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What Is “Gel” ?

Gels are defined as a substantially dilute cross-linked system, which exhibits
no flow when in the steady-state.

Ferry, John D. Viscoelastic Properties of Polymers. New York: Wiley, 1980.

Examples of “Gel” around us

Contact lens Nappy



Charactaristics of “Gel”

1. Solid + Liquid = “Soft material”

??

2. Open system in non-equiliblium state

3. Intelligent function

- @



Today’s Topics

1. Basic concept and history of “Gel”

2. Application to artificial muscle

3. Future outlook



Types of “Gel”
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History of “Gel”
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Evaluation of Gel Point

Flory-Stockmayer model




Osmotic Theory of Gel
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Osmotic Theory of Gel
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Equation of State of Gel
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Volume Phase Transition
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Kinetics of Osmotic Theory
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Summary of First Topic

Gel is essential for our life.

Volume phase transition » EXP’?S"VG dEVEIOPmé:’nt
(1978 T.Tanaka) In the field of gel chemistry !!

(intelligent gel, actuator...)
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Today’s Topics

1. Basic concept and history of “Gel”

2. Application to artificial muscle

3. Future outlook
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The Structure of Muscle
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which are used to power the movement of
the myosin heads.



Artificial Muscle

Artificial muscle: actuators which mimic the muscles in our own
human bodies

Actuator: type of motor for moving or controlling a mechanism

or system.

It is operated by a source of energy, usually in the form
of an electric current, hydraulic fluid pressure or
pneumatic pressure, and converts that energy into some
kind of motion.

Functions needed for artificial muscles:

1. High compliance, flexiblity

2. High power density, small

3. Compact, mobile .



Types of Actuators

Electroactive
Polymers

Artificial
muscles

Pneumatic | g Shape
artificial memory
muscles alloys
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Pneumatic Artificial Muscles

Pneumatic artificial muscles (PAMs) .
contractile or extensional devices operated by pressurized air filling a pneumatic bladder.

Problems:
1. These systems require air compressors that are neither light nor small.
2. Their response speed is limited by the ability of compressors.

3. Consumable "



Shape Memory Alloys

Shape-memory alloys (SMAs):
an alloy that "remembers" its original, cold-forged shape: returning the pre-deformed
shape by heating.

A Austenite

Heating

{

Cooling

Leading
—_—

Twinned martensite Deformed martensite

Temperature

A4

Load

Problems:
1. It takes time to cool the alloy and return to the rest position.
2. Low efficiency

19



Types of Actuators

Very good Not so good Possible
iz Good Very good Difficult
artificial muscles g
Sharp memory .
Good Good Possible
alloys

(also see appendix for detail values)

Electroactive polymers are being developed as a prominent
candidate of artificial muscles !!

20



Electroactive Polymers (EAPs)

Electroactive Polymers (EAPs):
polymers that exhibit a change in size or shape when stimulated by an electric field.

Field-
activated
polymers

lonic
polymers

v




Field-Activeted Polymers

Dielectronic elastomers

Elastic dielectric film

"')"l—'

Compliant electrodes

Direction of actuation

When a voltage is applied across these materials, the attraction between opposite
charges and the repulsion of like charges generates stress in the dielectric, known as
Maxwell stress, which compresses and elongates the dielectric.

DEs are one of the most studied polymer actuators and numerous applications are being
developed.
(electroactive fluid pumps, conformal skins for Braille screens, insect-like robots,

and Artificial Muscles’” autofocus lens positioner)
Mat. Today. 2007, 10, 30.



lonic Polymers

lonic polymers

lonic gels

Carbon
nanotubes

Conductive
polymers
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lonic Polymer-Metal Composites

P Metallic electrode
A Polymer Membrane
&7~ @D | ) fl—

R > IPMCs consist of a solvent swollen
4 e cmerencwes  jon-exchange polymer membrane

aouel Bones ki arat laminated between two thin flexible
metal or carbon-based electrodes

Metallic electrode
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Cation migration
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towards anode: IPMC relaxes



Nafion

Nafion :sulfonated tetrafluoroethylene based fluoropolymer
-copolymer discovered in the late 1960s by Walther
Grot of DuPont.

