaneous electlarization that can b

reversed. Spontaneous electric polarization is a phenomenruat is

% Temperature below which a polymer has a hard aittiebbehaviour. Above the 4 polymers become
rubbery, soft and flexible. Theyis a second order transition, which means thawiblves a change in tt
heat capacity of the material but not in latheat.

10
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characterized by parallel orientations of electlipole moments in th

absence of an ternal electric field.

To obtain piezoelectricfrom ferroelectric materials it is neede change in
the polarization ofthe material. This process is known as poling, &r
consists ofan electric curmt passing througlthe materi¢, causing the
development of its spontaneous polarization and shwgle directior

alignment of its dipole(seeFigure 1) (Shaw, 2014).

1 AW

WA &L J i /T\/ N

A B

Polarisation
*—-—

Figure 1: In A, a ferroelectric material with its spontaneousdipole orientation. In B, the piezoelectric materal
obtained from the ferroelectric by poling .In the pling process an electric current is passed througtine
ferroelectric material, changing its spontaleous polarization and aligning all its dipole momets to the same
direction (Shaw, 2014).

If stress is applied ta piezoelectric material, as Figure 2, an electric
current is generated. Polymers in this category ramemally present i

semicrystalline formand their crystallites are enclosed to an amorpt

surrounding.
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Figure 2: Piezoelectric material as a current generator. (ashows the piezoelectric material with no curren
supply and no strain applied. If a tension force i€xerted to the material as in (b), an electric cuent appears
on the surfacesof the crystal. Polarity of this current can be chaged by inverting the force to a compressior

asin (c (Vatansever, Siores, and Shah, 2012).

Some examples of piezoelectric EAPs are PVC, PVDIP(DF-TrEE)
copolymer (NASA, 2014) This latter one is shown to behave with
largest electromechanical response at room temyerathich is importar
for artificial muscles and biomimetics applicati (Cheng and Zhatr,
2008) Yet piezoelectric EAPs, although they manifeswv Igpower
consumption, have very high stiffn and lowstrain abilitie: (~0.1%) for
many applications at low frequency or large impaatitations(Cottinet et
al., 2004{Goulbourn, 2005).

= Electrostrictive EAF: these polymers have withstood strains of up to
and pressures up to 1.9MPa and are based on tiegpbei of dipoledensity
variation in a material. For polymers that arergpic, polarization in on
direction produces an extension in the perpendicdisection and

contraction in the parall, shown inFigure 3(Cheng and Zhar, 2008).




lonic Polyme-Metal Composites: | dea

manufacturing and characterizai
Literature revie\

w W+AW

-4 .
- Lot

S0 | |
=

r
W

'y

R

E%
0660
0606

0000

Figure 3: On the left, a material with spontaneous polarizéion in the absence of an electric field. Electri
dipoles are randomly oriented. On the right, an eletric field is applied on the material and subsequet
rearrangements of electric dipoles occur, and &a result, shape changes take pla¢@&dapted from Cheng and
Zhang, 2008).

Electrostrictive polymers present a general peréorce similar to those
biological muscles. Though it is not the best paniance when compared
other actuator temnologies, it is the one that, in genem@atche muscles
properties and functions accurately. Fcstance, dsicone was reported t
have a strain close to 32%, 0.21MPa of maximumspires and a maximu
energy density of 0.034 J/°, whereas the same values muscles are
>40%, 0.35MPa and 0.07 J/*(Kornbluh et al., 1998).

= Electrostatic force EAP or Maxwell stress polymersamong which
dielectric elastome stand out, can be sustained to strains proportitar
the square of thelectric field applied (Goulbourne, 2009hese polymers
are formed by a soft dielectric elastomer betwesn tlectrodes. A
electric field passing through the elastomer poéwiit and generates
stress within the dielectric material called Maxwa&tess. The dielectr
material tighs in directions parallel to the force and stretclthie direction:
perpendicular to (Goulbourne, 2005).To differentiate it with
electrostrictive EAPs it is necessary to bear indrthat the squa of the
electric displacement the latest is proportional to the strain, whereaa
electrostatic EAPs this is not tr(Cheng and Zhang, 20Q8]Jhis is because
the oigin for electrostriction falls on an atomic or raoular level while thi
Maxwell stress effect is an elastic ev
Elastomers are obtained by the vulcanization ofyrpers with a no-
crystalline structure and heating with sulphurditianally. Their poperties
depend highly on its crc-linking level.

13
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Electrostatic elastomeric EAPs, such as silicori#eus, operates at hi

voltages ofMV/m anc are capable of resistery high strainseven above
100%. Wde opeating temperature range (-100°C 2&%0°C) and low
vibration and nois are other advantageBhe efficiency of this materials
estimated to €&90% at actuation rates of2DHz assuming charge recov«
(10-50% without charge recove (Pelrine, Kornblih, and Josepl1998;
Goulbourne2005. However, low stiffness is a problewhen considerin:
structural or mechanical applications that needitbstand certain weig.

» Electretbased EAF:. arose as a combination of the dielectric propextie
elastomers actuators and the hicipolar nature of electre*. They became
of high importance because of its applicationsmicrophones, speake!
transducers and so on. They are normally composedarb electret
diaphragm next to a pierced metal plate separated by some spas, as
can be seen iFigure 4 Some advantages they present are simplici
construction, high efficiency and frequency resg(Ko et al. 2012).

zlecirode electret dizphragm

Figure 4: EAP configuration for loud-speaker application. The typical layers of an elecéts-based EAP are

shown: electrets diaphragm covered bspacers and perforated electrodegKo et al., 2012).

2.1.2. lonic EAPs (I-EAPS)

Since the 1960spnic EAPs have been used pmoton exchange embrane fuel

cells but it was not until the 1990s that reseaisheund the actuating and sens

* An electrets its “a dielectric material that consasr a permanent electric polarization after anreat
field vanishes, and that plays in electrostatice tsame role as permanent magnets
magnetostatics”(Lévy, 2008).

14
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capabilities of this kind of materia Proton exchange membrafgel cell produce:

electrical energy as eesult of a chemical reaction between hydrogen deh@anc
oxygen (cathode) instead of a direct combustiobadii gases to deliver thermal ene
(J. S. Lee et al., 2006The membrane must be able to let the hydrogetomsarom
one electrode through but not the electrorhich induces a current that reacts with

oxygen of the other electrode to create waterjaaned inFigure 5

Fuel
(H,)

Anode Membrane Cathode

Figure 5: Operational scheme of PEN fuel cells (J. S. Lee et al., 2006)

In the case ofanic EAPs, diffusion or mobility of ionwithin the polymel
membranes the basis for actuation, which can be obtainddveer voltages than fie-
activated EAPs, thoughit is difficult to maintain aconstant strairduring a certain
period. They normallyeed to be formed by an electro, coded in both surfaces t
electrodes what is known as lonic Polyn-Metal Composite (IPMC lon diffusion
appears from two different origins: aqueous elégteoor ionic liquid electrolyte, bein
these lasts preferred as they prewvery low vapour pressa, operation voltages al
are extent of the hydrolysis exhibited in aqueoistesns Various materials can be us
as electrodes such as carbon or metals (noble smietalPt or Au, as in this ca
(Bhandari, Lee, and Ahr2012 (Hong, Almomani, and Montazanfip014. In Figure 6

an example of an lonic EAP is sho
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Figure 6: Example of bnic EAP actuator of IPMC (Doam and Ahn, 2012)Left: in the absence of an electric
field, the material’s ionsare randomly distributed within the polymer layer. Right: when a current is applied

to the metal surfaces, cations are shifted towardse anode and bending occu..

Whereas fielEEAPs changesize or shape when actuating, ioBEAPS response
an anisotropic volume alteration, triggerithe bendingf the materi¢, as can be seen
in Figure 7. In other wordswhen subjected to an electric fielthe accumulation of
anions and cations at the oppcly charged electrode produces an asymmetringe
of volume on the polymer which bends the IP. This is because dhe considerably
smaller size of anions compared to cations. Assalteof this, the actuator ben

towards the anod@iong, Almomani, and Montazami 20..

Field EAP Ionic EAP

Figure 7: Comparison between a field EAP and an ionic EA (Adapted from MacFarlane et al., 2014. On the
left an example of fieldEAP actuation : the material expands (red arrows) as a result of an edric field
applied. The intrinsic force created when actuating (ble arrows) compress the material. On thright, an ionic
EAP actuation: intrinsic forces (blue arrows) provoke the materialbending (red arrow) towards the anode due

to a differential in length of both electrode layers.
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Among ionic EAPspne can find ionic polymer gels, conductive polyspionic
polymermetal composite(IPMC) and carbon nanotubes.

= |onic polymer gel: are crossinked polymers dispersed in water that n
or may not be reinforct. (Calvert, 2008).
Gels actuating mechanism can be driven by diffefaetors, as we will see
in the following lines
Electrically driven actuators are formed by twoctledes that are placed
a salt solution, producing hydrolysis, generatirygirbgen on the cathot
(decrease of pH) and oxygen on the anode (increagdl). Due to this
differential in acidity, some gs will enlarge, shrink or bend. This kind
gels, howeverhas not provided good results for stiffness and actuatate
The gels activated thermally normally show a quick stvitfrom the
enlarged state to the shrunk when temperature riseShey prisent small
valuesfor Young’s modulu.
Chemically driven gels produce good force and stizpabilities whe
subjected tgH variation. Although actuation time is quite large compe
to biological muscles, they quite resemble to thOthertypes of ges are
being catching scientists inter in the last few yearsalthough thei
classification as-EAP is not clear yetoscillating reactior (by periodic
redox reactions of the materialFigure 8§ and electr- and

magnetorheological driven ge(Calvert, 2008).
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Figure 8: Motion of a self-oscillating actuator immersed in a solutior(R. Yoshida et al., 200¢. Actuator

behaves as a wmn, the front edge can move forward when elongatingdue to oxidation) while the rear one

stays still, and the other wayround when reduction takes place: the rear edge mes forward while the front

one is prevented from sliding.The backwards motion of each edge is prevented bysaw surface at the bottom

For the asymmetrical swelling of the actuator a hycbphilic acid is copolymerized into the polymer

Conductive EAF: it has also been investigated the possibility oplerying

conductive polymers. In response to an appliedagelt these polyme

swell due to a re-ox reaction, depending on the polarity, as expthias

well in Figure 9. Thus, it causes inclusion or removal of ions thst

solved. he first conductive EA was polyacetylenewhich conductior

properties are derived due to the existence ofratemg (-C double bonds
on the polymer backbone followed by ion doping. lewer, polyacetylen

Is not useful as an aator. For this purpose, other conductive Is have
been explored nd synthesised (Pillai, 2011)Some examples a

polypyrrole, polyaniline or polythiophen.
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Figure 9: Schematic of a conductive polymer actuatc (McGill University, 2014). On the left the conducting
polymer, in this case polypyrrole, is not actuatingThe material is submerged in an electrolyte solubin in the
presence of ions. When a current is applied to thaaterial, these ions are attracted to the flymer and get into

it producing a volumetric expansion.

