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Prologue

In this book, thorough reviews of existing knowledge in connection with ionic
polymeric conductor nanocomposites (IPCNCs)—including ionic polymeric metal
nanocomposites (IPMNCs) as biomimetic distributed nanosensors, nanoactuators,
nanotransducers, nanorobots, artificial muscles, and electrically controllable intelli-
gent polymeric network structures—are presented. Two brief introductory appendi-
ces on biological muscles are also presented to offer short reviews of how biological
muscles work, how biomimetic actuator materials in general have been developed
based on biological muscles, and how the latter are limited in their performance
compared with biological muscles. This is intended to help provide motivation to
understanding as well as a means of comparison for artificial muscle materials to
be discussed and analyzed in this book.

Where possible, comparisons have been made with biological muscles and
applications in noiseless, biomimetic marine propulsion and unmanned aerial vehi-
cles (UAVs) and flapping-wing systems using such electroactive polymeric materials.
Furthermore, the book introduces and discusses in detail methods of fabrication and
manufacturing of several electrically and chemically active ionic polymeric sensors,
actuators, and artificial muscles, such as polyacrylonitrile (PAN), poly(2-acrylamido-
2-methyl-1-propanesulfonic) acid (PAMPS), and polyacrylic-acid-bis-acrylamide
(PAAM), as well as a new class of electrically active composite muscles such as
IPCNCs or IPMNCs. These discoveries have resulted in seven U.S. patents regarding
their fabrication and application capabilities as distributed biomimetic nanoactuators,
nanosensors, nanotransducers, nanorobots, and artificial muscles.

In this book, various methods of IPMNC manufacturing and fabrication are
reported. In addition, manufacturing and characterization of PAN muscles are dis-
cussed. Conversion of chemical activation to electrical activation of artificial muscles
using chemical plating techniques is described. Furthermore, other methodologies,
such as physical/chemical vapor deposition methods or physical loading of a conduc-
tor phase into near boundary of such materials, are briefly discussed. The technologies
associated with pH-activated muscles like PAN fibers have also been detailed. Exper-
imental methods are described to characterize contraction, expansion, and bending
of various actuators using isometric, isoionic, and isotonic characterization methods.

Several apparatuses for modeling and testing the various artificial muscles have
been described to show the viability of application of chemoactive as well as elec-
troactive muscles. Furthermore, fabrication methods of PAN fiber muscles in differ-
ent configurations (such as spring-loaded fiber bundles, biceps, triceps, ribbon-type
muscles, and segmented fiber bundles) to make a variety of biomimetic nanosensors
and nanoactuators have been reported here.

Theories, modeling, and numerical simulations associated with ionic polymeric
artificial muscles’ electrodynamics and chemodynamics have been discussed, analyzed,



and modeled for the manufactured material. The book concludes with an extensive
chapter on all current industrial and medical applications of IPMNCs as distributed
biomimetic nanosensors, nanoactuators, nanotransducers, nanorobots, and artificial
muscles.

Mohsen Shahinpoor
Kwang J. Kim
Mehran Mojarrad
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Successive photographs of an IPMNC strip showing very large deformation.
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Step response displacement characteristics of IPMNC samples. (a) hydrated;

(b) semidry.

Displacement characteristics of an IPMNC, ERI-S1. &: arc length; L,: effective
beam length; L, = 1.0 in. (top) and L, = 1.5 in. (bottom).

Variation of tip blocking force and the associated deflection if allowed to move
versus the applied step voltage for a 1 cm X 5 cm x 0.3 mm IPMNC Pt-Pd sample
in a cantilever configuration.

A typical sensing response of an IPMNC strip of 0.5 cm X 2 cm x 0.2 mm manually
flipped off by about 1 cm tip deflection in a cantilever form and then released.

Perfluorinated sulfonic acid polymers.

Two schematic diagrams showing different electrode penetration and manufacturing
processes.

Two SEM micrographs showing the cross-section (left) and close-up (right) of a
typical IPMNC.

