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Abstract
Many novel applications of Ionic polymer-metal composite (IPMC) had been developed, such
as biomimetic robotic fish and wing-like actuators, capsule-type endoscope, artificial urethral
sphincter, self-switching bistable actuator, etc. For almost applications, the movement type of
IPMC is in bending direction. Even though the linear actuators based on IPMC are also
composed of the series connection of IPMC strips. Therefore, the linear actuation of IPMC is
still bending type actuators in essence. The apparatus of IPMC have the common limitation:
the lack of output force. Currently, increasing the thickness of IPMC strips seems to be an
effective method to reinforce the bending force. The typical thickness of an IPMC strip is about
0.2 to 0.3 mm, and the tip force is usually less than 10 gf for the length of 4 cm. And the tip
force for a 2 mm thickness IPMC strip could be reached about 20 gf. Although the increasing
of force is significant, but it.is expensive and requires much work and time to fabricate a
specimen. In this project, an approximate linear contraction type IPMC actuator is discussed.
In this project, a very thick and very narrow IPMC is introduced. And this kind of IPMC is a
material saving design. According to the experiment result, the very thick and very narrow
IPMC worked. But the motion type of the IPMC did not the linear type as predicted. However,
this material saving design is an effective way to make a very thick IPMC by using a small

amount material.
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I. INTRODUCTION

1.1 Fundamental Concepts

We are able to act because we have muscle, and also due to the coordinated movement of
muscles and bones. About ten years ago, the National Aeronautics and Space
Administration ( NASA ) started to develop a series of unusual and novel robotic arms [1],
[2]. In order to accomplish the sufficiently precise actions that couldn’t be achieved by the
traditional oil and pneumatic robotic arms. By imitating the action of real muscle of
human arms, the scientists started to develop artificial muscle for the purpose. Artificial
muscle is a kind of special and interesting actuator. Because artificial muscle seems to be
an actuator to make machines works like a creature. So, it specially suits to be used for
biomimetic robot applications. ‘Furthermore, for. some medical instrument such like
bending micro-machine of+catheter [3], -capsule-type endoscope [4], prosthetic eye
correction[5], artificial limbs, and etc. And also for machines of camera lens focusing,
water or gas micro-pumps [6], micro-tweezers [7], etc. Obviously, artificial muscle has
great potential to be applied in many-fields..Anyone can come up with a lot of ideas. But
not everyone understands well that like an export. Although we may have many ideas, but
the restrictions of materials don’t allow us to achieve our goal. In fact, there are many
types of artificial muscles made with various materials and principles. Such as,
chemically activated polymers, light activated polymers, shape-memory polymers,
pneumatic artificial muscles ( PAMs, also called McKibben muscle ), magnetically
activated polymers, thermally activated gels, muscle wire, and electroactive polymers
( EAPs ). Nevertheless, many of them do not have practically usable performance. Some
of them are too heavy to use, or the chemical reaction is irreversible so it only can shrink
but can’t do opposite action. So, many types of artificial muscles are just only for

researching not for really useful applications. To make reality use of artificial muscle, the



material should be able to be repeatedly operated for many times. Easy to be actuated is
also a very critical prerequisite to develop a device that close everyday life.

1.2 An Overview of EAPs

Electroactive polymers ( EAPs ) are a category of polymers that represent deformation in
response to electrical signals. Furthermore, according to the actuation theory of the
electroactive polymers, EAPs can be classified into two types: Electronic EAPs and Ionic
EAPs [8]. Electronic EAPs are the types, which are stimulated by electric field and static
electricity force that cause electronic EAPs to deform. And ionic EAPs are actuated due to
the polymers that contain the corresponding ions. When the electric field is applied to the
ionic EAPs, the ions in the polymers start to move. The direction, that ions move to, is
base on the ions are cations or anion$, and the direction of electric field is also important.

Several kinds of EAPs are shown in-the Table 1.1. Several EAPs are introduced below.

Electronic EAP Ionic EAP
Dielectric EAP Ionic polymer gels ( IPG )
Electrostrictive graft elastomers Ionic polymer metal composite ( [PMC )
Electrostrictive paper Conducting polymers ( CP )
Electro-viscoelastic elastomers Carbon nanotubes ( CNT )

Ferroelectric polymers
Liquid crystal elastomers ( LCE )

Carbon nanotube aerogel sheet

Table 1.1 several types of electroactive polymers



1.3 Dielectric EAP

The material used to make dielectric EAP is very elastic and the total volume of the
material almost wouldn’t change when dielectric EAP is actuated [8],[9],[10],[11].
According to Coulomb’s law, when a pair of parallel metal plates to be applied an electric
field on it, the electric charges on the metal plates would cause electrostatic force. The
electrostatic force would narrow the distance between the two metal plates. The dielectric
EAPs are made by inserting the elastic material into the gap between the two metal plates.
Then the elastic material would be squeezed uniformly when the electric field to be
applied on the parallel metal plates. As a result, the medium material became thin and flat

and also enlarged horizontally. The illustration diagram is shown in Figure 1.1 and Figure

1.2.

electricity
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source

N

Figure 1.1 initial state of dielectric EAP

A 1
electricity / +0 /
¥ T

source

Figure 1.2 actuated dielectric EAP



The contrast operation is to disconnect the electricity source and let the two metal
electrodes to be short-circuited. The charges accumulated on the electrodes would flow to
the opposite electrode through the wire. The electrostatic force disappeared, and the
medium went back to initial shape.

1.4 Ferroelectric Polymers

Ferroelectric materials are usually made with poly(vinylidene fluoride-trifluoroethylene)
( P(VDFE-TrFE) )[12], [13]. The electric field be applied on the ferroelectric materials
causes aligning of the local dipoles, which locate on the backbone of the polymer, as

shown in figure 1.3 and figure 1.4.

2O %
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Figure 1.3 canceling dipoles (nonpolar)
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Figure 1.4 additive dipoles (polar)




So, the electric field aligned the local dipoles and the local dipoles generated the local
polarized domain. Just like common Ferro-magnets, some of the polarization of the
dipoles may exist permanently even the electric field to be removed. And the destruction
of the polarization may occur when the temperature of the material to be raised to the
particular Curie temperature. The reversible structural transform induced by the
polarization of the dipolesin the polymers have the potential to be used as an actuator.

1.5 Liquid Crystal Elastomers

Liquid crystal elastomers (LCEs) can be actuated by applying joule heating on the
polymer [14], [15]. Liquid crystal elastomers are composite materials. They are made of
nematic liquid crystal elastomers with uniaxial or biaxial mesophase having one or two
directors. And LCEs have conductive polymers to be distributed into its molecule
structure. The alignment and order change of the liquid-crystalline side chains generates
stresses in LCEs, and the stresses cause the actuation of LCEs. Thermal and electrostatic
energy can be used to change the alignment of the liquid-crystalline side chains. For
common liquid crystals, stressfields cause the flow of the polymers so the stress won’t be
accumulated to generate static forces. But in the LCEs, the liquid crystal polymers are
embedded into cross-linked molecule structure backbones. The elastic polymer backbones
block the flow of the liquid crystals, but it permit the liquid crystals to change alignment

direction. So, the static force wouldn’t be released.

|
CHyC

o O=C ?I)
oot oy 0 oo,

Figure 1.5 chemical structure of a side-on LC monomer
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side chain

main chain

Figure 1.6 schematic of the side-on LC elastomer structure

1.6 Carbon Nanotubes

Carbon nanotube was introduced as a new actuator material in 1999. The carbon nanotube
actuators are usually made of single-walled carbon nanotubes [16]. Single-walled carbon
nanotubes can induce higher stresses than real muscles. The carbon nanotube actuators
have a similar feature to. nature muscles; the actuators are combined with many
microscopic actuators. And. the force generated by the microscopic actuators can be
accumulated to cause a macroscopic deformation. To actuate the carbon nanotube
actuators, the actuator should be immersed in an electrolyte first. Then inject charges into

the single-walled carbon nanotubes, as shown in figure 1.7.

Figure 1.7 the concept of the injection of single-walled carbon nano tubes



If the carbon nanotubes are injected in negative charges, the nanotubes would be
surrounded by cations and positive charges would contrary make nanotubes be
surrounded by anions. In order to the leaving of electrons, the carbon atoms are positively
charged. And the length of C-C bonds decrease due to the quantum chemical effects. For
example, an carbon nanotube actuator consists of two strips of single-walled carbon
nanotubes, and the carbon nanotube actuator was immersed in NaCl solution. When
charges be injected in the carbon nanotubes, the Cl ion attracted by the positive
charge-injected carbon nanotube, and the Na® ion attracted by the negative
charge-injected carbon nanotube. The carbon nanotube surrounded by Cl ion would
contract and the carbon nanotube surrounded by Na® ion would elongate, as shown in

figure 1.8.

Figure 1.8 Schematic edge view of a cantilever-based actuator.