In order for conductive EAs to be useful for actuation they need tc
stable in air as a bulk material. Physical propsrtf the materi¢(electrical
conductivity, porosity, dopant ion...or chenical properties of th
environment (ion concention, temperature, electrolyte).are determinar

for the material strain capabiliti (Pillai, 2011).

» Jonic polymermetal composites (IPMC these are materials formed by t
metallic electrodes sandwiching a polymer electelyNormally, the
material needs to be hydrated to perform actuatidmch occurs in th
form of bending. This type of actuator is goinghbtfurther explained i

section 2.2as it is the focus of this projec

= Carbon Nanotube based actuators (CGbased actuators CNTs by
themselves are not ionEAPs and cannot work as actuators. Nonethe
CNTs can be mixed and processed together with &®Aérs. In this wa
the strain capabilities of thespolymersare coupled with the outstandi
properties of CNTs, making evident some improvement actuation i
terms of stress generaticActuation mechanism for this kind of actuator
generated by different factors: doedayer charge injection ar

photothermal or electrostatic actuatidn recent years, CNTs have be
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mixed with other EAPs in order to improve actuatiparformance o
material characteristi((Kosidlo et al., 2013), asigure 10show:s.

Also studies were carried out to compare actuatind electrochemic:
properties of an actuator using the same buckyelgetrolyte as irFigure
10 but varying the electrodes using Single Walled Niabes (SWNT)/lonic
Liquid (IL)/polymer electrode, SWNT/IL electrode arsimple gold coatin
electrode by Terasawa and Tuchi. Results concluded that electro
using SWNT/IL performance when actuatiwas superior for low voltac

applications.

ON

B N O
PVAF(HFP) SWNT lonic liquid

Figure 10. EAP actuator formed by a poly(vinylidene fluoride-hexafluoropropylene) PVdF(HFP)electrolyte
and two polymer-supported bucky-gel electrode layer with single walled nanotubesiithe presence of ionic
liquid (Terasawa et al., 2011)When the actuator is connected to an electric fig, ions in the gel electrolyte
layer are transferred to the anode and cathode anthus createa double layer with negatively and positively

charged nanotubes. Swelling occurs in the cathodayer while the anode layershrinks, leading to the actuator

bending.

As another example of usirionic EAPswith CNTs, studies have al:
reported the electromechanical performance impreveémarose whe
implementing Vertically Aligned CNTS(VA-CNTs) as ¢ conducting
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network @mposite electrode (Liu et al., 2010)A picture showing thi

structure can be seenFigure 11 The advance in actuation came due tc
fast ion conduction through parallel channels @gah between the V-

CNTs and the decrease of electrical conductiorstaste

Figure 11: Scheme of an actuator formed by V,-CNTs within the conducting network compositt layers as
electrodes (Liu et al., 2010)On the left, an actuator with no voltage appliedOn the right, a bent actuator with

a voltage applied showing the mobility of cations ith respect 1o the previous one

In Table 3some importai typical valuedor actuation are summarized accordin
Madeen and Bennetl. D. W. Madde et al., 2004; Bennett and Le2003 for most of
the types of EAPs described abc As can be seen by looking comparatively the ¢
electrostrictive polymers can be a very good optayran actuator material, as its str
capabilities are outstaimg), if no stress need to be withstooyglthe structure. Althoug
CNT-based EAPs can sustain bigger stresses, theiieeffic is low as stiffness
increased due to the presence of the CNTs. Acogriirthe data listed here, IMP!
present adequate simaand stress capacities coupled with high numbexyoles until
failure. These properties together with low operating vatdgw energy consumptio
and safetywhen implementing them, make IMPCs suitable andmeuended for mos

applications, includingrtificial muscles
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Table 3 Mechanical properties of several EAP:

Electrostrictive Conductive

Property Piezoelectri N IPMC CNT-based
(silicone) Polymer
Max. Strain [%] 3.5-7 120 12 3.3 ~1
Strain rate [%/s] 2,000 34,000 1 3.3 0.6
Density [kg/ni] 1,87( 1,100 B 1,50C 230
Max Stress
45 3.2 34 15 27
[MPa]

-33% strain after
140,000 cycles

Life [cycles] - 10'@5% strain 28,000  250,00(

2.2. lonic Polymer-Metal Composites (IPMCs):

The focus of this project is to develop an IPlactuator. e to their light weight
strain abilities and low driving voltages when ating, IPMCs are believed to mee
great advantages in the future of material sciapgdied to bioengineering. In genel
an IPMC is formed by a polyelectrolyte melane, such as Nafion or Flemion, cove
in both faces by an electrc (see sketch ifrigure 12, which used to be a noble me
(Au, Pt, etcXBhandari, Le, and Ahn, 2012).

Electrode (Au, Pt, etc)

Polyelectrolyte membrane (Nafion, Flemion)

Electrode (Au, Pt, etc)

Figure 12 Simplified sketch of an IPMC material composed byan electrolyte membrane coated in both side
with noble metals serving as electrodes.

These polyelectrolyte membranes present ionisaldapg covalently bonded
their backbone structure, as can be seeFigure 13 that allow specific ions to pa
through while impeding others diffusion. In turrhet large polymer backbon

determine thir mechanical streng
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Fluorocarbon polymer
backbone

Figure 13 Scheme of a fluoropolymer chain with ionisable grups SC;" and H" (Park et al., 2008.

In a dry state, cations are not able to move siheg are croslinked to polymei
chains. Nevertheless, in hydrated conditioications are surrounded by wa
molecules, enabling their moby (Figure 14) For this reason, normally IPMCs ¢
submerged into liquids or used along with ioniauids for efficiency improvemen
Thus, when an electric field is applied to the matge associated electrosta
interactions provoke the IPMC materto bend towards the anode.

Hydrated cation

¢
o'

===-~_~ Polymer network

@ Water 4 Cation

Figure 14: Scheme of a structure of an IPMC in a wet medi(Park et al., 2008) Water molecules surround
cations that were previously joint to the polymer lackbone and enable them to movehrough the membrane

For electroding the membrane surfaces, chemicalegsges are ideally preferr
due to their better adhesion but in turn they aremadly more expensive. A mo
simple and fast way for plating the IMPCs is medtan electroding, includin
techniques as solution casting, physical vapouosiépn method as sputtering or dirt
manufaturing. Sputtering has indeed showed better pmdoce in tip displaceme

and force though they are subjected to surfaceideagon (Tiwari and Garci, 2011).

When alternating voltage is applied, each time \bktage is reversed so is t

bending direction. The distance the tip deflecta cantilever configuration (sFigure
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alternating voltage is considered. The smaller fhequency, the higher tf
displacement from the original position (dashed imFigure 15 can be, until a critice

value is reached.

Electrode

T IMPC ‘Z

Figure 15 IPMC actuator scheme showing a cantilever configation. In the fixed side an electric current is
applied directly to the electrode layers while thether side is free to move

Interesting characteristicslso arise for IPMC in static test results in terof<
displacement and blocking force, as they act mlike aomposite beams. Thilocking
force is the maximum fae exerted by the actuator when its displacenseobmpletely
blocked, i.e. force needed be applied to an actuator at a given voltage ireotd

come back to their equilibrium position (at C

One of themain disadvantages of these EAPs is that bendlagatton occurs du
to water diffusion out of the areas where moréocatare prese. Another one is lov
blocking force(Tiwari and Garci, 2011).

When trying to overcome these drawbacks, severahtssts have tried with usir
ionic liquid instead of an aqueous medium and olethihigher stability but slow:
responsgHong, Almomani, and Montaza, 2014) Also, making specimens thicke
addition of uniformly distributed mu-walled carbon nanotubdtee et al., 2007) or
filing the polymer matrix with materials that piide additional cations to tt
membrane such as montmorilite or modified silica was tried to improve the ¢htang
force (Nguyen, Lee, and Y(, 2007) Improvements in the bending response aros

optimizing the IPMC fabrication (metal reductionyface treatments and so o
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2.3. EAP applications

Electroactive polymers have been studie the past decade as a s-of-the-art
material to produce artificial muscles and devetlapots inspired in nature that are a
to walk, swim, fly or dive as animals or humans dan Nevertheless, those are ju:
few applications of what EAPs can used for.Thanks to the exceptional properties
some EAP materials which include fracture toleran@silience or similarity t
biological muscles, some other areas are beingsiigaed.Toys, power generator
smart structures, noise isolation, elenic and optical devices and industries sucl
the biomedical, the aerospace or the automotivenaestigating in how to impleme

and take advantage of EAP materials character.

Beginning with nature inspired rob, a jellyfish robot using an IPMC compos
by a fluoropolymerelectrolyte was developed in 2009 taking into cdesation the
motion of this animal as well as the fluid vortidist characterized jellyfish’ diving
Thrust came for the body shape chaniom an elongated shape to the normal
shape of the jelly fish. This shape change wasateut using IPMC actuatc as can be
seen inFigure 16 (Yeom and O, 2009).Other swimming animals have also bt
reproduced such as fish, corals or e(Shahinpoor, Simpson, and Sn, 1998;
Shahinpoor, 1991).