An atomic force microscopy surface analysis image taken on the functionally graded
composite surface electrodes of some typical IPMNCs shown in figure 2.1. The
scanned area is 1 um?2. The brighter/darker area corresponds to a peak/valley depth
of 50 nm. The surface analysis image has a view angle set at 22°.

TEM micrographs of IPMNC (left: Pt particles; right: a Pt particle).

A schematic of the typical IPMNC and its actuation principle.

Tensile testing results.

A cantilever configuration (left) of the IPMNC (i) and an illustration of
positive/negative strains experienced in the operation mode of the IPMNC (ii) in
the cathode/anode sides of the electrodes, respectively.

Effect of swelling on the stress—strain characteristics of IPMNCs.

Stiffening of IPMNCs due to placement in an electric field or under electric
activation.

The measured AC impedance spectra (magnitude) of IPMNC sample. The moist
IPMNC sample has a dimension of 5-mm width, 20-mm length, and 0.2-mm
thickness.

A possible equivalent electric circuit of typical IPMNCA (top) and measured
surface resistance, R, as a function of platinum penetration depth (bottom). Note
that SEM was used to estimate the penetration depth of platinum in the membrane.
The four-probe method was used to measure the surface resistance, R,, of the

IPMNC:s. Clearly, the deeper the penetration is, the lower the surface resistance is.
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Steady state current, /, versus applied voltages, E,,,, on the typical IPMNCs. ERI-
K1100 stands for a proprietary IPMNC fabricated by Environmental Robots, Inc.
It has a thickness of 2.9 mm and is suitably platinum/gold electroded.

I/V curves for a typical IPMNC. Nafion™-117-based IPMNC.
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has a cation of Li+ and a size of 5 X 20 mm.

A schematic illustration of platinum coagulation during the chemical reduction
process.

Force response characteristics of the improved IPMNC versus the conventional
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TEM micrographs of two samples of IPMNC with and without PVP treatment.
Note how the addition of polyvinyl pyrolidone (PVP) causes the nanoparticles of
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A scanning electron micrograph (SEM) of an IPMNC film sample treated with a
dispersing agent polyvinyl pyrolidone or PVP (top) and its x-ray line scan
(bottom). As can be seen, the Pt penetration is deeper, more homogeneous, and
more consistent due to the use of the dispersant.

Profiles of platinum concentration versus depth penetration for different diffusivity
coefficients D, As can be seen, the Pt penetration is deeper, more homogeneous,
and more consistent due to use of the dispersant PVP.

Potentiostatic coulometric analyses for the additive treated IPMNC and the
conventional IPMNC. This graph shows that an increased current passage (Faraday
approach) can contribute to the observed improvement in the force characteristics
of IPMNC strips (see fig. 2.19).

Maximum stresses generated by the IPMNCs at given voltages.

Specific energy as a function of frequency for typical IPMNC samples.

Power density output as a function of frequencies.

Thermodynamic efficiency of actuation of the IPMNC as a function of frequency.
Nafion-117 was used as a starting material.

Deflection characteristics of IPMNC as a function of time and temperature.

IR thermographs of an IPMNC in action. The hot spot starts from the electrode
and propagates toward the tip of the IPMNC strip.

Power consumption of the IPMNC strip bending actuator as a function of activation
voltage.

Deflection of the bending IPMNC strip as function of voltage.

Deflection versus current drawn (top) and power input (bottom) at a high pressure
of 850 torr and a low pressure of 0.4—1 torr.

IPMNC strip static (V/I) and dynamic (V/I) resistance at various temperatures.

The relation between voltage and current for an IPMNC strip exposed to room
temperature = 20 and —100°C.

Venus flytrap (Dionaea muscipula). (a), (b), (c) A plant capable of rapid nastic
deployment and movement based on its trigger hair; (d) digital sensing and an
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(f), (2) under a dynamic voltage of 4 V.
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Migration of lithium cations to the surface on the cathode electrode side of a
cantilever sample of IPMNC. (a) Sample bent downward, lithium ions appearing
on the surface. (b) Sample bent upward with lithium ions disappearing by
migration to the other side.

The cation-transport-induced actuation principle of IPMNCs. (a) Before a voltage
is applied; (b) after a voltage is applied.