1.7 Ionic polymer metal composite

Ionic polymer metal composite (IPMC) is a flexible material that made of ion-exchange
membrane and metal electrodes[17], [18]. From almost 15 years ago, IPMC started to be
researched extensively. The ion-exchange membrane most to be used is Nafion® 117
[19][18]. Nafion® 117 is a kind of perfluorinated, sulfonate membrane used to make into

fuel cell membrane electrode assembly (MEA). There are several methods to be used to
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coat the electrodes on membranes, such as, evaporation, sputtering, and electroless
coating [20]. The most often to be used method is electroless coating, because the
adhesion between the electrodes and ion-exchange membrane is usually better than the
other method. If a voltage applied on the electrodes, the ion density in the membrane
would be changed. Then, the change of ion density induces the deformation of the
membrane, and the composite material is actuated. The detailed description would further

introduced later.



II. INVESTIGATION IN IONIC POLYMER
METAL COMPOSITE (IPMC)

2.1 The Basic Concepts of IPMC

IPMC (Ionic Polymer-Metal Composites) is a kind of special material. The basic structure
of IPMC is composed of a piece of ion-exchange membrane with two metal electrodes
coated on the two main surfaces. Applying a voltage difference on the two electrodes then
the IPMC will bend toward to the higher electric potential direction [18]. As shown in

figure 2.1 and figure 2.2.

surface electrodes

ion-exchange membrane

metal clips
> Na

X +

IPMC strip

Figure 2.1 Basic structure and basic actuate method of IPMC.

metal clips
T

bending IPMC strip

Figure 2.2 Actuated IPMC strip.



The movement type of IPMC is very different from traditional actuators, for instance,
motor, oil and pneumatic actuator, and etc. And the bending deformation is very large
with respect to piezoelectric actuators, but the voltage difference required to actuate
IPMC is very small relative to which piezoelectric actuators need. IPMC just need to use
several common batteries. Water molecule is a kind of polar molecule. So the water
molecule in the ion-exchange membrane will combine with the cations that also included
in the ion exchange membrane, and the hydrated positive ions ( composed of cation and
water molecule ) will flow to the lower electric potential direction. That causes the higher
electric potential side to contract and the lower electric potential side to swell due to the

ion diffusion. Then the IPMC perform the bending deformation, as shown in figure 2.3.
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Figure 2.3 The Ion Diffusion in IPMC Strips.

2.2 The Ion-Exchange Polymers

Ion-exchange polymers are materials used to be the basis of IPMC. The ion-exchange
polymers have the capability to exchange ions with surrounding environment. The
polymers have complex surface micro structure. There are many pores with special charge
distribution on the surface of the polymers, so the polymers can trap or release ions. And
when the polymer catches an ion, the polymer has to release an ion simultaneously. So, if
ion-exchange polymers were immersed into an electrolyte solution. The polymer would

exchange the ions that initially in the polymer with the ions that in the electrolyte solution.
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Ion-exchange polymers are applied to exchange ions selectively, in order to achieve
specific purposes, such as water softening, water purification, producing high purity water,
sugar manufacturing, and medicine purification, and etc. Ion-exchange membranes are
typically produced using the polymer that has covalent ionic groups in the molecule
structure. Many types of ion-exchange polymer are manufactured to specifically pick out
one or several various kinds of ions. One of the common ion-exchange polymers is
perfluorinated alkene. That kind of polymer has short side-chains and ionic groups at the
termination of the side-chains. The ionic groups are usually sulfonate or carboxylate, and
the capabilities of the ionic groups are exchanging cations and interact with water. This
kind of ion-exchange material has the structure that the mechanical strength is highly
depending on the network of the polymer backbones. Therefore, the variables that effect
the forming of the polymer backbones are very important when fabricating polymer. The
other kind of common ion-exchange polymers is styrene/divinylbenzene-based polymers.
The ratio of styrene to divinylbenzene is an important factor. The factor effects the
made-up polymers in the ion-exchange capabilities, crosslinking structure in the polymer,
and the water absorption. The ionic groups in the cation-exchange polymers are typically
sulfonate. The known effective manufacturing method to fabricate sulfonated
ion-exchange membranes was on the basis of grounding the ion-exchange resins into
micro-scale powders. Then mix the powders with the specific material, that the material is
hydrophobic thermoplastic and include polyethylene or polyvinylidinefluoride, and press
flat the mixture. Subsequently, put the mixture into an oven and give them a series heating
process [18]. Lately, the paste method became an ordinary and well-known method. The
feature of the method is a hydrophobic polymer. The paste that includes the liquid phase
monomers is mixed with the minute particle of hydrophobic polymer. The initial mixture

and the plasticizer usually control the outcome of the polymer [21].
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2.3 Nafion® Membrane

Currently, the most commonly used commercial ion-exchange polymer is Nafion®.
Nafion® is a product of DuPont™. Nafion was be discovered by Walther Grot in the
1960s. Nafion® is a kind of fluoropolymer-copolymer bases upon sulfonated
tetrafluoroethylene (Teflon). The special ionic characters of Nafion® are result in the
molecule groups that embedded onto tetrafluoroethylene backbones. The critical molecule
groups are incorporating perfluorovinyl ether groups and the molecule groups have
sulfonate groups connect with terminals of the incorporating perfluorovinyl ether groups.
Many researchers paying attention on Nafion® membrane, because Nafion® membrane
can be used to be a very important component for proton exchange membrane ( PEM )
fuel cells. Nafion® membrane is«as ‘a key role in proton conductor. The Nafion®
membrane is widely used owing to. the 'thermal and mechanical stability of Nafion®

membrane is very remarkable [22]. The molecule formula is shown in Figure 2.3.
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Figure 2.4 Nafion® polymer molecule structure

The excellent ion conductive characters of Nafion® polymer is still a focal point of
investigation. The sulfonic acid groups have protons on itself, and the protons on the
groups can bounce to the other sulfonic acid groups from the initial group. The pores on
the Nafion® polymer permit cations to migrate in the polymer, but the polymers don’t
allow anions or electrons to transfer. The protons or the other cations initially in the

Nafion® polymer can be replaced with several kinds of cations of conductors. The
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property of Nafion® membrane could also be changed through the process. Nafion®
powders and copolymer are available products through appropriate manufacturing method.
Nafion® polymer has not the only one chemical name in the International Union of Pure
and Applied Chemistry ( [UPAC ) system. Because of the chemical configurations of
Nafion® is not only one type, too. The molecular weight is also indeterminate owing to
divergences of fabricating process and morphology of solution. Traditional measurement
means such as, light scattering and gel permeation chromatography are useless for
Nafion® polymer, because Nafion® polymer is unquestionably insoluble. Even though the
molecular weight of common Nafion® polymer has been estimated, it’s about 105-106 Da.
Furthermore, the other way to describe the common commercial Nafion® product is the
equivalent weight ( EW ) and the thickness of the membrane. Equivalent weight concerns
the total amount of sulfonic.acid group that s included in the Nafion® membrane. The
definition of EW is the weight'of Nafion® membrane that has total one mole of sulfonic
acid group in the membrane. For instance, the EW of Nafion® 117 is about 1150, and the
thickness is about 183micrometer.. The main factors effect the properties of Nafion® are
the stable tetrafluoroethylene backbone and the acidic sulfonic groups. For example, the
conductivity of cations in the membrane is excellent, so the Nafion® membrane is used in
many applications that need selectively transparent of specific ions. And the stable
property due to the tetrafluoroethylene backbone gives Nafion® the capability to be
operated in high temperature. But, one important phenomena should be careful about.
That is, although the Nafion® polymer is good in the permittivity of water, but if there
were too many water molecules in the membrane, the transmission of ions would be
disturbed. For the operation of PEM fuel cells, the property should be concerned carefully,
because the byproduct of the PEM fuel cells is just water.

The properties of Nafion® polymer are important, and of course the actual structure of

Nafion® polymer is also very important. The study in the morphology of Nafion®
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membranes is a focal point to further understand the property and operation of Nafion®
membrane. Some properties must be illustrated by the research of the structure, such as
the management of water in the membrane, the high temperature condition that affects the
hydration stability, etc. And the most important, the electro-osmotic drag. It might be the
direct factor concern the property of IPMC. Electro-osmotic drag is the phenomena that
the liquid with polar property flow through a thin membrane or a material that has many
porous in the structure due to the electro field that is applied on the material. And the
polar liquid may also flow along the surfaces of any shape that had been charged. Not
only macro-porous material can allow polar liquid to flow through by, the micro-porous
or even the nano-porous materials, that include ionic trapping sites and permit the
absorption of water, also allow: the transport of polar liquid. In the field of
electrochemistry, physics and vascular plant biology, electro-osmosis has another name:
electroendosmosis. Electro-osmosis was discovered by F.F. Reuss first in 1809, and now
has several applications in. the field of microfluidics and PEM fuel cells. The first
structure model of Nafion® polymer is composed of sulfonate ion micelles that distribute
uniformly in the polymer structure, and the model is called the Cluster-Network Model or
called the Cluster-Channel. Micelle is a kind of special molecule structure. The
aggregation of surfactant molecules that suspend in a liquid colloid could be a spherical
construction. The spherical construction often consist of hydrophilic head regions on the
spherical surface that contact with liquid, and the hydrophobic tail regions are isolated in
the center of micelles. But the micelles of Cluster-Network Model are called the inverted
micelles. Because the position of hydrophilic head regions and the hydrophobic tail
regions of Nafion® molecule in the micelles are reversed. So, the center of the micelles
permits the transmission of water and ions. A continuous fluorocarbon lattice held the
micelles in the fixed positions. The clusters are about 40 A in diameter and the channels

have the diameter about 10 A interconnect the micelles [23]. The concepts are illustrated
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in the figure 2.4, and figure 2.5.