Floating control

Electrode driving part

Actuator

Cellophane

Figure 16: Jellyfish robot (Adapted from Yeom and Oh, 2009)sing curved IMPC actuators separated fromr
each other as the jellyfish’ arms. Cellophane wassed to prevent a decrease in thrust due to waterdkage in
between he actuators. All actuators are connected to the @ttrode driving part, providing in this way an in-
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phase actuation. On top, a balloon was used in ordéhan the buoyancy of the jellyfish is controlledby

adjusting the air to water ratio.

Birds, flies andother flying animals have also been imitated usamguators
Flapping actuators are thought to transfer the ingndeformation to the wir (see
Figure 17 and actuation comes because of the first natuegjuency, which can t
varied to optimize flappig angle or flapping frequen. Attained results showed tha

flapping angle of 85° can be achieved at low fregies of -4V at 0.5Hz(S. Lee et al.,

2006).
Racl )

. "— Pinion
¥

4 Wing

Figure 17: Scheme of a flapping mechanism driven by and IPM@ctuator that resembles flying animals win¢
motion (Adapted from S. Lee et al., 200¢t. Actuation of the material moves a rack up and dow. This motion is
transferred to pinions that rotate and consequentlynove a wing attached to them amplifyin the ‘flapping’

angle.
Several EAPs have been case of study for applitatio motors and combustis
engines that produce propulsion, rotation, presapication, etc. The main aim f
the utilization of these relatively novel materiale the accuracof functioning at hih

frequencies and the ease of place in an preciséigmsas happens for example w

piezoelectric EAPSs.

In the work of Madden et al., a case study is shofumow EAPs can be employ
to design a variable propeller blade for an AutoaammUnderwater ehicle (J. D. W.
Madden et al., 2004)n the naval industry, variable pitch propell¢éades are used f
cases where vessels may function in several diit flow situations. The main aim «
this work was to study the possibility of changthg gears that activate the camber
pitch variation of the blade by EAPs. After a comfan of the properties between 1
EAPs they were considering and the conds they are require to withstand, suct

temperature strain or stress, they concluded that electrostectpiezoelectric an
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conducting polymers actuators can be a possiblgisnlto implemen(Madden et al.,

2004). The same principle can be however employed for lslage where variabl
camber (se€igure 18 can be useful due to the fluid dynamics princigleserning the
motion or application of the propeller, can happen for aviation propellers or pli

wingsfor deflection of high lift device.

Tendons”

Expanded

Tendons™ |J

l —»
-Al

‘ Contracted
)

Figure 18: Scheme showing the application of linear actuator® the deflection of the trailing edge of a fo (J.
D. Madden, 2004) An actuator pair is connected to the movable trailng edge by tendons which are in charg
of transferring the actuating motion. An oppositelyactuation (i.e. one acwator expands while the othel

shrinks) produces a length increment differentia/Al and —Al that induces the trailing edge deflectior

When coming to the space field, EAPs have been ra@search for applicatior
where demand is sometimes tough and reity is a major requirement. The
applications include a dust wiper for a rc (in Figure 19, a gripper or a robotic ar
lifter (Bar-cohen, 2004jhat are useful for terrain sample acquisition theo plane
surfaces. However, famproving the performance of tse objects, tlere is still the
need of increase the actuation force and withstalvérse ambient temperatures suc

very high and very low temperatures or vacuum pressver a long period of tinr
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Figure 19 EAP actuator for application as dust wiper for planetary applications (Bar-cohen, 2004. In A the

scheme of the dust wiper nanagever is depicted with the location of the dust wipr specified. In B the EAP

dust wiper structure composed of an electrode in eact with the EAP material, which drives the dust wiper

EAP materials can be useful for many applicatians @bjects, some of which ha
been explained. They can mean a huge advantagénas aspects of technology &
progress.For certain purposes, they can provide advantages tsual hydraulic o
mechanical actuators in the sense that they recgnmall operating voltages a
eliminate the necessity of moving pe Nevertheless, more study is required to be
understand EAPs actuating and sensing mechanisnas tan improve EAP:

characteristics and develop suitable struct

28



lonic Polyme-Metal Composites: | dea

manufacturing and characterizai
Project aim and descripti

3. Project aim and description

The aim of the project is to develop an actuwith easy and lo-cost processing
techniques with the novelty of using no ionic liduor solvent within the polyme
membrane. Although actuation is not enhance byngdtiese substances, the mate
is not dried before manufacturing the actuatorewanit the mobility of ions. No surfac

treatment is applied after the gold sputtering algb the aim to minimize cos

We are going to build an ionic EAP actuator of IPMgpe formed by
fluoropolymer electrolyte membra processed as a layer with a -plate press and
coated in both sides with gold, which serve asteldes.The electrodes are deposi
by sputtering.

Some prior tests and characterization are impottadetermine material properti
that will determine the processing of the actuasuch as Differential Scannit
Calorimetry (DSC) or Thern-gravimetric Analysis (TGA). Thesesults are importar
to select the condition®r the processing of the material in layers, agasg to be
covered in other coming sections of this reporirder to be able to shape the mate
from pellets and control the thickness, a tempeeatigher than the 4 has to be

attained.

A low weightIPMC is obtained and specimens are cut out fronRIMC layer for
characterization and also for actuation. Even thailng processing techniques are
improving actuation or mechanical properties, wegoing to prove that ts material is

eligible as a low cost actuator with suitable prtips.

3.1. Fluoropolymer: state of the art

The chosen fluoropolymer is a poly(tetrafluoroetimg) ionomer with sulfonic ac
(-SO;H) side chains. Its application have been focustofly duriig the last decade
because of its chemical and thermal resistanceamabe found in most fluoropolyme

and also because of its mechanical strength-exchange and water adsorpt
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capacities (Perma Pure LLC, 201. Further information about the chemi

characteristics of the material can be founAppendix |

Because of this reasothis kind of polymers exhibit very high chemicalde
corrosion resistance and they do not normally ¢iesn solvent (Zeus Industrial
Products Inc., 2006).

The sulfonic acid group anchored to the fluoropaynattributes some spec
characteristics as the ity to operate as an exchange membrane withintgwis, to
absorb water both in liquid or vapour state andhfermore, to function as a catalyst

many chemical reactions because of its strongraatidre.

Numerous studies regarding the microsc and nanoscopic structure
fluoropolymers have been made using several teabsigResults gave a wide num
of different explanations and theories regarding thaterial structure. Very rece
studies present some fluoropolymers as materiagosed y ionic clusters of -30nm
separated by wide channels of -0.88nm long. Clusters increase their size w
hydrated, although the total number of clustersesn to be diminishe(Gebel and
Moore, 2000; James et , 2000; Gebel,2000; Orfino and Holdcrc, 2000).

Nevertheless, it is still unclear the shape or igumétion of these clustel

Other studies were able to illustrate the watdoorliquid absorption propeies of
fluoropolymer membranesThe most supported idea was that hydration of
fluoropolymer molecules strongly depends on tentpega The higher e temperature,
the more hydrated the membrane would be and theehidne mobility of ions withi
the membrangBoyle, McBrierty, and Eisenbe, 1983) Also, when cooling, a ne
thermodynamic equilibrium will be set because ahange in vapour pressure. In D
studies, endothermic peakhowed the melting point of water at temperatureselto
0°C and lower for smaller water content, whereaghetmic peaks, higher with bigg
water content, showed water crystallization inrtt@mbrane(Yoshida and Miur, 1992;
Pineri, Volino, and Escoub, 1985).

The fluoropolymer used is a polymeric material #Ht exhibits viscoelasti
behaviour, that is, viscous and elastic charadiesiavhen undergoing deformatic
Viscoelastic materials respond with energy losart@pplied load that is then remov
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unlikepure elastic materials. Relaxation (decredseress when subjected to a const
strain) and creep (rearrangement of polymer chdenasubjected to stress) are 1
main characteristics of this kind of materieAbout mechanical characteristics suct
stiffness, water or ionic liquid solution withthe polymer is a key parameter. Stiffn
Is seen to be increased because of the presenoesofcting as cro-linking agents
(Eisenberg and Kim]1996. When hydrated, the existence of ions also allomes
material to have conductive propert(Bautista-Rodriguez et aR009 and, therefore,

serve as an actuator when coated both faces veitiredies

Fluoropolymer actuato have been prepardxy soaking in water for a period clc
to an hour at high temperatures and submergingnthierial after electrodg into an
acid solution such as sulphonic acid or hydrogelorate (HCI) (Kim et al, 2011;
Franti Opekar and Svozil995; Nguyen, Lee, and Y, 2007; Uchida and Ta, 2001,
Nouel and Fedkiw, 1998)The " counterions othese acids can be changed for o
cations such as lithium (Li) or sodium (Na) justibymersing it into the desired cati
hydroxide solution(Bhandari,Lee, and Ahn, 2012)or example, HCI in the preser
of a solution of NaOH will change ™ proton for N3, creating a chloride salt (Na(
sodium chloride). Some others have also tried witkectly submerging the mater
into water when actuating ftmaintaining the hydration constaf@pekar and Stul,
1999). When \ater is present in the membr water clusters form, and water chanr
are created among them. lons are able to moveghrthese channels and to nge

position due to an electrical stimuliwWhich is the basis for actuation.
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4. Pre-fabrication and pre-testing preparation

In this chapter the prior characterization of thatenial is going to be attained.
particular, Differential Scanning Calorimetry (DS@)d Therm-gravimetric Analysis
(TGA) are going to be performed. We are going te tiee information teen out of

these tests for the latter processing of the nal

4.1. Differential Scanning Calorimetry (DSC)

The differential scanning calorimeter used was aligtruments Q2000 equipp
with Tzero cell technology and able to heat up teraperature of 72C with high rates
of 50°C/min.More additional information about DSC techniquavsilable inAppendix
Il.