Structure of Nafion

— [[i? FCF ) CF2CF ) —
OCF,CFOCE,CF,S0;H
CF-

State of Understanding of Nafion
Chem. Rev. 2004, 104, 4535. 55



Synthesis

Preparation

copolymerization of tetrafluoroethylene (TFE) and a derivative of
a perfluoro (alkyl vinyl ether) with sulfonyl acid fluoride.

F CF F .
= E = E copOlymerijzaton
__ + FO,S o O A NE _ = Nafion
= basic process

Synthesis of perfluorinated vinyl ether monomer: see appendix



Typical Bending Response of IPMC

When a water-saturated cantileverd strip of Nafion-based IPMC is
subjected to a small DC Potential, it undergoes a fast bending
deformation towards the anode, followed by a slow relaxation in
the opposite direction.

27



Effect of Different Cations

FMEJIFIM.Il: Ha. I

Mafion™-117 IPMC

1.0

0.5 4

.0
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Counter lon

Effect of various cations on blocking force
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lonic Hydration Effect

Result of IR analysis
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Figure 5. Plots of the -SO,~ symmetric stretch peak maxima as a
function of the H;0/50,™ mole ratio for the Rb*, K*, Na™, and Li* salts
of 1100 EW Nafion.

J. Am. Chem. Soc. 1980, 102, 4665.
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lonic Hydration Effect

Four-state model

FRIMARY
HYDRATION
SHELL

D P=-00-8

) = )
+ +
o

COUNTERION Ha0
2
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Figure 6. Four-state model of the hydration-mediated dissociation
equilibrium between unbound and side chain associated counterions in
Nafion membranes.

Lithium ion: stronger electrostatic field
large hydration sphere

1. Completely dissociated hydrated
ion pairs

2. lon pairs at the contact of undisturbed
primary hydration shells

3. Outer-sphere complexes

4. Inner-sphere complexes

J. Am. Chem. Soc. 1980, 102, 4665.
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Performance Improvement

1. Solvent loss in IPMC (electrolysis and evaporation)

2. Lowering surface resistance of IPMC surface electrode
(gold coating)

3. Encapsulation of IPMC

4. Structure of membrane

Etc...

Int. J. Control. Autom. Syst. 2006, 4, 748.

International Journal of Precision Engineering and Manufacturing. 2012, 13, 141.
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Mechanical Applications
Flapping device

Lead Soldered
Pt Plated

Properties of Copper Plate
— Purity : 99.9%
— Thickness :725
— PtPlated Thickness : 100nm
— Size : 5x5mm

Back Side Front Side

Int. J. Control. Autom. Syst. 2006, 4, 748. 3



Mechanical Applications
Flapping device

o S S I Applied voltage: 3~4 V
i 5 el EELIEE PRt Square wave form: 0.5~10 Hz
T
Max. Flapping . .
Angle : around 85°] Maximum flapping angle:
it L 85 degree (1 Hz input)

Flapping angle:
15 degree (3V, 15 Hz input)

The flapping device should be useful for mimicking an insect flying at low frequency.

Int. J. Control. Autom. Syst. 2006, 4, 748. 33



Mechanical Applications

IPMC valve-less micro pump

Biomimetic jellyfish robot

Mechanical gripper

Fish robot (developed by Eamax, a Japanese company)

etc...

34



lonic Polymers

" lonic polymer- |
metal
composites

lonic gels

lonic polymers

Conductive
polymers
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Carbon Nanotube Actuators

Carbon nanotubes: very good conductors of both electricity and heat

very strong and elastic molecules in certain directions
tensile modulus (640 GPa), tensile strength (20-40 GPa)

An applied potential injects charge in the Charge injection at the surface of a
Two nanotube electrodes in solution nanotube bundle

Coulombic forces resulted in actuation !! Science. 1999, 284, 1340. ¢



Carbon Nanotube Aerogel Muscles

Actuation in sheet width

50-mm-long 2-mm-wide  Applying a field of 5kV 25-mm-long nanotube sheet
nanotube aerogel sheet (1500 K by applying 3kV)
width: 220% elongation !!
(3.7*%10%)% per second Science. 2009, 323, 1575. 35



Carbon Nanotube Aerogel Muscles

Carbon nanotube sheet

Carbon nanotube forest plane 90 degree rotation of MWNTs in a
a forest to form a sheet

The measured gravimetric strength of orthogonally oriented sheet arrays exceeds that
of sheets of high-strength steel.