? — hydrophilic head
hydrophobic

Figure 2.5 Structure of spherical micelle.

Figure 2.6 Cluster-network model for the morphology of hydrated Nafion® polymer.

The diversified derivatives of Nafion® polymer cause the two major problems that
increase the difficulties in determining the actual polymer structure of Nafion® membrane.
The two problems are the uncertainty of the solubility and the inconsistent crystalline
structure. The other Nafion® advanced morphological models were also proposed. The
categories have included a core-shell model, a rod model, and a sandwich model. The
core-shell model is considered as the Nafion® polymer structure separates into two parts:

ion-rich region and ion-poor region, and the ion-rich regions are the cores surrounded by
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the ion-poor shells [24]. The rod model describes the structure that the arrangement of
sulfonic groups in the Nafion® membrane is the crystal-like rods. The third model is the
sandwich model, the middle of the model is an aqueous layer where the water and ion
transport occur, and the two layers on both sides are composed of sulfonic groups where
the sulfonic groups attract each other across the middle aqueous layer. The models are
different from each other, because the cluster geometry and the cluster distribution. Even
though the models are not really match the actual structure very well. A demonstration has
been announced by some scientists. The demonstration says that because the Nafion®
polymer is a kind of membrane hydrates, the morphology of Nafion® polymer could be
the cluster-channel model and then transfers to the rod-like model. The diagram of the

models are shown in figure 2.6, figure 2.7, figure 2.8.
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Figure 2.7 Separation of hydrophobic fluoro-carbon backbone polymer

and hydrophilic side-chains.
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Figure 2.9 Composition of basic structure elements to complex channel structures.

Another recent structure model theory is the water channel model. Combine the

simulation result, that according to the data of small-angle X-ray scattering [24], as shown

in figure 2.9, and the observation result of solid state nuclear magnetic resonance [25].
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Figure 2.10 Schematic experimental set-ups for in situ measurements with synchrotron
radiation.

The conclusion is the water channel model. The concept is illustrated in figure 2.10
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Figure 2.11 Two views of an inverted-micelle cylinder, with the polymer backbones on the

outside and the ionic side groups lining the water channel.
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This model gives several individual descriptions of Nafion® polymer structure. First, the
hydrophilic water channel is composed of sulfonic acid functional groups, and the
construction of the channel is by the self-organization phenomenon of sulfonic acid
functional groups. Second, the hydrophilic water channels are about 2.5 nm in the
diameter, and the hydrophilic water channels could let the ions efficiently transport
through. Third, the polymer backbone construct from hydrophobic polymer includes
crystallites, and the quality of the backbone affects the stability of mechanical of
membrane. The water channels are parallel to each other and the several crystallites also
distribute in the construction. The hydrophilic sulfonic acid functional water/ion channels,
hydrophobic fluoro-carbon backboné, and ¢rystallites construct the structure of Nafion®

polymer as shown in figure 2.11°[25].
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Figure 2.12 Diagram of the approximately hexagonal packing of

several inverted-micelle cylinders.
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2.4 Casting Method of Nafion® Membrane Fabrication

The Nafion® membrane is the key component of IPMC as said above. Before making the
IPMC strips, the Nafion® membrane should be prepared first. But the manufacturing of
Nafion® membrane is not an easy work. Many variables influence the final product of
Nafion® membrane, such as the bubbles in the Nafion® dispersion during the baking, the
heating process, the mold that contain the Nafion® dispersion, etc. Nafion® dispersion and
Nafion® membrane are commercial available material. But the Nafion® membrane just
has only few specifications. If the experiment needs thicker membrane, to fabricate a
custom membrane is the only way. The basic fabrication of Nafion® membrane needs

several critical apparatus, as shown in the table 2.1.

Apparatus Application
vacuum oven To bake the Nafion® dispersion
molds To contain the Nafion® dispersion

Table 2.1 the basic equipments that to be used to-fabricate Nafion® membrane

The manufacturing of Nafion® membrane.is step by step. The first step is the mold design.
The shape of mold is arbitrary. But the volume of mold should be carefully calculated.
The dispersion contains many organic solvent and water, and the Nafion® polymer in the
dispersion is only less than 20%. Most of the dispersion would evaporate during the
baking. Although the baking process can be operate repeatedly, but it waste time and
works. For instance, if the product number is “D 520 the dispersion contains 5% Nafion®
polymer [26]. The unit of 5% is the weight of Nafion® polymer per 100 gram the
dispersion. Next, the specific gravity of the 5% Nafion® dispersion is about 0.92 — 0.94
( g/mL ). And the specific gravity of the Nafion® membrane is about 1.98 ( g/mL ). So, the
volume of Nafion® membrane per milliliter is able to be calculated. The calculation is

shown in equation (1).
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1(mL)*x0.94(g / mL)x5.0%(wt.%) X; =0.0247(mL)......coccvvveiiiiinnn 2.1

1.98(g /mL)

If the mold is a simple rectangular shape, and the area of the bottom is about 25 ( em?®).

The thickness wanted is about 0.2 ( mm ). The total volume of dispersion required is about

25(cm2)x%(cm) = 0.5(CT ) ettt ettt ettt (2.2)
05(cm’)  _ e 15 N (2.3)
0.0247(mL/mL)

Total 20.24 ( mL ) Nafion® dispersion is required. And the height of the mold is about

20.24(mL)
25(cm*)

= 0.80960(CH).ccnveeieieieeeeeteee e e (2.4)
The height of the mold is about 1 ( ¢m ). And if the thickness of Nafion® membrane
required is 2 ( mm ), the height of the mold is ten time of the 0.8 (¢m). The mold might
have a big volume. The material used to make a mold is usually glass and acryl. The glass
usually be the bottom of the mold, and the acryl is-used to be the sidewall. The gap
between the glass and theacryl can be filled with poly dimethyl-siloxane (PDMS). The
glass transition temperature-of PDMS is about 120-C, so the conservative operation
temperature of the mold is about 100..°C . The second step is pouring the dispersion into
the mold. When treating the Nafion® dispersion, the operator should be as careful as
possible, because the methanol vapor of Nafion® dispersion is deleterious to breathing
system and neural system of human. You should wear eye shields, disposable gloves, type
NO5 or type P1 ( EN143 ) respirator before opening the dispersion bottle. To draw the
dispersion from the bottle, use a clear dropper to avoid the pollution of the dispersion in
the bottle. After pouring the dispersion in the mold, putting the mold contained the
dispersion into the vacuum oven. The clearance of vacuum oven chamber is very
important, because the dirty particles in the dirty chamber could pollute the Nafion®

dispersion. The final Nafion® membrane would contain impurities. The impurities would

cause the failure of the Nafion® ion-exchange ability. The details of heating process
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would be explained in the chapter of experiment.

2.5 Coating of Electrodes

The electrodes coated on Nafion® membrane require two important properties: the
adhesion between electrodes and Nafion® membrane surface, and the low surface
impedance. The IPMC is an actuator so the Nafion® membrane would deform during
actuating. The electrodes coated on the two edge sides also bear the stress and strain due
to the deformation of Nafion® membrane. Therefore, the adhesion of electrodes is
important. When a voltage difference applied on the IPMC specimen, the electrical field
generated between the two electrodes. And the clip usually only fixes one side of IPMC
strip. If the surface impedance of electrodes were too high, the electrical field would
distribute not uniformly. And the performance of IPMC strip would be influenced. To coat
the effective electrodes, the.Steps are familiar with fabricating the Nafion® membrane.
The coating steps are combined with the Nafion® membrane fabricating steps. As shown

in figure 2.12 [27].
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Figure 2.13 illustration of the fabricating method of electrodes

The first step is mixing the ion conducting powder ( carbon, platinum, palladium, gold,
copper, silver, etc ) with the Nafion® dispersion. The powder is very tiny, and distributed
in the Nafion® dispersion uniformly. Then pour the mixed dispersion into the mold to
form a thin electrode layer, and drying the electrode layer. Second step is pouring the
pure Nafion® dispersion on the top of the previous electrode layer, and also drying the

pure Nafion® dispersion layer. The final step is the same to the first step.
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2.6 Recent Applications of IPMC

As an electroactive material, IPMC have been widely developed for many purpose. No
matter the research results are useful or unpractical, the IPMC actuators still progress. The
main difficult problem of developing IPMC actuators is the weakness of IPMC. The
output force of IPMC is very small. The small output force causes the problems on macro
scale applications. So, many experiments had shown low movement speed, and small
displacement when the actuator had a loading on it. But, there are still some meaningful
researches, such as biomimetic jellyfish robot [28]and self-switching bistable actuator
[29]. Jellyfish is soft and the movement type is not too complex to simulate. IPMC seems
to be an excellent material suits to make the biomimetic jellyfish actuator. The researchers
of Chonnam National University at Korea had made an in-depth research in biomimetic
jellyfish actuator. They fabricated a kind of custom.shape IPMC specimen. The IPMC

specimen looks like a flattened eight lags starfish, as shown in figure 2.13.