Samples are placed in a capsule and closed heaihetising a press. The referer
is another capsule of the same kind but er In this case, aluminium capsules w
used and mass was measured when samples wereeok¢The parameters inserted
the DSC program for the thermal treatment are tbdlin Table 4

Table 4: Values for the parameters needeto specify the thermal treatment to which samplesra subjected in
DSC

Parameter Value
Gas Air
Initial temperature [°C] 20
Temperature increase gradient [°C/r 10
Maximum temperature [© 325
Time at maximum temperature 30
Temperature decreagradient [°C/min] 10
Final temperature [°C] 20
Sample interval [s] 1

Different transitions such as glass transition temperatureg), melting or
crystallization point can b®und using a DSC machinéet most characteristic ones:

this study are explained &yppendixl|.
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I Figure 20one can see the DSC results for this fluoropor in a grgph showing
Heat Flow (W/g) vs. @mperature (°C). Exothermic peaks are shown upvaardsome

| dea

data is also specified in the figL
Melting occurs at 256°C and thg is found at 145°C Another endothermipeak

can be seen at 170°C but no explanation has baehe@ not in the literature nor

using oher characterization techniques, although we cengltht it may be caused

theevaporation of some solve
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Figure 20. DSC results for the fluoropolymer used as a baséor an IPMC actuator. The Ty and the

endothermic peak at 170°C are amplified under the min DSC curve for better observation

4.2. Thermo-gravimetric Analysis (TGA)

The TGA used was a TA instruments Q50 that is compdgetivo thermocouple:
One of them is placed directly in contact to thengle whereas the other is plac
above it. Both thermocouples function at the same tvith the same heating rate
order to control the temperature measurementsgaigciand the temperature readil
serve as feedback to agljust the desired temperature. Q50 TGA is equippitd a
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horizontal purge gas system that purge gas adnessample nd is also able to preve
backflow and minimize buoyancy effe((TA Instruments, 2012bMore information

about the TGA technique is availe in Appendix Il

A 5.5mg sample was prepared and subjected to studthe TGA machine
Parameters that were needed to insert to the progra specified irTable 5. From
Figure 21it is possible to see the percentage of weight imgryvith temperatul.
Degradation can be seen to start at around 3228Cbarcompleted at 500°C with
91.3% mass losEven though samples were not dried before perf@miiGA, ro
significant water content is present in the samigss than a 0.5% weight decreas
repored from 90 to 110°C. Furthermoless than a 0.2% weight variation is seen f
160 to 180°C, the range where the unexpected estoith peak of the DSC appear
No relevantesidual mass is obtained at the end of the prc

Parameter Value

Initial temperature [°C] 20

Final temperature [°( 900

Sample mass [m 5.53
Temperature increasate [°C/min] 10
Cooling time [min 20
Sample interval [ 1
Gas Air

Table 5: Values for the parameters needed to specify théérmal treatment to which samples are subjected i
TGA.
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Figure 21: TGA results for the fluoropolymer used as a baseofr an IPMC actuator.
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5. Fabrication of the Ionic Polymer-Metal Composite

This chapter is dedicated to the explanation of gheparation and buildin
process of the IPMC actuator.n IPMC is a sandwich structureomposed by a
polymeric thin membrane coated in both sides wightattic electrode

The membrane is processed using eplate press in order to achieve
require thickness, since a thin membrane (in thrameter scale) need to be achie\

Gold electrales are deposited by sputtering on the membrarfecss

In contrast to what is explain¢previously in his documentin this case, the
membranes were naoaked in wateor submerged in any kind of acid solution
improve its actuation properties. An alternative, ambient humidity plays a signific
role hydrating the membraneNo pre- or postreatment is performed to hydrate -
films or change the counterion present in the mamdras is reported and mentiol
previously in this report to be rded. Rough actuation tests were performed in
manner, and actuation occurred as well. This ptagegoing to take this material a
characterize it mechanically, electrically andcotirse, study its actuation performal
as an IPMC.

Two different fuoropolymertypes are studied for building the electrolyte n
IPMC actuator. In the first part of this chaptedescription of this process provided,
followed by the electroding proce IPMCs of about 80cm diameter are obtained w

this proces, from which actuators of about 15x4mm are

5.1. Fabrication and characterization of the EAP

Two differentfluoropolymerwere tested and prepared for actuation. One of
was already puschased a filn of 50.8um thick and 100g/fand the other o1 came in
form of pelletsof 3x4mm and 1.25g/.

With the purpose of easy processing, beads weledal to a H-Press Plate to

produce a film.
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5.1.1. Fabrication from fluoropolymer films
Two processing methods were tried the fluoropolymemembrane

1*' method cut a piece directly from the film and coat ittlwigold electrodes i

both surfaces.

2" method: subject a piece the material to the heateatmentschematized in
Figure 22up to a temperature of 280°C for 5 minutes heating plate followed by
slow rate cooling to room temperat (25°C). Glass slides were used as support fo
membrane not to be in direct contact to the hegilatg. In order to avoid adherence
the material to the glass support, Teflon was in between the material and the gl
slides. After the heat treatmergold electrodes were depositéd both surfaces b

sputtering.

300 +
250
200
150
100

Temperature [°C]

9]
o

0 5 10 15 20 25 30 35

Time [min]

Figure 22 Temperature treatment in heating plate for film specimens. From 25°C room tempetture (RT) to
280°C in 11min (+20°C/min approx.) and back to RT in 11 min (-20C/min approx.)

Crystallization occurre during the treatmeniThe brittleness and fragility of tt
sample when hedteated are very much increased when comparecetortgina film.
Nonetheless, samples wayald-coated and tried for actuatiamth negative resul.

5.1.2. Fabrication from fluoropolymer beads

Several experiments were performed to beads toowepthe fabrication procedu
and obtain better sample characteristSomeimportant parameters were record

such as ambient humidity, or controlled, such agimam temperature, pressure
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temperature rate, in order to optimize the charmties of the material and i

performance against mechanical and electrical.

LabPro 400 HoRlate press was used to perform the -treatment to the materi
in order to melt thepellets and produce a film, also by the applicatidrpressure
Different layups and temperature treatments were tried and emerided in the ne:

paragraphs.
5.1.2.1. Lay-ups for using in h«plate press

In order thatthe materialdid not to stick to the press surfa@ejow adherenc
material has to bplaced sandwiching the beaSeveral setips were tried and the
advantages and disadvantages are going to be meglen thispart of the chapt.

1% lay-up: asFigure 23-A depicts, Teflon was used as the low adherence ia
where pellets are placeB8amples fabricated with ‘s layup showed rugosity becau
of the nonuniform surface of the Teflon sheet used. The demklof this method i
that rugosity may affect stiffness or strength loé manufactured material. Howev

union among pellets can be successfully achi

2" lay-up: the same concept is used as in the fir-up structure, also followin
Figure 23-A but using Kapton instead of Tefll Kapton sheet surface is mu
smoother and hence, when subjected to the presstsswill not show rugosity, as
the prevous case. Nevertheless, as can be seeFigure 24 some wrinkles wer
present in a circular pattern that are thoughtetallbe to some kind of solvent that co
not exit the sample sefp once evaporated. Wrinklestill mean surface n«-
uniformities, whch as happens in the previous case, may lead tecaease i

mechanical capacities of the mater

3% lay-up: metal bands were used in between the presssptat control th
resulting membrane thickne<Thickness of the bands depend on the deshickness
of the resulting fluoropolymer she¢Teflon as also used to sandwich the pellets,
the first lay-up.Figure 23-B shows this lay-upMetal bands were placed the farth
possible from the bead®into create a thermal gradient within the rrial that would
cause some parts of the membrane to melt fastesinAJeflon produced surfa

rugosity in the membrane, as happened for thedast
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4™ lay-up: metal bandwith a smooth surfacerere used sandwichirthe pellets, as
illustrated inFigure 23-C As metal bands are good heat conductors, it wasdfdliat
the areas of the membrane that were closer to Whem slightly degraded, presentin

yellow-brown colour. If temperature was decreased, beidsad fully join.

| Teflon/Kapton

Fluoropolymer band. band Fluoropolymer
Tefon/kapton | - | . _ Meulbad

Figure 23 Fabrication lay-ups for fluoropolymer beads to press in LabPro 400 Hit-Plate press.

Figure 24: Circular pattern in film processed with Kapton layers. Absence of rugosity may have bee

provoked for the impossibility to exit of some gas solvén

Bearing in mind the information about the four difint cases above explai,
gathered irTable 6 it was decided to implement -up 3 for the production of film:
As the surface would be n-uniform using eithe Teflon or Kapton, it is preferred
have slight rugosity evenly spattered throughoatwimole film than the abrupt surfa
changes found as wrinkles when Kapton was usea, Atlss important to control th
thickness of the film with metal bands rer than just manufacture it getting a rand

thickness.
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Table 6: Comparison of layup methods for processing fluoropolyme beads into membranes. In the uppe
part of the table the different parts of the lay-up are specified (‘X' where present). In the lowermart of the
table observations, advantages and disadvantagesearecorded

L ay_ u p 151 2nd 3I’d 4th
Teflon for low
X - X -
adherence
Kapton for X
low adherence
Metal bands - - X X
Observations Rugosity Wrinkles Rugosity Degraded
Suitable unior Smooth surface Thickness
Advantages _ Smooth surface
among pelle among wrinkles control
May affectstiffness May affect stiffness Unsuitable union
May affect
_ or strengt or strength _ among pellets.
Disadvantages ) ) stiffness or )
No thicknes: No thickness May affect material
strength )
contro control properties

5.1.2.2. Thermal treatment for fabricating the membrane fcfluoropolymer
beads

Regarding the thermal treatm¢ several procedurasere used to optimize the tir
of processing andbtaining i membrane suitable for the purpose of this pro
Variable factors include maximum temperature, tejpee gradients to heat up &
cool down the material. IMable7 these processes are summarized.
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Table 7: Thermal treatments specifications for processing of fluoropolymer bads in a ho-plate press to
produce layers.