Near-DC sensing data in terms of produced voltages, AE, versus displacement.
Note that the displacement is shown in terms of the deformed angle relative to
standing position in degree in a cantilever configuration. The dimension of the
sample sensor is 5 X 25 x 0.12 mm.

Typical voltage/current output of IPMNC samples under flexing/bending. The IPMNC
sample has a dimension of 10-mm width, 30-mm length, and 0.3-mm thickness.

Outvoltage due to normal impact of 200-N load on a 2-cm X 2-cm X 0.2-mm
IPMNC sample.

A blocking force measurement configuration.

Two TEM micrographs show the intrinsic platinum particles for an IPMNC
mechanically stretched prior to making the metal-ionic polymer composite (left)
and with no stretching (right). The 17% uniaxial stretching was performed.

Measured blocking forces (top) and surface resistance of IPMNC samples prepared
(bottom). The standard sample size is 5 mm X 10 mm X 0.2 mm. The process
information is given in terms of particles used, platinum, and the final material
with gold electrodes.

Sequence of events establishing electric shape memory effect. (a) Before the voltage
of 4V is applied to the sample of 10 x 80 x 0.34 mm; (b) 4 sec after the voltage
is applied; (c) 6 sec after the electrodes are shorted by connecting the lead wires
together; (d) 4 sec later after the same voltage is applied again; (e) 10 min later
after the muscle is completely detached from the electrodes with permanent
deformation and laid on a table.

Styrene/divinylbenzene-based ion-exchange material (top) and its structural
representation (bottom).

A popular chemical structure of two perfluorinated ion-exchange materials (Na+
can be replaced by other cations) and their structural illustration (bottom). (From
Davis, T. A. et al. 1997. A First Course in Ion Permeable Membranes.
Electrochemical consultancy; Gierke, T. D. et al. 1982. ACS Symp. Ser.
180:195-216; and Asahi Chemical Industry Co., LTD. 1995. Aciplex formula.
Public release.)

Illustration of the cation polymer showing fixed ionic groups (SO;"), counter-ions
(Li+), and co-ions (y-), respectively.

Experimental setup used.

Absorption isotherms of Nafion™.

Enthalpy of H,O absorption as a function of the water content (Nafion). (Escoubes,
M. and M. Pineri. 1982. In Perfluorinate lonomer Membranes, ed. A. Eisenberg
and H. L. Yeager. Washington, D.C.: American Chemical Society.)

DSC data for cooling of Nafion (Li+ form). (Yoshida, H. and Y. Miura. 1992. J.
Membrane Sci. 68:1-10.)

Number of water molecules per an ionic group in Nafion (Li+ form). The total
number of water molecules is 19.6. (Davis, T. A. et al. 1997. A First Course in
Ton Permeable Membranes. Electrochemical consultancy.)
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Two schematic diagrams showing different preparation processes. Top left: A
schematic shows initial compositing process; top right: its top-view SEM
micrograph. Bottom left: A schematic shows surface electroding process; bottom
right: its top-view SEM micrograph where platinum is deposited predominantly
on top of the initial Pt layer.

TEM micrographs show a cross-section of an IPMNC (left) and its close-up (right).

TEM successive micrographs showing the platinum particles reduced within the
polymer matrix as well as typical nanoparticles of platinum.

Various surface micrographs of IPMNCs using different techniques of chemical
plating and placing electrodes on the boundary surfaces.

A cross-section of an IPMNC showing two electrodes (top and bottom) with porous
expanded graphite and dense platinum. This IPMNC is manufactured by the
solution-casting and further treatment with porous graphite and chemical reduction
of platinum as effective compliant electrodes.

S/N response graphs for factors A through F.

S/N response graphs for factors G through L.

S/N response graph for factor M.

A comparison of blocking forces for 29 different Taguchi samples.

Four-point probe surface resistivity measurement on Taguchi samples. (Shahinpoor,
M. and K. J. Kim. 2001. Smart Mater. Struct. Int. J. 10:819-833.)