. A _AlA
Y Y

IPMC specimen Cellophane paper Biomimetic jelly fish

Figure 2.14 components of biomimetic jellyfish
And then, they use cellophane paper to combine with the IPMC specimen to make a
emisphere structure. The starfish-like IPMC can act like a claw, and the cellophane paper
is like the web of a duck. When the IPMC specimen grabs the water in the hemisphere

would be squeezed out, and the artificial jellyfish would be propelled forward. The

24



self-switching bistable actuator is another clever idea. IPMC strip in this experiment is
treated as a flexible reed. And the deformation of the IPMC strip is considered as the
bending of a reed due to the force applied on the two sides. And the force applied reed
would have two stable buckle types, as shown in figure 2.14. Theoretically, there are two
transition types between the two stable buckle types, as shown in figure 2.15 and figure
2.16. By controlling the deformation of IPMC strip, the choice of bending stable type can

be demonstrated.

Type A

Type'B

Figure 2.15 the two stable buckle types

Figure 2.16 the transition type I

Type A

Type B

Figure 2.17 the transition type II
2.7 The Basic Electrical Characters of IPMC
IPMC is a sandwich structure consisting of a middle ion-exchange membrane and two thin

electrode layers on the two sides. The electrical properties of IPMC can be seen as same as a
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capacitance parallel connects with an equivalent resistance. The electrical properties of various
capacitances are different, and the IPMC properties are usually measured by instruments.
Another factor is that, IPMC strips deform when be actuated, so the electrical properties of
IPMC would change during actuating. To actuate a common IPMC strip with 0.2 ( mm ) thick,
10 ( mm ) wide, and 40 ( mm ) long usually needs about 25 - 30 ( mA ) when a 2 ( volt )
amplitude signal applied on it. And the surface resistance would cause the voltage drop along
the electrodes. The frequency response of the IPMC strips is also a variable property. The

factors such as the thickness, length, counter ion, etc are influential to the properties of IPMC.
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III. THE APPROXIMATE LINEAR ACTUATOR

3.1 Approximation of Linear Actuation

The IPMC actuators usually the applications of a bending type movement IPMC strips.
Obviously, the IPMC specimens are also usually made into a thin and long strip form.
And the IPMC specimens perform a bending deformation naturally. Even though the
IPMC strips are used to compose a linear actuator, it is still an application of bending

deformation, as shown in figure 3.1.

IPMC strip

T =

Partition board

Figure 3.1 a typical IPMC linear actuator
The critical problem is not the stroke length of the actuator. In fact, the large deformation
is one of the excellences of IPMC strip. The really critical problem of the actuator is the
output force. The output force of a single IPMC strip is really small as said above.
Although the linear actuator can be composed of strips as many as possible, that is not an
efficient design. The total weight of the actuator is not light, and the volume is big relative
to the other actuators that can generate same output force. The disadvantages cause the
application of the actuator is impractical. To solve the problem, use thicker IPMC strips is

a reasonable method. But the improvement of the linear actuator by using thicker IPMC
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strips is not proportional to the cost and work to make typical thicker IPMC strips. In this
project, an innovative design is proposed. The structure of the approximate linear actuator
is actually similar to the typical linear actuator. First, two IPMC specimens with different

thickness is introduced, and the length and width are the same, as shown in figure 3.2.

T1 T2

H ; |

Figure 3.2 two IPMC specimens with different thickness

The key point of the structure of the approximate linear actuator is the using of the thicker
IPMC specimen.

The analysis is based on an assumption. The analysis assumes that the deformation of a
small segment of an IPMC strip is an arc [30]. And the change in thickness is ignored.

The illustration diagram is shown in figure 3.3.
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Figure 3.3 the assumption of arc deformation
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According to the assumption, the thicker strip has a larger deformation. And the

comparison of the thin and thick IPMC specimens is shown in figure 3.4.

. Initial position
Mass points ®

G Position after actuated

Contraction side

Figure 3.4 the comparison of the deformation of thin and thick [PMC specimens

The solid and hollow dots on the rectangle corners are called the mass points. According
to the mass point geometry, the displacement vectors of the mass points are very different.
The displacement vectors of the thin IPMC strip are oblique, and the displacement vectors
of the thick IPMC strip are almost vertical. The diagram suggests that the thicker IPMC
strip can produce a more linear displacement.

If the thickness of the IPMC is wide enough, such as 3 mm wide, a small hole can be
located at a corner of the IPMC. And a load can hang at the hole. When the IPMC
deforms, the local linear movement of the hole can drag the load to perform a linear

movement, as shown in figure 3.5.
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Figure 3.5 local linear movements and the application concept

3.2 The Improvement of IPMC Fabrication

Even though the thick IPMC specimen is an ideal material, the fabrication of thick IPMC
strip is still an obstacle. The Nafion® dispersion and Nafion® membrane are expensive
materials. As said above, the fabrication of a 2 ( mm ) Nafion® membrane needs about
200 ( mL ) Nafion® dispersion. The cost is about five thousand New Taiwan Dollars. In
fact, the thick IPMC specimen might be fabricated in the other cheaper way, as shown in

figure 3.5.
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Figure 3.6 the concept of improved fabrication method

The initial concept is the change of the angle of view. The left side of the figure 4.7 is a
common [PMC strip, that is only 0.2 ( mm ) thick and 5 ( mm ) wide. Then turn the strip
to let it stand up, and change the position of the electrodes from the original location to
the other two edge sides of the strip.-A very thick IPMC specimen with 5 ( mm ) in
thickness and only 0.2 ( mm") in width is accomplished. Actually, the method might not
work. Because the water channel of 10n-exchange may be a parallel arrangement. And the
water channels are perpendicular to the surface of ion-exchange membrane, as said at
previous chapter. So the actual fabrication method is not just turn the direction of the
ion-exchange membrane. The method would be discussed in the chapter of experiment.

3.3 The Simulation of Bending Motion
The simulation of the bending motion of IPMC strip with different thickness is according

to the equation shown below [30]. And the result is shown in Figure 3.6.
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t =05 (sec) time

Y =80 x 10° (Pa) Young modulus
d=23x%x107 (m) thickness of IPMC
R =8.314 (Pa'm3/m01-K) universal gas constant
T =303.15 (K) absolute temperature
C =0.001 ® capacitance of IPMC
E=30000 (V/m) electric field
N=1 valence of the cations
E =1.602192x107"°(C) charge of an electron
A= 6.022x10% Avogadro’s number
r =100 Q) cross-resistance
vV =2x108 (m3) strip volume
tel =0.3 (m) thickness of IPMC
ty2 =1 (m) thickness of IPMC
tg3 =3 (m) thickness of IPMC
0.14 T T
012 b e ] Hhickeness = 0.3 s
Ol e
S9N N T
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Figure 3.7 The simulation result of different thickness IPMC strips.
From the simulation result, the curvature of IPMC strips is inversely proportional to the

thickness. And the result implies the linear type actuation of thick IPMC.
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IV. PREPARATION OF ION EXCHANGE
MEMBRANE

4.1 The Choice of Ion Exchange Resin

The main component of ionic polymer metal composite ( IPMC ) strip is ion exchange
resin. There are several kinds of ion exchange resin could be chosen to make IPMC [17].
As shown in table 4.1.

Table 4.1 several kinds of ion exchange resin provided by different company

Company Product(s)

DuPont® Nafion®

Tokuyama® Neosepta®

Asahi Chemical® Aciplex®

Asahi Glass® Flemion® ; elemion®

The Nafion® , product of DuPont®, 18 a kind of common commercial ion exchange resin.
In this project, Nafion®is chosen to.compose- IPMC strips. Because of the convenience of
acquiring the material and most of the papers reported the choice of same material. The
Nafion® dispersion and membrane that directly bought from commercial agent are both
applied in the experiment of this project.