Maximum  Temperature Temperature
Thermal . :
temperature rise rate decrease Observation
treatment ) )
[°C] [°C/min] rate [°C/min]
1 255 10 -10 Degraded
210 10 -10 _
Fast cooling marl
3 200 10 -10
Appropriate unior
4 200 10 -3 among pellets an
surface finis
Innadequatwunion
5 190 10 -3
among pellet

The first thermal treatnnt was designed to reach 255%is temperature profil
is shown inFigure 25 Sample prepared according to this method showed a s

yellow colour, presumably because of material degfiar, as shown itFigure 26

300 +
= 250
200
150
100

Temperature [°C

wn
o

60

Time [min]

Figure 25 Temperature treatment in press for the two firsibeads samples from RT up t 255°C in 23 min

(+10°C/min), stay in 255°C for 5 min and back to RTn 23 min (-10°C/min)




lonic Polyme-Metal Composites: | dea

manufacturing and characterizai
Fabrication of the lonic Polym-Metal Composite

Figure 26:Sample treated at maximum temperature of 255°C shwing yellow colour caused by degradation ¢

the material.

Therefore, 250°C waset a an upper limit for this treatment. Other possilastfor
thermal treatments were set in order to minimizgra@ation. The lower limit was <
by the polymer glass transition temperature, ahskieh the polymercan be shaped

Hence, treatments 2-are designed with maximum temperatures from &@2010°C.

While treatment 5 did not give satisfactory restdecause of deficient adhesi
among pellets (190°C might be too low), treatmedtand 3 reflect the adver
consequences of fast cooling the form of marks (se€igure 27 that may trigge
mechanical characteristics worsening. For this ,cafeer treatments were designec
avoid fast cooling consequences. Treatment 4 preaanappropriate maximu
temperature and also appropriate temperature isiagaand decreasing rates. 1
temperaturgrofile is shown irFigure 28 Correlating this data with the TGA results
section 4.2.we can see that there is about a 9% weight thatesponds to th

elimination of solvent during the processing of thaterial
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Figure 27:Sample processed with a cooling rate -10°min showing imperfections because of fast condj,

Pressure at which the material is being subjectathg the treatment was al
varied when a bigger amount of beads where coresider manufacturing in oer to
achieve a membrane of the desired thickness. klrbandswere used, as iFigure 23-
B, the pressure need not to be so much regulo obtain a particular thickness bu
needs to be high enough to layer the pelle the thickness of the metshims. Then,

the metal bands would prevent the-plate press to press further.

Temperature [°C]

0 20 40 60 80 100
Time [min]

Figure 28 Final temperature treatment in press fol beads samples from RT up to the maximum temperatur

at +10°C/min, sty in the maximum temperature for 5 min and back toRT at -3°/min

After collecting and analysing the results for fiee different heat treatmen
and implementing them with the third -up using metal bands as blocking structt
for the hot-plate pres the fourth heat treatm: using a pressure of 25kshowed to
give the best results in terms of absence of degjaad absence of flaws because
abrupt temperature changes, joining of pellets threkness control. These paramet

are consequently gog to be used from here on when produ layers.
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Tensile test in an INSTRON machine and Scanningtila Microscopy (SEM

were performed to characterize the E
5.1.3. Mechanical baracterization of the E2

In Figure 29andTable8 specimens measures are specified. They were culf @
membrane sheet prepared as aforementioned and¢uieipa the tensile test attachi
cardboard tabs in both ends with a cyanoacrylateside. As it was desired not only
document the stress-gin curve and the elastic modulus of the maternl ddso the
way it deformed when subjected to tension, -2D digital image correlatio
measurement system was used. Movement within theplaDe is possible to [
determined and strains from 50 to ove00. The sample preparation for this proc
consisted on painting the specimens’ surfaces itevdnd then speckle them in ble

SO a great contrast between both colours is aathi

Figure 29.Sketch of an specimen used for tesile test in an INSTRON machine. In white the fluorpolymer, in

blue the cardboard tabs and black speckles all ovehe surface to perform 2D digital image correlatio

Table 8: Dimensions for fluoropolymer specimens subjected to tensile test in an INSTRON aohine at
1mm/min strain rate.

Dimension [mm]
Total length 63.5+5
Gage length 23.0x5
Width 3.18 £0.03
Thickness 0.21 +0.04

The next step was to set the samples in the INSTR@ihine ancset the VIC
measuring system appropriately focusing in therddsarea and proceed with 1
tensile test. The strain rate was set to 1 mm/mathe VIC measuring system was
to take a photo every second during the tensite

Results for the tengltests are a set of values of time, specimen sxt@noading
tensile strain and tensile stress. Thanks to thelees, the stre-strain curve can b

obtained and Young’s modulus can be calculatedetaround180MPa at the linee
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average results for maximum load applied to thecigpens, mximum stress an
maximum strain, together with a str-strain curve example iRigure 3(. The actual
values for each specimen can be seeAppendix IVtogether with the stre-strain

curves.

Table 9 Average of the results from the INSTRON tensile t&t performed to 8 specimen:

Value
Maximum loac applied [N] 99+0.8
Maximum stress [MP; 17114
Maximum strain [mm/mn 0.39+0.12
Young’'s modulus [MPx 180 £ 45
18
16
E 1 /
E 12 i /
7 8 7
3 6 f
f=
2 4
2
O T T T T T T 1
0,057 0,107 0,157 0,207 0,257 05307 0,357 0,407
Tensile strain [mm/mm]

Figure 30: Example of a stresstrain curve for one of the specimens tested undeéension in an INSTRON
machine, withoutaccounting for the prior adjustments of the equipmaet.

VIC equipment shows results of deformation withime tlayer by correlatin
images. In this waywe can see the areas with higher degree of defmmat the
polymer. An example of this can be seelFigure 31
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Figure 31: 2DVVIC digital image carrelation results on the deformation of the EAP subgcted to tension in &
INSTRON machine.

5.1.4. Scanning Electron Microscof(SEM) characterization dhe EAP

A Zeiss EvoMA15 SEM has been used for morphology analysis hef
fluoropolymer membranes as well as for the chengoatposition of the samples.
is equipped with chemical microanalysis EDS OxfoitlCA350. More general
information about SEM is available Appendix V

Several different samples of about 25° were prepared and covered witt
~60nm chromium layer by sputtering. Information atbtihe samples is arranged
Table 10

Table 10: Samples of EARprepared for SEM. Four samples with different characteristics were prepard and
tested. Bvery sample was coated with Cr to obtain SEM image

Sample Characteristics
1.1 Normal, plain EAP sample |
1.2 Burnt EAPsamplifor high temperature processing in-plate press|
1.3 EAP sample tested in tension until failu |
1.4 Normal, plainEAP sample, cross-sectiomage
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By SEM images one could ¢y observe some tears in sampld because of the

tensile test (seBigure 32. These results contrast withet smooth surface of samp
1.1 and 1.2Kigure 33.

100 um EHT=18.00kV  Mag= 391X Signal A= SE1 i'-':*"?'ﬂea
|Probe= 1.7nA WD=90mm Sample!D= materials

Figure 32SEM image for samplel.3showing tears in the sample as a result of a tensites performed to the

material prior to SEM.

- wi sl
100 pm EHT = 1800 kv Mag= 180X  Signal & = 5E1 I——dea

[Probe= f.7n& WD=9%Jmm Sample (D= materials

Figure 33 SEM image for samplel.1. It shows a smooth surface.

Samples 1.4was thought to study the thickness of the membramese
processed. The aim was to observe any pordrigure 34 show these resultslthough

no porosity can be distinguished in the mranes.
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20 um EHT =10.00 kV Mag= 200K X Signal A=SE1 i"“““’ﬂea
| Probe= 707pA WD=100mm SampleID= materials

Figure 34: SEM image fo sample 1.4 showing the fluoropolymer membrane thicknesm a crosssectional

view. No porosity can be distinguished.

5.2. Fabrication and characterization of the lonic Polymer-Metal

Composite

Gold wasdeposited in the surfaces EAP films and tried for actuatio Other
electrode materials were thought such as carboatnlbes because of previous stuc

in ionic actuators (Liwet al. 2010).
5.2.1. Gold deposite@lectrods

An appropriate electrode nes to be chosen. As reported previously in

literature, noblametals are preferred for their excellent condugtivhlso, one has t
bear in mind that an electrode presenting excesstiffeess will not allow eproper
motion of the actuator ants a consequerg a thin electrode is requiren this case,
gold was chosen as the no metal and the electroding procedure v sputtering, a
physical vapour deposition technique. This methodbées a fast and simple way
coating the sample§hickness ofhe electrode layer can be also easily controlle

establishing specific parameters of current intgresad time of deposition
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of the membranesas can be seen Figure 35 It can be seen the roughness of
material once covered with the Au electroThe parameters used for current and i
of deposition are shown iTable 11 However, the sputtering was not very effec

adhered so it carelremoved easily by touchi or scratching it.

Figure 35: x500ptical microscope image of a gold covered fluoroppmer membrane

Table 11 Parameters for Au sputtering

Current[mA  Time [s] Au layer thickness [nm]

60 30 30 (on each face)
40 120 70 (on each face)

In the first experiments for actuation it was shawat the second case, with 40r
during 120s was more effective than the first dhetuation became visible with low
voltage (perhaps because some of the Au sputtwas already gor in the samples
with the first coating)put ¢ thicker Au layer was proved to be better for actuatso the

second case was used for the rest of Au depodeetiae sample
Characterization of the IPMC is performed by S
5.2.2. Scanning Ectron Microscope (SEM) characterization of the IE

The same&Zeiss Evo MA15 SEM has been u in this case for the characterizat
of the IPMC. Samples werof the same size again, i.e. 25frn Table 12some

information is available about the samg
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Table 12 Samples of IPMC prepared for SEM. Three samples wiit different characteristics were prepared
and tested.

Sample Characteristics
2.1 Normal, plain IPMC sample
2.2 Sample of IPMC tested in actuation for fatigueuiee
2.3 Normal, plain IPMC sample, crc-section imag

In sample 2.2Kigure 36), in contrast to the smooth surface of sample 1tire
are some lines that are possibly due to the losAwtlectrode during the 23h

continuous actuation.