Tensile testing results for Taguchi samples 1, 2, and 3. Also, Nafion-117, H+ form,
both dry and wet, is shown.

Tensile testing results for Taguchi samples 28 and 29. Also, Nafion-117, H+ form,
both dry and wet, is shown.

Current responses to step voltages of 1, 2, 3, and 4 V for Taguchi sample 3.

Current responses to step voltages of 1, 2, 3, and 4 V for Taguchi sample 28.

Effects of various cations on the actuation of the IPMNC muscle. Comparisons
were made against Na+ in terms of maximum force generated at zero
displacement. A sinusoidal input voltage of 1.2 V. and a frequency of 0.5 Hz
were set for all experiments. The samples were cut in a standard size of
0.675 x 2.54 cm. Na+ was chosen as a reference since it is coordinated with four
water molecules.

The specific force generated per an applied input power by the ERI-S1 IPMNC.

Force generated by an IPMNC with respect to time in minutes. The measured force
under a step voltage of 1.2 V clearly shows nearly no decay in the force generated
over a period of 2 min. The dimension of the IPMNC sample is 0.25 x 0.75 in.
In this case, the surface electrode is effectively made to block water leakage
(organic ions were incorporated as well).

Force response characteristics of the IPMNC under different voltage wave forms.

Power consumption of IPMNC versus time. Note that the platinum reduction was
completed five times and final electroplating was done with gold. Also, phase
shifts can be seen as the platings proceed.

Current/voltage characteristics of IPMNC. Note that the platinum reduction was
completed five times and final electroplating was done with gold. Also, phase
shifts can be seen as the platings proceed.

An SEM cross-section (top) of the sample and its surface (bottom), respectively.
The cross-sectional view shows two platinum penetration leading edges and gold

surface electrodes. The surface is fairly uniform but shows minor imperfect spots.
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A schematic showing how the loose and ion-hydrated water is gushing out under
an imposed voltage.

SEM micrographs showing surface morphologies of the IPMNC sample without
the use of a dispersing agent.

SEM micrographs showing surface morphologies of the IPMNC sample with the
use of a dispersing agent.

Comparisons of six different IPMNC samples treated with dispersing agents.

Platinum reducing process. Dark circles represent platinum particles.

Platinum particle geometry and distributions before (left) and after (right) stretching
17% uniaxially.

Change in blocking force for typical samples after stretching.

Change in blocking force for typical samples after stretching.

Change in blocking force for typical samples after stretching. The force is increased
by a factor of almost two.

Additional data for increase in blocking force for typical samples after stretching.
Additional data for increase in blocking force for typical samples after stretching.

SEM of 4% stretched IPMNC samples.

SEM of 5% stretched IPMNC samples.

SEM of 17% stretched IPMNC samples.

SEM of 17% stretched IPMNC samples (close-up).

SEM micrograph of a stretched IPMNC (19% stretching) and its force performance.
Note that an additive, PVP, was added.

Concentration of Pt—Pd particles during chemical plating at a certain depth away
from the surface of IPMNCs.

Measured blocking forces (top) and surface resistance of IPMNC samples prepared
(bottom). The standard sample size is 5 X 10 X 0.2 mm. The process information

is given in terms of particles used, platinum, and the final electroded material, gold.

Typical AC impedance data on an IPMNC.

A typical set of data shows the voltage, E, drop along the surface-electrode direction,
L.

A schematic diagram of the typical silver- (or copper-) deposited IPMNC artificial
muscle fabricated.

The measured platinum concentration profile (top) and a typical x-ray spectrum
(bottom).

An atomic force microscopy image taken on the surface electrode of a typical
muscle shown in figure 3.8. The scanned area is 1 um?. The brighter/darker area
corresponds to a peek/valley depth of 50 nm. The surface analysis image has a
view angle set at 22°.

A schematic diagram illustrating the silver deposition process (left) along with a
typical x-ray spectrum taken on the surface. Low voltage was applied to carry out
the silver deposition.

The IMPC artificial muscle response for sinusoidal wave input at 2 V.. Tests were
performed in air and without preloading.