4.2 The Process of Making Nafion® Membrane

To make a Nafion® membrane from Nafion® dispersion, the first step is to make a mold. The

mold is used to contain the Nafion® dispersion, and the shape of the mold is arbitrary. The

height of the mold should be calculated during the process of mold design. The second step is

pouring the Nafion® dispersion into the mold. The process of pouring the dispersion can be

accomplished easily by using a common plastic SmL dropper. And the quantity of Nafion®

dispersion could be calculated at first. According to the Chapter 2.4, the computing needs to
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know the mass density of the Nafion® dispersion and Nafion® membrane, mass percentage
of Nafion® dispersion, the bottom area of the mold, and the thickness of the final product.
Furthermore, the volatile component of the Nafion® dispersion is a little harmful to human
respiratory organs and neural system, to wear a P95 respirator during the operation is
recommend. The third step is letting the N afion® dispersion dry at atmosphere. During the
drying process, the dust should be kept out of the mold. The drying speed is due to the
quantity of Nafion® dispersion and the atmosphere circumstances, such as humidity,
temperature, and the airflow in the room. In fact, the drying process is separated into several
steps. The Nafion® membrane would split easily due to the shrinkage during the drying
process. Because, the shrinkage would induce internal stress that cause the breaking of the
membrane. To fix the breaking.on the mémbrane, the second time pouring should be
executed after the membrane dried first tifie: The réquired quantity of Nafion® dispersion is
just to submerge the dried membrane in the mold. After the second time drying, the
membrane should totally separate from the wall of the.mold. If the membrane is still broken,
the third time pouring should<be executed. The third step is finished until the membrane is
formed into a unity. Then the forth step is the heating process. The main purpose of heating
process is to change the characteristic of the membrane. If a Nafion® membrane is produced
by evaporation of Nafion® dispersion at room temperature, the fluorocarbon molecule chains
are dispersed. This kind of Nafion® membrane would be dissolved again by alcohol and water.
And the mechanical strength of the membrane is very weak. In order to prevent the situation
occur, the Nafion® membrane should be heated to about 160 C [31]. The fluorocarbon
molecules in the membrane will extend and fuse together. After the heating process, the
mechanical strength of the membrane will increase, and the membrane will become insoluble.
The final step is putting the Nafion® film into ionic solution, such as sodium hydroxide
(NaOH) solution, lithium hydroxide (LiOH). The purpose of final step is to exchange the

original H* ( proton ) in the Nafion® film with the ions in the ionic solution. And the ion
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exchange process is optional. The flow chart is shown in figure 5.1.

Mold design and making

Pouring nafion dispersion

!

Drying nafion to form membrane
Healing process o change the
characteristic of nafion membrane

|

Ton exchange process

Figure 4.1 the flow chart of heating process
4.3 The Different Kinds of Molds
In the experiment, many kinds of idéas are tried. And there are several varieties of mold.
The first type mold is acrylic mold. It was made of acryl and glass. Acryl was made into
the wall of the mold, and the glass was used to be the bottom plate. The acryl was glued
to glass plate with polydimethylsiloxane ( PDMS ). The design is briefly shown in figure

4.2 and figure 4.3. And the photo is shown in figure 4.4.

y 4

glass

Figure 4.2 the oblique drawing of first type acrylic mold
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Scin

Max membrane thickness
0.5(cm) = 0.0247 =0.001235(cm) =0.01235(mm)
z
Mazx total membrane volume
8(em) < 8(em) < 0.5(cm) « 0.0247 = 0.7904(mL)
| T 0.5¢m

Figure 4.4 the photo of the acrylic mold

But the mold had a problem. During the milling work of acrylic component, the milling
cutter would produce heat at the cutting position. And the heat would cause the

deformation of acrylic material. So the bottom of the acrylic mold wall is a little curvy.
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The gap between the acryl and glass plate caused some pattern on the bonding area. But

that had no influence on the air tightness of the mold. The picture is shown in figure 4.5.

The second type mold was [ glass. Because of the manufacturing process is

more convenient than first type. The cutv enon of acryl was also improved. The

and the bottom of the mold is also plane glass just like first type mold. The pictures are

shown in figure 4.6 and figure 4.7.

Figure 4.6 the oblique drawing of second type mold
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The third type mold was @ ss, but the volume and thickness of mold wall
are different to the second type d: Beca dispersion of Nafion® is expensive,
the third type mold was designe ! olume mold to decrease the quantity of
usage of Nafion® dispersion. The wall of the mold is composed of cover glasses, and the

bottom of the mold is composed of glass slide. The pictures are shown in figure 4.8 and

figure 4.9.

cover glass

N\ ——

i 1
FJA TITIIY

22 mm \

glags slide

Figure 4.8 the oblique drawing of third type mold
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Figure 4.9 the photo of the third type mold

The next is forth type mold. The forth type mold is @ variation of third type mold. So, the
material used to make forth type mold is the same of third type. The main difference
between this two type molds are the width of the mold. The width of the forth type mold
is about 0.3 mm so the manufacturing procedure is more complicated than third type mold.
The key points are how to fix the distance between the two cover glasses and how to keep
the parallel arrangement of the two cover glasses during manufacturing. The main
purpose of forth type mold is to make a very thick and very narrow IPMC strip by vertical

casting technique. The vertical casting will also be illustrated later. Pictures of forth type

mold are shown in figure 4.10 and figure 4.11.

/0.3 mm

|~

e

Figure 4.10 the oblique drawing of forth type mold
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Figure 4.11 the photo of the forth type mold

In fact, the forth type mold doesn’t need a bottom. Because the gap between the two cover
glasses are really small. So the.capillary phenomenon is strong. The solution that pouring
into the mold wouldn’t ledkage out. But the bottoms. of the molds still need to avoid
coming into contact with the table. So,a shelf was be designed and applied. The pictures

are shown in figure 4.12, 4.13,4.14.and 4.15.

> /

L /
o

glass slides

Figure 4.12 the oblique drawing of the shelf

cover glass

S L

Figure 4.13 the oblique drawing of the assembly of forth type mold and shelf
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Figure 4.14 the photo of the shelf

Figure 4.15 the photo of the assembly of forth type mold and shelf

But the forth type mold has a great problem. Due to the small distance between the two
cover glasses and the flexibility of the thin cover glasses, the capillary phenomenon
would be very significant. Indeed, the cover glass has obvious flexibility. And the solution
that poured into the mold has cohesion force. So the distance between the cover glasses

would be changed. The changing of the distance could cause the not uniform capillary
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force distribution, and the manufacturing would be failed because of the not uniform
distribution of the dispersion in the mold. The figure of illustration is shown in figure 5.16

and 4.17.

A= A

e i

Figure 4.16 the concept of deformation of forth type mold

Figure 4.17 the photo of the not uniform distribution of dispersion

Due to the failure of forth type mold, the fifth type mold was designed to solve the
problem. The main reason of the failure of forth type mold is the flexibility of the thin
cover glasses is really great in this scale ( the distance between the two cover glasses is
only about 0.3 mm). To avoid the problem, the glass slides were be used. Because of the
glass slides are thicker than cover glasses; the deformation due to the flexibility is smaller
than cover glasses. In fact, if the force applied on glass slides was big enough, the
deformation would still be very obvious. Fortunately, the cohesion force of Nafion®

dispersion is not big enough to induce the phenomenon on glass slides. The figures are
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shown in figure 4.18 and 4.19.

the fifth type mold

the support
bracket

Figure 4.18 the photo of the fifth type mold and the uniform distribution of dispersion

0.3 mm
composition diagram side view
25.4 mm 22 mm
| 76.2 mm 22 mm
|
glass slide cover glass

Figure 4.19 the illustration of the assembly of the fifth type mold
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4.4 The Pouring of Dispersion
To pour Nafion® dispersion into a mold, a 3 mL cheap plastic dropper was be used. The

photo is shown in figure 4.20.

Figure 4.20 the 3 mL plastic dropper

The pouring process of first type, second type and third type are easy. But the pouring
process of forth type and fifth type has a problem. Because of the narrow gap of the mold,
the injection of Nafion® dispersion seems to be a precise motion. And a 1 mL plastic

syringe was also be used. The photo is shown'in figure 4.21.

Figure 4.21 the 1 mL plastic syringe

In fact, after the test of the injection process, the 3 mL plastic dropper is precise enough.

Droplets of Nafion
dispersion

Figure 4.22 the droplets injected in a mold
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4.5 The Drying Process

After the pouring process, it needs time to let the dispersion dry. The problems that would
occur in the process are listed below.