} e At f
FERIE R B | 4 y o m.- B !
100 pm EMT = 1B00KY  Mag= 1B3X  Signal A=SEi i dea 10pm EHT = 20.00 k' Mag= 200KX Signal A=SE1 i dea
IProbes 17mA WD 100mm Sample D= materials ||F— IPrcbes 120pA WD = 90mm  Sample iD= materials

Figure 36: SEM image for sample 5 showing the anisotropy aictuation at 100 (on the left) and 1um (on the
right). It is possible to see parallel longitudinalflaws that were provoked by the uninterrupted actwation

during 23h most likely for the loss or consumption of the Au electrod

Sample 2.3, ifrigure 37, was intended to study the crassction of the IPM(
membranes and the gold layer surrounding the EARee@nore, there is no observa

porosity, yet the thin gold later deposited by sgminc is visible.
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Figure 37: SEM image for sample 7. It is possible to distingish between the fluoropolymer membrane and .

thin gold layer covering it.

The chemical composition was also studied in caseesexplanation for th
peak at 170°C in DSC was reached. However, the opents of the sample we

always the expected ones: fluoride, a very smabwarhof sulphur (~4%), gold in tt

cases where the electrode was already depositectandium for the sputtering

order that better electron conductivity was obtdinAn exampl of this report fol

results of sample 5 is shown belowFigure 38

ul 1 2 3 4 5
Full Scale 1647 cts Cursor: 0.000

ke

Element |[Weight% |Atomic%
| [Weight%|

FK |[37.86 [|77.69

crK  [18.13 [[13.59

AuM  [44.01 [8.71
Totals |100.00

Figure 38 BSE analysis in SEM for sample 5 of the fluoropgimer subjected to fatigue in actuation during

23h. Chemical components are shown in weight andatic percentage
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6. The actuation mechanism of the IPMC

Different studies were performed to investigate #wtuation mechanism che
fluoropolymermembranesin this chapter the workingench and the sup for this
experiments aralescribed followed by several subchapters whereettgerimenta

studies cargd out on actuation of the membranes are pres

6.1. Set-up for actuation:

The working bench is formed by a telemetric lasa data acquisition car@
function geneator and a computer in charge of data collectioth processir (Figure
39 and 440.

Fittiction Canerator Data Acquisition Card

Computer

Laser

Supporting structure

Figure 39 Working bench formed by a telemetric laser, dateacquisition card, function generator and the

computer
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Figure 40: Supporting structure for the IPMC actuator.

The function generatdAim&Thurlby Thandar Instruments TG5¢ is in charge of
applying an electric field to the material so thiatbends as part of its actuati
mechanism. The reason why a function generat@gsired is because, to perform-
full study, it is required to be able supply negative and positive electric fields. Wt
function generator is therefore possible toose the frequency, voltage amplitude
the type of wave supplieThe function generator was connected to the maternsa
holding platform.

The telemetric laseused in this experiment (IL series, from Keyel has an
accurate resolution of&t01mm when measurirthe distance to an object within 5
distance. Since the laser is dted to the tip of the actuatoit, can measure tr
maximum deflection othe membrane, as it mounted in a cantilever cordigon. The
laser is connected to the computer by a data atquoixard. With the data acquire

from it, a precise actuation characterization issilde to be performe

The data acquisition card is charge of collecting and transferring data from
telemetric laser to the computer. The one usedhisrexperiment is a USB -6002
National Instruments card with LabVIEW softw:

The computer is equipped with a software that exsatile user to mage the data
acquired from the laser. Once the program is saated and the record function
active,a graph is being created at the same time as tfaeisldeing collected. Tt

resulting graph express the displacement measyrdatieblaser in milliretres versus
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Sanchez, 2015).

6.2. Studies on actuation of IPMC:

Several studies were performed to characterizdliloeopolymer membrane as
actuator. InFigure 41 one can see an example of input and output of actuatic
square wave voltage is died to the IPMC electrodes and bending occursclvhs
indeed measured at the specimens tip. Even thdwgmput electric signal is square

the output tip displacement behaves differe

Voltage input for actuation Tip displacement output

Applied voltage [V]
Tip Displacement [mm]

] %00 00 iy 0

Time [s] Time [s]

Figure 41: Example of input and output for actuation of the IPMC specimens

It was subjected to a constant electric field anpgeriodic signa. As far as periodi
signals are concerned, comparative studies wereedayu varyingthe voltage (signal
amplitude) or thdrequenc' of the waveOn the other hand, the geometry of the IP
was also variedn the following tabl (Table 13 a summary of the studies is provic
and inTable 14more detailed information is given regarding thetddo be performe:

Results are going to lstende in subsequent parts of this chapter.
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Table 13:Main objectives and aims to perform each study on #MC actuator.

Study: Objective:

See the actuation behaviour over a long periodvad tinder ¢
constant voltage. Quantify the bending deformatibtine
Constant electric supply ) ) -
material as a response to a certain voltage anifl ssaffers
bending relaxation.

See the dependence of actuation on the amplitudl
Periodic signal electric supy frequency of the signal.t&ly the point for each voltage
which the maximum deformation is achie\

See the dependence of actuation on the lengthh \ari

Geometry variation _
thickness of the membra

Table 14: Studies performed for actuation of flloropolymer membranes coated with gold electrodes. Tae
thicknesses are going to be studied and are plac@dthe columns of the table. The different tests armamed
below and the ticks correspond to the tests that we performed.

Thickness [mm] 0.09 0.17 0.22

Voltage Scan 4 v v

Frequency Scan 4 4 v
Length variation v

Fatigue v v v

Long time exposure v v v

6.2.1. Voltage scan

For voltage scan one sample of each thickness w@@ trying to cut them wit
similar width and lengthVoltage was varied 1V at a time to each electrode, w
makes it 2V amplitude variation when talking abaueriodic signal. The final voltag
is set to be 10V (20V amplitudeThe parameters iable 15were set for every samg
under this study. The detailedocedure followed to perform this study canseen in

Appendix VI
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Table 15: Actuation parameters to study the behaviour of thedPMC actuator for different voltages (2-20V
peak to peak).

Parameters 0.09mm 0.17mm 0.22mn
Type of wave Square wave
Frequency [Hz 0.008
Data acquisition interval | 0.1

Number of cycles to recc

Time between tests [mi
Relative humidity [% 32 22 36

Sample size [m] 10x3.92x0.09| 10x3.91x0.17| 10x3.96x0.2

Data is collected iftxcel sheets and loaded to Nab to be processed. Two graj
are obtained, the first showing tip deformatversus time and the second one shov
tip deflectionamplitude (maximum distance between deflectionroda and cathods
per cycle. In the fotwing figures Eigure 42-47 results carbe seen for | the three
thicknesses for even values of voltage. Graphs witltages from 1V to 10V ai

available inAppendixVII.

a) Membrane thickness of 0.09mr

2
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Figure 42: Graph represerting displacement of the actuator tip in millimetres versus the time of actuation fo

an actuator of 0.09mm of thickness. Each line is reépsenting a different voltage
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Figure 43 Graph representing the displacement amplitudefor an actuator of 0.09mm of thickness versu

cycles of actuation. Each line is representing a ddrent voltage

In Figure 42 the actue displacement of the tip of the actuator can be
subjected to various voltages. It can be appreatititat the displacement is not cent
in Omm but shifted upwards in the graph, which nseiat the actuator does not eve
move towards each side. study the displacement amplitydeat is, the distance fro

the maximum deflection in both directioiFigure 43is built.

According tothese two last figur, thehigher the voltage supply, the wider 1
tip displacementAlso, according t(Figure 42 actuation at 6V appears to be lower tt
it should.
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b) Membrane thickness of 0.171r
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Figure 44: Graph representing displacement of the actuatorip in millimetres versus the time of actuation for

an actuator of 0.17mm of thikness. Each line is representing a different voltag
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Figure 45: Graph representing the displacement amplitude foran actuator of 0.17mm of thickness versu

cycles of actuation. Each line is representing a ddrent voltage

As for 0.09mm thickness specimens, actuation results are coher.
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c) Membrane thickness of 0.22rr
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Figure 46: Graph representing displacement of the actuatorip in millimetres versus the time of actuation for

an actuator of 0.22mm of thickness. Each line is representing a @#rent voltage
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Figure 47: Graph representing the displacement amplitude foran actuator of 0.22mm of thickness versu

cycles of actuation. Each line is representing a dérent voltage
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The fact that some results appear illogically sratt from the rest cannot be
explained. Relative humidity when processing themas and when actuating cot
become relevant, bube percentage of variation was negligible withamsgles o the

same thickness.

For a better analysis of ise results, comparative graphs have been
obtained. Data is compiled and showed for tip @ispinents of the three thicknesses
two samplevoltages of 4 andV. This graph can be seenfigure 48 Again, contrary
to what was expected, the 0.09mm thickness spesimsare not the one

experimenting higher deflections but so were ti&gfum thickness specime

== Tip Displacement 0.09mm actuator @4V | |
===:Tip Displacement 0.09mm actuator @8V
= Tip Displacement 0.17mm actuator @4V
===:Tip Displacement 0.17mm actuator @8V
== Tip Displacement 0.22mm actuator @4V
===:Tip Displacement 0.22mm actuator @8V

Displacement [mm]

600

Time [s]

Figure 48 Graph showing displacement versus actuation timcomparing three different thicknesses (0.0¢
0.17 and 0.22mm) at two different voltages (5 and¥).

6.2.2. Frequency scan

For frequency scan one sample of each thicknessuses trying to cut them wi
similar width and length. Frequency of the elecsigna was varie: (1-500mHz),
keeping the voltage set to 5V (10V tip to tip). Tperameters iiTable 6 were set for

every sample under this stuc
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Table 16: Actuation parameters to study the behaviour of thePMC actuator for differe nt frequencies (1-
500mHz).