Science. 2005, 309, 1215. g



Torsional CNT Artificial Muscles

Carbon nanotube yarn

Carbon nanotube yarn provides a reversible
15000 degree rotation and 590 revolutions
per minute !!

Science. 2011, 334,494, 55




Summary of Second Topic

1. Electroactive polymers appear to provide the best conbination
of properties for muscle like actuation.

2. The field of EAPs is under development.

3. CNT artificial muscles show the best result.
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Today’s Topics

1. Basic concept and history of “Gel”

2. Application to artificial muscle

3. Future outlook
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Current Trends of Gel

Medical field
Biochemistry Actuator

Biomaterial, DDS, Functional gel
Microallay etc...

Application
of Gel

Strong Gel Analysis

TP gel, NC gel etc... Theory




Future Outlook

Gel with “emergence” functionality

Pico newton Centi meter, kg

Nano meter

Gel has the potential to artificially mimic “biological emergence” !!

43



Future Outlook

Gel with “emergence” functionality

1. Artificial biological machine system

Ex) muscle like gel engine, brain like computer, biomining...etc

2. Recognition of “life”

44
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Appendix 1

Macromol. Rapid Commun. 2010, 31, 10.

l Table 1. Comparison of actuator materials.

Type (specific) Maximum  Maximum  Specifie = Elastic Coupling Maximum  Specific Relative References
strain pressure elastic energy  efficiency  efficiency  density speed
energy  density K (full cycle)
density
% MPa 7.g? J.em™® % %
Dielectric elastomer 380 7.2 34 34 a5 60-80 1 Medium [2,3.164]
(acrylic with prestrain)
Dielectric elastomer 63 3 0.75 0.75 63 90 1 Fast [164]
(silicone with prestrain)
Dielectric elastomer 32 136 0.22 0.2 54 a0 1 Fast [3]
(silicone — nominal prestrain)
Electrostrictive polymer 43 43 0.49 0.92 - =80 (est.) 18 Fast [3]
[P{VDE-TIFE)]
Electrostatic devices 50 0.03 0.0015 0.0025 50 (est) =90 1 Fast [3.4164]
(integrated force array)
Electromagnetic (voice coil) 50 0.1 0.003 0.025 - =80 2 Fast [3.4]
Piezoelectric ceramic (PZT) 0.2 110 0.013 01 52 =80 7.7 Fast [3]
Piezoelectric single 17 131 0.13 1 81 =80 7.7 Fast [3]
crystal (PZT-PT)
Piezoelectric polymer (PVDF) 01 48 00013 0.0024 7 - 18 Fast [3]
Shape memory alloy (Tili) =5 =200 =15 =100 5 <10 6.5 Slow [3]
Shape memory polymer 100 4 2 2 - <10 1 Slow [3]
(polyurethane)
Thermal 1 78 0.15 0.4 - <10 2.7 Slow [3]
(expansion — Al dT =500 K)
Conducting polymer (FPANI) 10 450 23 23 <1 <5 (est) = ! Slow [3.4]
Ionic gels =40 0.3 0.06 0.06 - 30 = ! Slow [3]
(polyelectrolyte)
Magnetostrictive 0.2 70 0.0027 0.025 - 60 9 Fast [3]
(terfenol-D)
Matural muscle =40 0.35 0.07 0.07 - =35 1 Medium [3]
(human skeletal)
Matural muscle 100 0.8 0.04 0.04 - 40 = Slow-fast [2.4]

46
(peaks in nature)



Appendix 2

Preparation procedure for IPMCs

Supply: Nafion, NaBH,, Aqueous solution of platinum ammine complex, Hydrazine hydrate
Hydroxylamine hydrochloride, Diluted ammonium hydroxide solution,
Diluted hydrochloric acid, Deionized water

Surface roughening of the membrane
Mild sandblast

Ultrasonic washing

Treatment with HCI

Treatment with water

lon-exchange
Primary plating
Secondary plating
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Appendix 3

Synthesis of comonomer

F.C—CF,
CF.~CF, + S0, —w [ 1 ° ———»  FS0LCF,COF
O— 80,

0
e 4N F-
FSO.CF,COF 2 F,CFC—CF-

M0

FSOLCF,CF0CFCEO00FCR0. —— —— =  FSO,CF,CF0CFCF 0CF=CF

o
CFy  CF, CFy

J. Fluorine. Chem. 2004, 125, 1211.
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