1. the break of membrane

2. the estimation of time

3. the control of the thickness of membrane

The main problem is the break of membrane. The internal stress occurs during the drying
process of Nafion® dispersion due to the shrinkage of the polymer. So the fixing process
of the membrane is important. The break of membrane usually occurs at the first time cast
of dispersion. The following are four examples of second type mold and fifth type mold.
The first two examples are the fabrication of.2 mm and 1 mm thickness chunks of
Nafion®. And the last two examples aré the fabrication of vertical casting membrane. The
heights of the membranes are about 3 mm. First, two second type mold were made, and
the dimensions of the two molds are‘about 4 cm (L) X 2 cm (W) x 2 cm (H) and 7 cm
(L) x 2 cm (W) x 2 cm (H). Second, two fifth type mold were also made, and the
dimensions of the two molds are both about 3 cm (L) x 0.04 cm (W) x 2 cm (H). But
one of the fifth type molds has a glass slide bottom. Then, a quantity of Nafion®
dispersion was poured into the four molds. After several times of pouring of Nafion®
dispersion, the membrane reached the goal thickness. But, there were several fissures in
the two chunks and the membrane which manufactured in the bottom-added fifth type
mold, as shown in figure 4.23, 4.24, 4.25, 4.26, 4.27 and 4.28. There is a special
phenomenon in the bottom-less fifth type mold. The membrane manufactured in this kind
of fifth type mold almost has no fissures. It is a coincidence to design out this kind of

fissure-less mold.
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fissures

A popular bear, boy bear lives with his many
friends in an oid toy shop
in fairviand. -

Figure 4.23 the top view of fissures of the 2 mm thick chunk

[
H _ .

fissures
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Figure 4.24 the side view of the fissures of the 2 mm thick chunk
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Figure 4.25 the oblique view of the fissures of the 1 mm thick chunk

Figure 4.26 the bottom view of the fissures of the 1 mm thick chunk
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fissures

Figure 4.27 the oblique view of fissures of the vertical casting membrane in the 0.4 mm

wide bottom-added fifth type mold

fissures

Figure 4.28 the side view of fissures of the vertical casting membrane in the 0.4 mm wide

bottom-added fifth type mold
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Then, the bottom-added fifth type mold was abandoned. Because the bottom-less fifth
type mold is obviously better than that mold.

Then, the fixing process should be applied to the chunks. To fix the fissures, pouring a
little quantity of Nafion® dispersion in the mold, until the chunks submerged in dispersion.
Then, wait for the dispersion drying. Finally, the whole chunks were finished, as shown in

figure 4.29, 4.30, 4.31, 4.32 and 4.33.

The whole
Nafion 2 mm
thick chunk

The second

type mold

Figure 4.29 the top view of the 2 mm thick whole chunk

Figure 4.30 the bottom view of the 2 mm thick whole chunk
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f friends= in an old toy shop
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Figure 4.31 the top view of the 1 mm thick whole chunk

Figure 4.32 the side view of the 1 mm thick whole chunk
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The bottom-Iless fifth
type mold

4
Figure 4.33 the oblique view of the mémbrane in the bottom-less fifth type mold

After several days, the chunk would keep shrinkage, and the chunk looks like to be light

yellow, as shown in figure 4.34; 4.35, 4.36 and 4.37.

The light yellow 2 mm thick Nafion chunk

Figure 4.34 the top view of the 2 mm thick light yellow chunk
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Figure 4.35 the.side »

Figure 4.36 the oblique view of the 1 mm thick light yellow chunk
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Figure 4.37 the.side view of the 1 mm thick light yellow chunk

If the requirement of pres:ision of the product is high, the estimation of time and the
control of thickness are not easy. Because the Nafion® will shrink during the drying
process, and the residual fragment.on the mold wall causes the tolerance of the estimation
of quantity of Nafion® dispersion. The breaking of the membrane also causes problem in
the estimation of time. Because re-pouring process may not need only one time. And the
thickness would also be influenced.

4.6 The Heating Treatment

The actual heating process is heating the membrane up to 100 ‘C for 40 minutes to fully
evaporate the volatile components that still remain in the membrane. Then increase the
temperature up to 120 “C also for 20 minutes. After that, rises the temperature up to 160
C for 10 minutes. Then turn off the oven to let the film decrease temperature naturally.
That is an annealing process to let the molecules in the film arrange slowly to avoid the

internal strain occurs. The concept of actual heating progress is shown in figure 4.38.
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Figure 4.38 the concept of heating progress
The apparatus used in this heating treatment is the simple vacuum oven, composed of a

rotary vane vacuum pump and a vacuum chamber; as shown in figure 4.39, 4.40.

Figure 4.39 the rotary vane vacuum pump
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Figure 4.40 the vacuum chamber
The vacuum apparatus is very simple, so the heating treatment also did not be progressed
precisely. Although the temperature and the vacuum circumstances did not be controlled
well, the sample treated was still usable. The following are the photos of the samples, said

above, after the heating treatment.

[T |H|H|I| Hl ngIiHHlH |||||I1ll|l\
1 3

]
0

Figure 4.41 the top view of the 2 mm thick chunk after heating treatment
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Figure 4.42 the side view of the 2 mm thick chunk after heating treatment

Figure 4.43 the bottom view of the 2 mm thick chunk after heating treatment
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Figure 4.44 the side view of the 1 mm thick chunk after heating treatment

Figure 4.45 the oblique view of the 1 mm thick chunk after heating treatment
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Figure 4.46 the obliq ‘~ ole of the 1 mm thick chunk

Figure 4.47 the side view of the vertical casting membrane after heating treatment
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To get out the membrane from the narrow mold, a burin blade was inserted into the mold

to separate the two glass slides, as shown in figure 4.48.

Figure 4.48 the side view of

Figure 4.49 The membrane swelled and left the glass slide.
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Figure 4.50 The membrane was picked up by a stainless steel tweezers.

An obvious phenomenon was found in the vertical casting membrane. The color of the
membrane has a gradient. From the bottom to the top of the membrane, the color become
more and more light, from deep brown to the very light yellow. The samples showed in
this chapter would be treated with the coating process in the next chapter.

4.7 The Fabrication of the Very Narrow and Very Thick IPMC Sample by Vertical
Casting Method

To realize the idea brought up in chapter 4, the vertical casting method was designed. And

the sandwich structure is introduced below.

Mafion ®
mixed with
silver powder Mafion®

Figure 4.51 the sandwich structure of vertical casting IPMC
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The bottom of the structure is a thin layer of Nafion®, the purpose of the layer is to avoid
the lower electrode break to pieces. Because the bottom of this IPMC is more dry than
any other upper layers, as shown in figure 4.50. If let the electrode layer be the bottom
layer, the electrode would be very dry, and would break before heating treatment, as

shown in figure 4.52, 4.53.

Figure 4.53 The example of broken electrode
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The dispersion used to make electrode layer was made by mixing Nafion® dispersion with
silver powder. By trial and error method, the proper mixture density is about 0.060g / 1c.c.

(Nafion dispersion). The improved electrode is shown in figure 4.53.

Figure 4.54 the improved electrode

And the IPMC sample is shown in figure 4.55.

ey

Figure 4.55 a complete IPMC sample made by vertical casting method
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V. COATING OF ELECTRODES ON NAFION®
MEMBRANE SURFACE

One of the main composite layer of IPMC is the electrode on surface. There are many
kinds of method to coat an electrode on Nafion® membrane. In this project, the
electro-less coating technique was used.

5.1 Fundamental Concept

Electro-less coating is a kind of chemical method to coating electrodes on various
materials. For instance, glass, PCB ( printed circuit board ), and, the main material in this
project, ion exchange membrane. The electro-less coating in this project is according to

the following chemical reaction.

2AgNO, +2NaOH — Ag j0\+H,0+ NaNO,
Ag,0+4NH;+ H,0 — 2Ag(NH,),0H

2Ag(NH,),0H+CJH,,0, —2Ag L +C.H, O,NH,+3NH, + H,0

First, mix the silver nitrate ( AgNO3 ) solution with sodium hydroxide ( NaOH ) solution.
Then, the brown silver oxide ( Ag,O ) precipitation would precipitate. The second step is
mixing the ammonia ( NH; ) with the reactant solution. The brown silver oxide
precipitation will be dissolved, and the solution will be achromatic. The final step is
mixing the glucose ( C¢H;,0¢ ) solution with the reactant solution. The silver ( Ag )
precipitation will precipitate.

5.2 Apparatus and Chemicals

The apparatus, consumables and chemical materials used in coating process is listed
below.

Apparatus :

1. Electronic balance: Precisa®, XS 365M
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2. Heater: Elifemall®, Electronic warmer

3. Ultrasonic cleaner: DELTA®, D80

4. Stainless steel precision tweezers: XYTRONIC®, SS-sa

Chemical materials:

1. Silver nitrate (AgNO3 ), Fisher® Chemical, SS73-100 ( 0.1 N, 100 mL)

2. Sodium hydroxide ( NaOH ), unknown, degree of purity: 99.3%, solid state granule

3. Ammonia solution( NHj3 ), SHOWA® Chemical, reagent degree, 28% GR, 500 cc

4. Glucose ( C¢H20g ), SHOWA® Chemical, reagent degree, 500 g

5. Ethanol (C;HsOH), Taiwan Sugar Corporati0n®, 95%, 500 cc

6. DI-water (deionized water)

7. Nafion® N-117 membrane, DuPont®. '30cm x 30cm, 1100EW, 0.7 inch thickness

Consumables :

1. Syringe, TERUMO®, 1 c¢

2. Plastic dropper, unknown, 3 ml

3. Conical tube, BD Falcon®, 15 mL

4. Glass slide, FEA®, 1 inch x 3 inch, thickness: 1 ~ 1.2 mm

5.3 Chemical Processing

The preparation of Ag(NHj3),OH solution:

Step 1. Use the electronic balance to get 0.02 g NaOH granules, and put the NaOH
granules into a conical tube. Then add 8 cc DI-water into the conical tube to solve
the NaOH.