Parametel 0.09mm 0.22mm
Type of wavi Square wave
Voltage [V] 5

Data acquisition interval | 0.1

Number of cycles to recc 2-5

Time between tests [mi 2

Relative humidity [% 31 30
Sample size [mn 10x4.04x0.09| 10x3.96x0.2

Data is again collected in Excel sheets and precess Matlab. The obtaine
graphs show tip deformation versus tirffor each frequencyand the second or
showing tip deflection amplitude (maximum distatetween deflectic to anode and
cahode) at each frequer. The detail procedure of thessts can be read Appendix
VIII. In the following figures Figure 49-53 results can be seen for09 and 0.22mr
thickness specimerfsr two values of frequency i.e. 5 and 100mHz. tfar rest of the

values for frequency, graphsAppendix IXcan be consulted.
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a) Membrane thickness of 0.09rr

15 :
= At 5SmHz
At 100mHz
1 —
— 0B al
£
£
g
E 0 |
I}
S
K]
o
8
D _05 8.4
N -
15 | | | | | | | | |
0 10 20 ) 40 50 80 70 80 90 100

Time [s]

Figure 49: Graph representing displacement of the actuator tign millimetres versus the time of actuation for
an actuator of 0.09mm of thickness. Each line is repsenting a different frequency Only five cycles are showr

for actuation at 100mHz.
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Figure 50: Tip deflection amplitude for an actuator of 0.09mm hickness. Actual data can be seen in the bl
curve. The red curve is a fitted curve of the valueom 0.02 to 0.5mHz (values from 0.001 to 0.015mHm=ve

been ignored).
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b Membraneghickness of 0.22mr
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Figure 51: Graph representing displacement of the actuator tipn millimetres versus the time of actuation for
an actuator of 0.22mm of thickness. Each line is repsenting a different frequency Only five cycles are shown

for actuation at 100mHz.
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Figure 52: Tip deflection amplitude for an actuator of 0.22mm hickness. Actual data can be seen in the bl

curve. The red curve is a fitted curve of all the viaies
6.2.3. Sample length variation

In this study, the variation of the actuator lenigtitonsidered. Three specime
of the same width and thickness are L but with lengths of 10, 13 and 15mm lc

63




lonic Polyme-Metal Composites: | dea

manufacturing and characterizai
The actuation mechanism of the IP

Table 17

Table 17: Specimens size and data about actuation for the cqarative study of three different actuator
lengths.

Parameter Specimen 1 Specimen 2 Specimen
Size [mm] 10.01x3.91x0.09 13.20x4.08x0.10 15.01x4.14x0.1
Relative humidity [%] 36 46 45
Actuation Voltage [V] 10 10 10
Actuation Frequency [Hz] 0.008 0.008 0.00¢

In Figures 53and54 results are shown displaying the tip displaceménie three
specimens versus time and the tip displacementimmglof each specimen per cyc

= Tip Displacement 10mm long actuator
3+ ===Tip Displacement 13mm long actuator |
= Tip Displacement 15mm long actuator
2 == =il
5
B 1 L~ .
b=
9]
=
8 of .
8
o
8
0o
A4 -
o |
3 | | | | |
0 100 200 300 400 500 600
Time [s]

Figure 53 Tip displacement for three different actuators wit varying lengths (10, 13 and 15mn subjected to

a 10V electric periodic signal at 0.008H
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Figure 54 Tip displacement amplitude for three different acuators with varying lengths (10, 13 and 15mm
subjected to a 10V electric periodic signal at.008Hz.

With these two lasfigures Figures 53and 54) we cansee that the longer tl
actuator (provided same thickness and width) tlghdri the value for displaceme

amplitude.
6.2.4. Fatigue behaviour

To subject the specimens to actuation fatigue, reguaeves were alsused as
an electrical input. The material was actuatingrdua very long time (between 8 a
24h)at the same conditions, which are in fact detaieTable 18

Table 18: Specimens data about fatigue actuatiobehaviour.

Parameter Value
Voltage [V] 5
Frequency [Hz] 0.008
Humidity 251+5%
Time acquisition interval [ 1

Other values were also recorded for each case asithe size and initial ar
final mass. Mass was considered relevant in cas@adtuatolose a significant amouil
since it would have been due to wateis during actuationHHowever, in any specime

tasted the mass lost was not over a 1% of thelimitass
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The main aim of this study was to assess the lang performance of th
actuator m terms of displacement amplitude variation overeti Several specime
were tried with similar sizes and also varying kimess.As a wide amount of data w
collected for each test, for ease of data procgssnly the first eight hours we

consideredResults were all alike and similarFigure 55
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I I I
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I
|

\
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Figure 55: Maximum tip displacement to anode and cathode of an actuat@ubjected to actuation fatigue ove

8h (240 cycles)lt shows an initial decrease in the amplitude of tatip displacement.

As Figure 55 shows there is an initial decrease in the amplitudettod tip
displacement, but in general, it can be assumedzktoonstant over time. After suct

long time actuating, there is no worsening of tbeiation displacement the IPMC.
6.2.5. Long time exposure to a constant vol

In this case, no periodic signal was used as actrigleinput for actuation. /
constant electric supply was indeed used to stuileilPMC suffers bending relaxati

after a certain amount of tin

This test was performed in specimen:the three thicknesses i.e. C, 0.17 and
0.22mm during an hour. A current of 5V was suppligbre information about eac
specimen and test is givenTable 19
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Table 19: Actuation parametersto study the long time exposure to a constant volgge of the IPMC actuator for
a voltage of 5V.

_ _ Thickness Relative Voltage
Specimen Length [mm] Width [mm] o
[mm] humidity [%] [V]
1 | 10 4.17 0.10 23.2 5
| 10 3.90 0.17 22.6

| 10 4.06 0.22 23.5 5

Data is collected in Excel sheets and loaded tolddato be processed.
comparative graph is built and showed Figure 56 Results for the IPMCs wit
thicknesses of 0.17 and 0.22mm show a compliana\betir: the thicker IPMC has
lower displacement #n the 0.17mm one and, moreover, both actuators sloone
bendingrelaxation over tim, i.e. a 27.5% relaxation for the 0.22mm thicknesisiator
and a 30.5% for the 0.17mm one. However, when cgniinthe 0.1mm thickne:
IPMC, it increases bending oveme and the tip displacement should be higher tha

the other two cases. No explanation for this isswenceived

85 T -
== (.22mm thickness
=0.17mm thickness
al == 1mm thickness | |
25F =
E T
E
5 2f T
£
©
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©
2 15k =
e PR S e i
k=) o
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Figure 56: Graph representing the tip displacement of thredPMC actuators of 0.1, 0.17 and 0.22mm thick &
a constant voltage of 5V during an hour Behaviour of the 0.1mm specimen seems to be diffetteincreasing
the tip deflection with time, instead of decreasingas the other two specimens sho
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6.3. Summary of the results obtained

Several tests were performto select the IPMC processing conditions. The
lay-up for the hoplate press processing consisted of Teflon sheetdvdching the
fluoropolymer pellets fothen not to stick to the press plates. Metal bands (shwha
certain thickness were alsoed framing the pellets to control the desired thess.
When talking about the temperature profile, it hasen demonstrated that
appropriate treatment is achieved at a maximum éeatpre of 200°C, with temperatt
ramps of 10°C/min and3?C/min to aoid fast cooling and stretch marks that aff

negatively to material properties. Pressure wasdda be adequate at 25|

In the preparation and preliminarysting of the IPMC as an actuator, contran
what is reported by many authors, it has bewnd that the IPMC does not to neec
be soaked in a solution or in water for it to atty#he sole contribution of the ambir
humidity permits actuation and therefore plays ampartant role in the whol

procedure.

A tensile test in an INSTRON mach was also performed to measure the stre
capabilities of the material. Scanning electronrogcopy was also used for mate

characterization.

When talking about actuation, aforementioned ressliow that it depends
several factors: length and ckness of the specimen, voltage supply, frequemdiie

supplied signal or overall time of actuati

= When polarity of the supplied signal changes, sesdbending of th
actuator. The actuator is found to bend towardsatieele, so when polari
changesthe actuator bends towards the other

» The longer the specimen, the higher the tip digrtaant

» The thicker the specimen, the higher the tip disgiaent

= The higher the voltage, the higher the tip displaeet, up to a voltag
value where the spemen seems to degrade and lose its actuation preg
(around 1215V).
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= The higher the frequency of the supplied signak tbwer the tig
displacement because the actuator does not haeeetiough to achieve i
maximum deflectior

= When a specimen is sjected to a constant voltage (frequency=0Hz), &
been found that the actuation displacement norna@tyeases with time i.
it suffers bending relaxatio

= When a specimen is subjected to a cyclic voltaggplyu(frequency>0Hz
for a long time, theip displacement amplitude slightly decreases afemut

1h of actuatior
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7. Conclusion and recommendations for future work

In this project it has been studied the behaviolram electroactive polyme
(fluoropolymer) as a electrolyte mbrane of an ionic polymanetal composit
(IPMC) actuator. The material has b simpleprocessed into layers using a-plate
press and coated on both sides with gold electrodés. IPMC shows bendir
deformation when being connected to an electricectirin a cantilever configuratio
The purpose of this study was to better understardactuation mechanism of t
IPMC as wellas important factors that may drive or affect atoture

A rapid actuation was fou at low values of driving voltageyhich means a saft
alternative to conventional actuat for medical applicationdroperties are found to
similar or better than irother electroactive polymer actuators or in conoeat

actuators.

Due to the lack of information on this topic ane threat amount of paramet:
involved in actuation of the fluoropolymer, it hasen very difficult to fully understar
and use the matal efficiently. Actuators have shown very diversed nor-repetitive
results, making it complicated to control the antoah actuation deflection or tt

voltage required to achieve a certain displacen

For future studies or work in this topic, it wid be very interesting to go in def
the physicochemical fundamentals behind the acmahechanism of these kind
materials, since water seems to be an essentiakateand the ion that moves witt
the electrolyte membrane is still unknown. Oncis mechanism is fully understoc
more complex actuation mechanisms and structurksbe developed, showing bet

material properties and very interesting poterapgllications

It would also be very interesting to measure tloekihg force of this nterial, and
how it varies with the specimen geometry and amioatvoltage Correlating
measurements and results one could also apply fasma model the deformation
the actuator. For this purposemore repetitive results need to be achie
Understading the whole mechanism better will enable atigpe and controlled use «

the actuator.
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As a final conclusion for this project, it has bdeand an alternative and chea
way of producing an IPMC from a fluoropolymer mente, with the novelty of n
ionic liquid or direct method for humidification ler than ambient humidi
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Appendix I: Bond dissociation energy for various bond types

C-F and CE€ bonds are very stable and hard to k. In general, these are t
bonds which characterize the molecular structurBuoiopolymers together with-H
(not present in this casd)ata for bond dissociation energymount of energreleased
when a bond is brokens tabulated for further information about this itope. the
higher the bond dissociation energy, the morediffiwould be breaking that particul
bond.