The measured surface resistance of the samples prepared in this study (a) and the
ratio of the measured maximum force of samples 2 and 3 relative to sample 1.
The effective length, [,;, was set at 20 mm for all samples.

The current responses of IPMNC muscles (sample 1 vs. sample 2). A step voltage
of 2.2 V was applied.
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A schematic process illustration of the PLI-IPMNCs (left) and silver particle used
(right). (Shahinpoor, M. and K. J. Kim. 2002. In Proceedings of SPIE 9th annual
international symposium on smart structures and materials. SPIE publication no.
4695, paper no. 36.)

SEM micrograph of IPMNC and (a) its close-up and (b) x-ray line scan (c),
respectively. The silver penetration is about 7-8 pm for this sample and the
majority of silver particulates are in tack within the ion-exchange polymer.

SEM micrograph showing Ag surface properly electroded and composited on to
an ion-exchange polymer.

Force response characteristics of the IPMNC made by the physically loaded
technique (top: 1-V responses and bottom: 1.5-V responses, respectively). The
blocking force, F,, was measured at the tip of the cantilever configuration with
slightly preloaded conditions of 0.27 and 0.32 g, respectively.

Various IPMNCs with three-dimensional shapes.

The IPMNCs made with solution recast Nafion. Top two photos show the fabricated
eight-finger IPMNC (Octopus-IPMNC). It (2-mm thickness) can easily sustain the
eight U.S. quarters. (Note that a U.S. quarter has a mass of 5.3 g.) The diameter
of this IPMNC is approximately 10.5 cm. The electrode is centered. The middle
and bottom photographs show the IPMNC in action without applying load and
with a load. As can be seen, a quarter is lifted. The time internal between the
frames is approximately 1 sec. A step voltage of 2.8 V was applied (E = 1.4
V/mm). These IPMNCs were manufactured by typical metal-reducing techniques.
Platinum was composited initially and gold was plated later. The cation is Li+.

An illustrative process diagram for the ion-conducting, powder-coated electrode
made by the solution recasting method. First, the ion-conducting powder (i.e.,
carbon, silver, platinum, palladium, gold, copper, and any other conducting
powders) is mixed with the electroactive polymer solution (e.g., liquid Nafion).
The powder is fine and uniformly dispersed within the electroactive polymer
solution. After a formation of a thin layer, the electroactive polymer solution
undergoes the drying process of solvents and therefore the residual consists of the
ion-conducting powder dispersed within the polymer. Second, the electroactive
polymer solution (without the powder) is added on top of the layer of the ion-
conducting powder and dried. This is repeated until the desired thickness is
obtained. Later, a layer of the ion-conducting powder is formed by the same
method described previously. As a final step, the ion-conducting, powder-coated
electrode is cured under the elevated temperature. If necessary, the surface
conductivity can be enhanced by adding a thin layer of novel metal via
electroplating or electroless plating.

Tensile testing results (normal stress, Gy, vs. normal strain, €,). Note that both
samples were fully hydrated when they were tested. (a) Solution recast membrane;
(b) as-received membrane.

Force responses of the solution recast IPMNC sample (top) and its conjugated graph
showing tip displacement & versus blocking force, F; (bottom). Note that the
frequency is 0.5 Hz and step voltages of 2, 4, and 6 V were applied.

Thermodynamic efficiency of the IPMNC as a function of frequency.

Force characteristics and input power consumptions of IPMNCs (conventional
IPMNC and pyrrole-treated IPMNC). Polymerization of pyrrole was carried with
the presence of a catalyst within the base polymer Nafion.
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Description

Assortment of pH muscles made from PAN fibers. Clockwise from left:
encapsulated biceps muscle, triceps muscle, linear fiber bundle, linear platform
muscle, encapsulated fiber bundle, and parallel fiber muscles.

Two PAN muscles (50-fiber bundles) encapsulated with latex membrane
incorporating three-way glass fittings at each end to allow for the transport of pH
solutions within the fiber bundles (relaxed length is 3 in.).

Single 100-fiber bundle encapsulated PAN muscle with three-way fittings designed
especially for transport of pH solution and water within the fiber bundle (relaxed
length is 6 in.).