Step 2. Pour 0.5 cc silver nitrate solution into the same conical. Then the brown silver
oxide precipitation would precipitate.

Step 3. Inject about 0.2 cc ammonia into the same conical. Then put the conical into the
ultrasonic cleaner to shake the solution. If the solution still not be colorless,

inject more ammonia into the conical until the brown precipitation disappears.

64



The preparation of Ag(NH3),OH solution is finished.

Then the Nafion® N-117 membrane should be submerged into the Ag(NH3),OH solution

for about 1 ~ 2 hours.

The steps of reduction:

Stepl.

Step2.

Step3.

Step4.

StepS.

Step6.

Step7.

Use the electronic balance to get 0.15 g C¢H ;2,06 powder, and put the CsH;,0¢
powder into a conical tube. Then add 6 cc DI-water into the conical tube to solve
the CsH20¢.

Use the precision tweezers to get the Nafion® N-117 membrane, said above, from
the conical.

Mix the glucose solution and alcohol at the volume ratio about 1:1. And pour the
mix solution in a petri dish. The quantity of solution should be enough to let the
Nafion® N-117 membrane submerge in it.

Heat the Nafion® N-117 membrane on the heater with a glass slide below it, until
the solution on the membrane surface is dried.

Put the dried Nafion® N-117 membrane into the petri dish.

Heat the petri dish on the heater for about 30 minutes until the solution is almost
dried. The electrodes would emerge at the surface of the Nafion® N-117
membrane.

Heat the membrane on the heater, until the solution on the membrane surface is

dried. The coating of electorde is finished.
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5.4 Several IPMC Samples Made with Different Basis Materials and the Test of
Electrode

Due to the different manufacturing process, the characteristics of Nafion® membrane
would be different. So, there are three different kinds of Nafion® membrane, made by
different methods, would be tested by electric meter. The internal resistance of the electric
meter is about 0.3 ~ 0.4 ohm.

The first type is the Nafion® N-117 membrane. And the electrode on the membrane has
two kinds of distributions. The first kind is the most common distribution; the two

surfaces of the membrane were coated with silver, as shown in figure 6.1.

Electro-less coated silver electrode

Figure 5.1 the first kind electrode distribution of first type membrane

The tested sample

Figure 5.2 the measurement of the first kind electrode distribution of first type membrane
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The second kind distribution is used to demonstrate the approximately linear actuator, as
shown in figure 5.3. Electrodes were successfully coated on the narrow edge of the

membranes.

Figure 5.3 the first kind electrode distribution of first type membrane

v

FIRNGE

Figure 5.4 the measurement of the second kind electrode distribution of first type

membrane
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Figure 5.5 the measurement of the marginal electrode resistance of the second kind

electrode distribution of first type membrane

The sample fixed on the tip of

the probe of electro meter

Figure 5.6 the close-up of the measurement of the marginal electrode resistance of the

second kind electrode distribution of first type membrane
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The second type is the self-made Nafion® membrane, made by casting method with
second type mold. The samples are 1 mm thick and 2 mm thick. These are the same

samples said in chapter 5, as shown in figure 5.7, 5.8 and 5.10.

Figure 5.7 the first kind electrode distribution of 2.mm thick self-made membrane

A drop of water

Figure 5.8 a drop of DI-water on the 2 mm thick membrane

The droplet on the membrane implies the hydrophobic characteristic of the electrode.
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Figure 5.9 the measurement of the first kind electrode distribution of 2 mm thick

self-made membrane

Figure 5.10 The 1 mm thick self-made membrane was coated with silver.
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Figure 5.11 the measurement of surface resistance of the 1 mm thick IPMC

The third type is also a self-made Nafion® membrane, but it was made by vertical casting

method with fifth type mold, as shown in figure 5.12.

The electro-less coated vertical casted Nafion membrane

Figure 5.12 the photo of electrode-coated vertical casting membrane
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Figure 5.13 the measurement of the electrode-coated vertical casting membrane
5.5 The Adhesion Ability Test
The adhesion ability of this kind'of soft basis material is very important. Because, the
IPMC is a kind of soft bending.actuator, if the electrodes do not tough enough, the
actuator will be failed. The following are several simple tests. The samples used in this
test are Nafion® N-117 membranes coated with first kind electrode distribution, as shown
in figure 5.14.

The tested sample

Figure 5.14 the sample used in the test

72



The test sample

Figure'5.15 bending of the test sample

Figure 5.16 measurement of resistance after the bending of the sample

The bending test has no influence to the electrode on the surface.
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The scraping test was executed by using the probe of the electric meter. After about 40
times scraping back and forth on the both side electrodes of another sample, a small,

transparent gap appeared, as shown in figure 5.17.

The transparent gap

Figure 5.17 resistance measurements after the bending of the sample

5.6 The Microscope Observation

hd

electrodes

Nafion medium

Figure 5.18 the photo of cross section under microscope ( 40X )

The thickness of the electrode is about 2 ~ 3 1z m.

74



5.7 The Conclusion of the Electro-less Coating Technique

The coating technique exhibited above has several benefits.

1. Short time:

Traditional electro-less coating needs more than 24 hours. But the technique exhibited in
this texture needs only about 3 hours.

2. Low surface resistance:

Generally, to lower the surface resistance than 0.5 ohm needs three layers coating by
using traditional technique. The method used in this project needs only one layer to reach
the goal.

3. Low cost:

The materials used in the coating_processrare cheap. The total cost to coat a 10 cm’
surface is about 10 NTD.

4. Good adhesion
The adhesive ability of the electrode is very well. The bending test showed above had

confirmed the characteristic:
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VI. EXPERIMENTS OF IONIC POLYMER
METAL COMPOSITE (IPMC)

6.1 The Architecture of the Test
The architecture of displacement test is composed of an adjustable power supply, an

IPMC sample, a glass sample clip and a sheet of graph paper, as shown in figure 6.1, 6.2.

clip

IPrAC

| —-—
sample ﬂﬁ

adjustable power supply

graph paper

Figure 6.1 the architecture of test

The bracket Adjustable power supply

Figure 6.2 the photo of the test apparatuses
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The operation of IPMC can be classified into wet operation and dry operation. The wet
operation means the IPMC keeps in wet condition during the actuation. The dry operation
means the IPMC keeps in opposite condition.

6.2 The Operation Test

Usually, an IPMC sample is operated at a wet condition. The following will exhibit wet
operation test first, and then dry operation.

The wet operation: The IPMC sample should be submerged into DI-water or an
electrolyte solution, such as NaCl solution, for a few minutes before operation.

1. An IPMC made with Nafion® N-117 membrane, operated at 2.5 V and 20 mA.

Sample coated with silver

Figure 6.3 the'4 B wide IPMC sample

Figure 6.4 the sample at start position
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Figure 6.5 the sample performed the largest displacement
After the actuation, the sample was broken due to the electrolysis of H,O, as shown in
figure 6.6. And the copper electrode on the sample clip.was also electrolyzed, as shown in

figure 6.7.

The oxidized electorde

Figure 6.6 the sample with broken electrode
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The broken section

Figure 6.7 the broken copper electrode

2. A 1 mm thick IPMC sample, operated at 5'V-and 20 mA.

The 4 mm thick IPMC-sample coated with silver 1

Figure 6.8 the 1 mm thick IPMC sample
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Figure6.10 the 1 mm thick IPMC performed largest deformation
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The silver coated on the membrane surface would be electrolyzed. And the electrolyzed
silver ions would perform the electrophoresis phenomenon on surface. The
electrophoresis of silver ions would cause the short of two electrodes on the opposite

surfaces. The comparison is shown in figure 6.11, 6.12.

The edge of the 1 mm thick
IPMC before testing

The silver on the edge

Figure 6.12 the edge covered with silver after operation
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In fact, the effect appears at IPMC samples with any thickness. So the edge of IPMC
needs to be cleared after operation. And the surface electrode was also broken, as shown

in figure 6.13.