Table 20 Bond dissociation energy for xamples containing carbon and several other elemesi(Cottrell,
1958) The bond dissociation energy is the amount of engy released when a bond is broken. The higher tt
bond dissociationenergy, the more difficult would be breaking that @rticular bond.

Bonc Bonds dissociation energy [kJ/mol]

C-F 536
Cc-C 607
C-l 209
C-H 337.2
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Appendix II: Additional information about DSC

DSC is a technique that consist in measuring thgpésature difference betwe
two cells, one of which is the reference celr) and the other one contains the san
to study (k). By making a prior calibration of the equipment, th@ipment therma
resistance can be determined s) and the temperature difference can be translatec
heat flux followingEquation .. Calibration depends on the gas used for purgmbis
already dondor helium, nitrogen, air and oxygen. However, paeters for calibratiol
can be changed in order to use other g

_ Ts—Tgr
Heat flux = T (1)

DSC requires the previous specification of a terajpee treatment with informatic
regading the sampling interval, initial temperature,eomr several temperatu

maximums/minimums, temperature ramps,

DSC exposes both capsules to a programmed thereadiment and temperature
measured separately for each one. When analysendgethjerature for the referent
capsule, it can be seen that it will be a bit loten the specified temperature bece
the capsule absorb some heat (capsule calorifiacttgpor C;). Temperature will b
even lower for the sample capsule because heabg absorbed by the capsule and ¢
by the sample inside. Since capsules are identicaliemperature difference betwe
them is proportional to the calorific capacit, of the sample. Temperature is transle
into heat flux. At the end, what it is okned is a graph relating heat flux ver

temperature.

Oxidation
or
Decomposition /

/

f ’
/\ R :
PN _Mamngﬁ__/’ - /

A

Heat Flow —> exothermic

Gla: y i :

Transﬁfon Crystallization [ Crosslinking
‘\/ (Eure)
LW,

Temperature

Figure 57: Characteristic graph for a Differential Scanning Calorimeter (DSC) (TA Instruments, 2012a

relating heat flow with temperature. Study is carried on comparing two cells (a reference cell and atieer one
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containing the material of interest). Characteristt transitions for polymers are shown. Exothermic ractions

are depicted with ‘positive’ variations, whereas edothermic by ‘negative’ variations.

= Straight line: If no transition has taken placemperature differenc
between both cells will be constant and equal valae proportional to th
calorific capacity of the sample materi

» Glass Transition Temperaturey): it is a second order trarion or, in other
terms, it involves just the change in calorific aeipy, not in the materi
latent heat The calorific capacity of a material in glasststis different
from the one that it will manifest above ity. In DSC curve, it will be
represeted by a sudden jurr

= Melting point: during melting temperature does wshange but materia
absorb heat (latent heat) that is used to breakptiigmer crystalline
structure. It is an endothermic process. Hencegmaiothermic peak
shown to appear trepresent this transition.

= Crystallization: the same concept for melting pooatn be applied fc
crystallization but the other way around. Crystaltion is an exotherm
transition that release heat when occurring. Teatpeg is also observed

remainconstant and, therefore, an exothermic peak apg

® Energy needed for a material to change f from solid to liquid or form liquid to gas. This emy is
just invested for phase change, not for energyeamsa
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Appendix III: Additional information about TGA

Thermogravimetric analysis is technique where the mass of a material samg
recorded as a function of the temperature or asietibn of time while it is subjected
a specified thermal treatment. Samples are placgdda a sample pan that is hang
from a balance. The pan iituated inside a furnace, which is in charge oftingaor
cooling the sample during the experiment. The lmameasures very precisely
change in mass of the sample while the experingeieing carried out. The furna
environment can be controllety flow of an specific gas around the sample andod
the furnace. If an inert atmosphere (using argohetium) is used during heating, t

material will only react to temperature during degmsition

Using TGA analysis it is possible to assess ths of any kind of solvent or wate
oxidation or decomposition of the material, amoohtcarbon within the materie
amount of filler lost or amount of ash remainingla end of the process, among of
parametergVan den Bosscl, 2006).

TGA also needs to be calibrated prior to use. Booyaeffects may hav
significant effects on the sample if calibratiomist done properly. The density of t
purge gas may vary with temperature and this factmds to be accounted for wt
performingthe study. In order to properly design the tempeeaprofile, the maximur
temperature should be high enough so that the rakteas completed all chemic

reactions and the weight becomes st(Oner, 2007).
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Appendix IV: Results for INSTRON tensile test for 8 different

specimens of EAP.

Table 21 Results for Young’s modulus, maximum load, maximm stress and mximum strain from the

INSTRON tensile test for 8 different specimen:
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Specimen Young's Modulus Max Stress Max Strain
P [MPa] [MPa] [mm/mm]
1 196.0474 15.5843 0.3737
2 189.3337 19.1751 0.3940
3 166.5889 17.5972 0.4427
4 94.8670 19.1790 0.5855
5 209.7514 17.1599 0.2289
7 138.1877 15.8021 0.4801
8 226.3208 16.9245 0.3955
9 225.6767 16.0336 0.2500
Mean 180 17.1 0.39
Standard Deviation 45 14 0.12
Specimen 1
20
g
E 15 ——
10—
@ 5
()]
[t
O T T T T T T 1
0,057 0,107 0,157 0,207 0,257 0,307 0,357 0,407
Tensile strain [mm/mm]

82




lonic Polyme-Metal Composites: | dea

manufacturing and characterizai
Appendix IV

Specimen 2

N
o

[any
(2}

N

(2}

Tensile stress [MPa]

o

0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

Tensile strain [mm/mm]

Specimen 3

N
o

[any
(2}

—

(%3]
/

——

Tensile stress [MPa]
=
o

0,2 0,3 0,4 0,5 0,6

o
=y

1
(92}

Tensile strain [mm/mm]

Specimen 4

N
w

N
o

[any
(2}

/
/

[any
o

(2}

Tensile stress [MPa]

O T T T T T 1
0,085 0,185 0,285 0,385 0,485 0,585 0,685

Tensile strain [mm/mm]
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Specimen 5
20
g N
= 15
§ /
= 10
s
P
3 s
()]
[t
O T T T 1
0,055 0,105 0,155 0,205 0,255
Tensile strain [mm/mm]
Specimen 7
20
‘©
a.
S 15
(7]
$10 L —
% /
Q2
T 5
()
[t
O T T T T 1
0,06 0,16 0,26 0,36 0,46 0,56
Tensile strain [mm/mm]
Specimen 8
20
& 15 e —
E /
@ 10
(]
e
@ 5
2
|2 O T T T T T T 1
0,09 0,14 0,19 0,24 0,29 0,34 0,39 0,44
-5
Tensile strain [mm/mm]
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Specimen 9

Tensile stress [MPa]
=
o

O T T T T 1
0,06 0,11 0,16 0,21 0,26 0,31

Tensile strain [mm/mm]
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Appendix V: Additional information about SEM

Scanning electron microscopy is a method whichgoer$ a surface scan of t
sample utilizing an incident electron beame electron sourcsample and lenses ne
to be in vacuum and the sample needs to be conduntiorder to dissipate the inhert
charge in the incident electrons. These electrosract with the sample creati
certain signals that are useful to geformation about the surface and compositiol
the sample: secondary electr. backscattered electrons (BSE) and characteris-
rays. Signals are detected and can be used tcedreages that are displayed in

computer.

Secondary electrons are pout from the sample when a part of the energy 1
the primary electron beam is transferred. Theyram-directional electrons and ha
very low energybut when they are located close to the samples. a SEM image
can be created giving information the surface morphology of the sam

Backscattered electrons are the ones which changetidn when being scatter:
by the sample surface. They are l-energy electrons and because materials with
density would create more B. they can be used bbtain information on the chemic

composition.
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Appendix VI: Detailed steps to proceed with the study of the

behaviour of an IPMC actuator subjected to different voltages

1)

2)
3)

4)
5)

6)
7
8)
9)

Set the function generator to a constant frequed.008Hz (to give a peric
of 125s).

Select squargsave as the signal to apply by the function geoe!

Set the voltage amplitude to 2V. This will leadatgeal voltage of 1V to eac
polarity.

Adjust the laser to the tip of the sample and tleeareading before startir
Select the acquisition time and Press “Start” i@ tomputer program to stz
recording the laser readin

Let the sample actuate for 5 fcycles.

Press “Stop” in the computer program to stop raogrthe laser reading
Increase the supplied voltage by

Disconnect the function genera

10)Save the data from the computer program in an Estest

11)Wait 2 minutes until the next test to the sample recover some humic

12)Repeat steps 4 to 11 until a value of 10V for maxmvoltage is tested (20

voltage amplitude).
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Graphs for actuation of the IPMC of different
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Appendix VIII: Detailed steps to proceed with the study of the

behaviour of an IPMC actuator subjected to different frequencies

1) Set the function generator tcconstant voltage amplitude of 10V (peak volt
of 5V).

2) Select squargrave as the signal to apply by the function gemoe!

3) Set the signal frequency to 0.001

4) Adjust the laser to the tip of the sample and zleeareading before startir

5) Select theacquisition time and Press “Start” in the compuyisrgram to star
recording the laser readin

6) Let the sample actuate for 5 full cyc

7) Press “Stop” in the computer program to stop reogrthe laser reading

8) Increase the signal frequen

9) Disconnecthe function generatc

10)Save the data from the computer program in an EStosgf

11)Wait 2 minutes until the next test to let the saamplcover some humidi

12)Repeat steps 4 to 11 until a value of 50(
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Appendix IX

thicknesses (0.09 and 0.22mm) subjected to various frequencies

(from 1 to 500mHz)
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