Isotonic (left) and isoionic (right) test fixtures for PAN fiber artificial muscles.

Schematic diagram of the isoionic test fixture.

Isoionic test fixture shown with a 25-fiber bundle PAN muscle.

PAN (before activation) heated at 220°C for 1 h, 15 min.

Annealed PAN (close-up).

Annealed PAN, a single fiber (close-up). Its surface shows a texture that is believed
to be an oxidized state of the fiber.

Activated PAN at a low-pH condition (1 N HCI).

Activated PAN at a low-pH condition (1 N HCI).

Activated PAN at a low-pH condition (1 N HCI).

Activated PAN at a low-pH condition (1 N HCI).

Activated PAN at a high-pH condition (I N NaOH).

Activated PAN at a high-pH condition (I N NaOH).

Activated PAN at a high-pH condition (I N NaOH).

Activated PAN at a high-pH condition (1 N NaOH).

Activated PAN at a high-pH condition (1 N NaOH) (close-up).

Activated PAN at a high-pH condition (1 N NaOH).

Raw nano-PAN fibers.

Raw nano-PAN fibers (close-up).

Activated nano-PAN at a low-pH condition (1 N HCI).

Activated nano-PAN at a low-pH condition (1 N HCI) (close-up).

Activated nano-PAN at a high-pH condition (1 N NaOH).

Activated nano-PAN at a high-pH condition (1 N NaOH) (close-up).

PAN fiber length change (lithium hydroxide and HCI).

PAN fiber length change (potassium hydroxide and HCI).

PAN fiber length change (sodium hydroxide and HCI).

PAN elongation behavior explained by the osmotic behavior.

Thin wires used as effective spring electrode.

A PAN electrification configuration using a thin wire electrode and
countermembrane electrode.

Photographs of experimental setup.

Electric activation of PAN fibers (LiOH) in NaCl.

Electric activation of PAN fibers (LiOH) in NaOH.

Electric activation of PAN fibers (NaOH) in NaCl.

A PAN electrification configuration using a thin wire electrode and
countermembrane electrode.

PAN actuator system design.

Rubber boots.

Spring electrodes. Left: uncoated; right: gold coated.
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Description

Results of LiOH PAN activated in 0.1 N HCL

Previous results of LiOH PAN activated in 0.1 N NaCl.

Electrical activation of real (pure) PAN fibers in 0.1 N NaCl

Electrical activation of regular PAN fibers in 0.1 N NaCl.

PAN film cast after cross-linking.

A concept drawing of PAN muscle system (left) and fabricated model (right).

Annealed (cross-linked) PAN fibers.

Looped PAN fiber bundle.

Bottom and top caps. The bottom cap (left) places a magnetic stirrer that stirs the
solution during the electric polarity change.

Revised design of PAN muscle system (left) and a fabricated model (right).

Raw PAN fiber (left) and activated PAN fiber (right).

A PAN muscle system under an electric field: initial (left) and after 15 min (right).

PAN fiber displacement in a HCI solution (1 M): initial (left) and after 15 min
(right) positions.

Horizontal self-powered pH meter equipped with PAN fibrous muscle fibers and a
resilient rotating cylinder.

Vertical self-powered pH meters equipped with PAN fibrous artificial muscles and
a resilient rotating cylinder.

Vertical pH meter assembly made from a parallel type PAN fiber muscle and a

specially designed container holding the fluid with unknown pH to be determined.

Linear pH meter using a graduated cylinder with calibrated PAN fiber bundle.

Circulatory system assembly pumping pH solutions into a biceps PAN artificial
muscle.

PAN biceps muscle shown in a test apparatus consisting of a multichannel pump,
microcontroller board, solenoid valves, and a desktop PC to activate a skeletal
forearm.

Close-up of the attachment of the fabricated biceps PAN muscle on a life-size
human forearm skeleton showing the controller board housed in the pelvic bone
area and solenoid valves attached to the humerus and ulna bones, respectively.
We also designed and built a simple pH meter with PAN fiber bundles using the
parallel type packaging of the fibers as shown earlier (fig. 4.55). The picture shown

is a rotary-type pH meter taking up a small space and fairly accurate for most cases.