Figure 6.13 the broken electrode

3. A2 mm thick IPMC sample; operated at 5 V and 30 mA.

The 2 mm thick IPMC coated with silver

Figure 6.14 the 2 mm thick IPMC sample
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Figure6.16 the 2 mm thick IPMC performed the largest displacement

The 2 mm thick IPMC almost did not perform any deformation. But the comparison of

the two photos shows there had a slight bending at the tip of the IPMC.
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The clear edge before test

Figure6.17 the clear edge of the 2. mm thick IPMC

Figure6.18 the electrophoresis phenomenon on the edge
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black oxidized electrode

Figure6.19 the broken electrode of 2 mm thick IPMC

The dry operation: The dry operation usually needs higher voltage than wet operation, and
the displacement is also larger than wet operation. Although, in the wet operation can also
apply high voltage on a sample to induce larger displacement. But, in order to reduce the
electrolysis of water, a lower voltage usually be applied. The defect of dry operation is
also the broken of sample, but the reason is the scorching on the electrode induced by
current. So the dry operation does not a main drive method. In this text, one piece of
IPMC sample made with Nafion® N-117 membrane was chosen to be test under dry

condition.
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1. An IPMC made with Nafion® N-117 membrane, operated at 24 V and 20 mA.

Figure6.21 the IPMC sample at start position
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lack broken section

Figure6.23 the electrode of the sample was broken
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The broken electrode

was covered with black

dots.

Figure6.24 the magnifier image of the broken electrode
The syringe needle at the lower left is 0.4 mm in outer diameter. The black dots may be

the position where the density of current is high.

6.3 The Test of the Very Narrow and Very Thick Samples

These kinds of samples were made by two kinds of methods. The first kind method is to
coat electrodes on the edge of membrane, as shown in figure 6.3. The other method is
using the vertical casting method to directly manufacture a multi-layer IPMC, as shown in
figure 5.55. The architecture of the test of the samples is as the same as previous samples.

And the IPMC strips were operated in wet condition. The tests are shown below.

1. IPMC made by vertical casting method, operated at 2 V and 10 mA.
The sample in the following image of the test is an IPMC with unimproved electrode. The
electrode was broken, but it still could be actuated. Because of the deformation of the

IPMC strip was really small, the image were captured under a 15X magnifier.
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Nafion medium

nproved electrode

IPMC sample

Figure6.26 the side view of the very narrow IPMC
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0.4 mm outer diameter needle
as a proportional scale

(R

Figure6.28 the IPMC before actuated
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black edge of electrodes

Figure 6.29 the. magnifier image of the IPMC strip at start position

The syringe needle at the lower left is'0.4 mm in outer diameter.

Figure 6.30 the IPMC sample at largest deformation position
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Compare the figure 6.28 and 6.29, the surface of the sample has a very obvious

electrophoresis phenomenon of silver, and the nearby of the electrodes became black.

2. IPMC strip made with Nafion® N-117 membrane, operated at 2 V and 10 mA.
The sample did not perform any deformation, even when observed under the 15X

magnifier. The following is the photo of the sample after actuated.

2, B

Nafion A\ ~ electrodes

Figure 6.31 an IPMC with improved electrode after actuated

The sample has the same phenomenon with above sample. But the actuation of the sample

was fail.
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6.4 The Comparison of the Samples
The testing results are listed in the table shown below. These six samples were made by
different methods, including three different kinds of membrane fabricating methods and

two different electrode fabricating methods. The dendrogram is shown in figure 6.32.

__________________.-—--—V Eleciro-less coalinyg
Malior® 17-117

(zamp.e o 1,5,6)
TP

Cetnmon casting e blectro-less coating

{zammpls Mo 2.3)
Casting method

h*

Vetticalocasting ——» Werlical vasled elecliode
(sample o d)

Figure 6.32 the dendrogram of the classification of the samples

The main goal in this projectis to make a very thick IPMC strip by using same quantity
of Nafion®, so the very thick [IPMC"is also very narrow, the idea has been shown in
chapter 4. The other samples made in other form were used to establish the fundamental
concept of the performance of typical IPMC samples. After the fabrication and
experiments of the typical IPMC sample, the very narrow and very thick IPMC strips
were also made and tested.

The samples have different dimensions, and the voltage used to actuate the samples was
also different. All the samples were tested under wet condition except the No. 6 sample.
The test of No. 6 sample is an additional experiment beyond the original plan. But the test
result of No. 6 sample may have some value of comparison. So the test result is also listed

in the table, as shown in table 6.1.
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Table 6.1 Experimental results of the IPMC samples

Mo of Dimensions Fabrication Method | Applied Applied lax The time of moving to
satmple LW T (mm) voltage(V) | current(md) | Displacement(mm) | the max displacement
from the start position
(=)
1 450 183 Mafion® M-117 25 20 7 4
membrane coated
with zilver electrode
2 32wBxl Casting method 5 20 10 40
fabricated
membrane coated
with zilver electrode
3 20=Ex2 Casting method 5 20 <1 20
fabricated
membrane coated
with zilver electrode
4 300, 23 Wertical casting 2 10 15 40
method fabricated
PRI
5 2001833 MNafion® MN-117 2 10 Did not be The displacement did
membrane coated observed. not be chserved.
with zilver electrode
) 200 183 Mafion® H=117 24 20 20 20
(dry membrane coated
operation) with silver electrode

The No. 1 sample is a most common type [IPMC, the test result is used to be a reference to

the other test results. The No. 2 and No. 3 samples are thicker IPMC strips, and they are

the same form to the No. 1 sample. The max displacement of No. 2 sample is larger than

No. 3 sample. Although the displacement of No. 1 sample is smaller than No. 2 sample,

but the applied voltage of No. 2 sample is larger than No. 1 sample. And the total

movement time of No. 2 sample is 40 seconds, ten times of the No. 1 sample. So, a little

larger displacement of No. 2 sample is reasonable. Via the above comparison, a simple

and obvious trend emerges. The trend is: The thicker the IPMC strip the smaller the max

displacement. And the No. 4 sample was also show the trend. Although the No. 4 sample

was designed to be an approximate linear IPMC. But the test result shows the assumption

in the chapter 4 is wrong. Because the small displacement means a small change in
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curvature. A key point of the assumption is the change of the curvature is big for a thick
IPMC. Then the approximate linear actuator would be accomplished. But the actual
experiment result improve the assumption is wrong. Furthermore, compare the figure 7.26
and 7.27, the same conclusion would also be established.

The No. 5 did not be observed any displacement, and the reason is not obvious. But a
probability is the electrode on the edge was too thin to control the membrane. The
electrode coated by electro-less method is about 2 ~ 3 ¢ m. It is really thin contrast to the
vertical casting electrodes. The electrode can only control the nearby ions and water
molecules. So the thin electrode can only control the nearby section. The nearby section is
also very thin contrast to the whole membrane. So the membrane can not be actuated by
the electrode.

The No. 6 sample performed a significant displacement under high voltage. And the
electrode broke immediately; the durability of a sample under the dry operation is a

problem.
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VII. CONCLUSIONS

7.1 Several Defects in the Project

Although, the IPMC strips were made, the actuation ability is not good. The main reasons
of the problems are listed below.

1. The heating treatment of membrane:

The membrane made by casting method needs the heating treatment. And the heating
process is a very important factor to influence the characteristic of the membrane.
Different heating treatment temperature and time cause the different mechanical strength,
dissolution ability in water and organic solutions, color of the membrane and most of all,
the absorbency of water and ionic solution. The absorbency of water and ions is very
critical to the actuation ability of IPMC.

2. The coating technique

Although the coating techmique has the benefits said above. And to the best of our
knowledge, this coating technique is teally fast, cheap, low surface resistance and good in
adhesion ability. And, another important benefitis the stability of the chemical reaction. If
the reaction was very fragile, the coating process of electrode would be difficult to repeat.
But, the durability is not good; the electrodes on the membrane are easy to be broken. No

matter the electrolysis of water or the high voltage are easy to break the electrodes.

7.2 Future works

1. To the heating treatment:

The apparatus used in the heating treatment is the simple vacuum oven system as shown
in figure 5.39, 5.40. The temperature control of the oven is not precise. The tolerance of
the temperature is usually about 10 centigrade. But, most of all, the temperature and time

of the heating process should be lower and shorter. The membrane should be more

96



flexible and the absorbency of water should be better.

2. To the coating technique:

To improve the coating technique, a better heater should be used. The temperature
distribution of the heater used in the experiment is not uniform. The temperature of the
heater in the center is about 85 centigrade, and the temperature at the edge is about 50

centigrade as shown in figure 7.1, 7.2.

Figure 7.2 the side temperature of the heating plate
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So the difference in temperature is big. Another important caution is the concentration of
the Ag(NHs3),OH solution, if the concentration of the Ag(NH;3),OH solution is very high
(about 10 times to the concentration listed in the chapter 6). The solution may explode
when the solution is almost dried.

3. To the very thick and very narrow IPMC strip

Although the idea of approximate linear actuator failed, but the idea of the very thick and
very narrow IPMC strip was accomplished. Use the vertical casting method can really

make a thick IPMC with a small quantity of material.
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