Linear platform actuator for use in robotics.

Electric PAN muscle apparatus showing gold-plated center rod as one electrode
and gold-plated spring as the circumferential electrode.

Exploded view of the electric PAN muscle apparatus.

A number of early contractile synthetic chemomechanical muscles.

A possible configuration for the electroactive C-PAN-N artificial muscle in an
antagonist configuration to provide biceps and triceps (left) similar to the action
of a sarcomere (right).

Normal stress—strain relationship for the contracted and the expanded state of PAN
muscles.

Possible structure of activated polyacrylonitrile.

SEM micrographs that show raw fibers (top left), contracted (top right), and
elongated states (bottom right), respectively. It should be noted that SEM
micrographs were taken for the dry samples. The elongated PAN fibers show that
they contain a salt (possibly NaCl).
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Description

Experimental setup for electrical activation of C-PAN artificial sarcomeres and
muscles. It describes the operating principle of the C-PAN.

Electrical activation of muscle made up of fiber bundle of 50 C-PAN platinum
fibers. Initial muscle length = 5.0 cm; number of fibers = 50; cell voltage =20 V;
current = 120 mA. Polarity of electrodes reversed at ¢ = 10 min.

SEM micrograph shows platinum delamination over a number of cycles (right).
SEM micrograph shows the graphite fibers used in this study (left). Each fiber has
a diameter of 6.4 mm and the configuration of the graphite electrode and PAN

muscle (right).

Variation of length of 100 C-PAN-G fibers in fiber bundle form with time in a 0.2-
mN NaCl cell under an imposed electric field (1PAN-2G ratio, 100 fibers).

Variation of length of PAN-graphite muscle with time in a 0.2-mN NaCl cell under
a voltage of 20 V (1PAN-2G ratio, 50 fibers).

Electrical activation of C-PAN made with single PAN graphite fibers of 2,000
strands.

Variation of length of C-PAN-G strands of 10 wm in diameter with time in a 0.2-
mN NaCl cell under a voltage of 20 V (1PAN-2G ratio in a special helically wound
configuration).

Conventional PAN fibers. The fiber diameter is 8-10 um.

Spun PAN nanofibers. Average fiber diameter is approximately 300-600 nm.

PAN elongation behavior explained by the osmotic behavior and PAN fibers in
different states. Top left: neutral state; top right: under alkaline solutions.
Therefore, if pure water is in contact with alkaline PAN, there will be an osmotic
pressure driven water in flux. Bottom left: oxidized PANs (prior to activation);
bottom middle: at low pH, contracted PAN (1 N HCI); bottom right: at high pH,
expanded PAN (1 N LiOH).

Raw PAN fibers.

After oxidation (cross-linked)—before activation.

Spun PAN nanofibers. (a) A Phillips XL.30 ESEM using an accelerating voltage of
10 kV was employed to take this SEM photograph; (b) ESEM image of the
polyacrylonitrile nanofibers spun at 1 kV/cm; (c) PAN nanofibers (~300 nm
diameter). Hitachi 4700 was used (an acceleration voltage of 3 kV).

NMR spectrum of PAN processed fibers.

Schematic of the electrospinning process.

Photographs of viscous polymer solution suspended at a capillary tip with (a) no
applied potential and (b) just above the critical voltage.

A PAN actuator system.

The exchange of counter-ions and surrounding solvent.

Experimental setup for electrical activation of PAN fibers.

Previous (left) and new (right) PAN actuating systems.

Erosion of the electrode used after the operation.

The new PAN system produced a 5-mm displacement (a generative force of 50 gf).

An expanded state of the PAN fiber.

An electrically induced, contracted state of the PAN fiber.

A chemically induced, contracted state of PAN fiber (at 2 N HCI).

A micrograph of a PAN raw fiber.

A micrograph of an oxy-PAN (after heat treatment).

Braided PAN bundle in an expanded state.
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Description

Dimensional changes of the electrochemical cell system.

Straight PAN fiber bundle muscle with end hooks.

Looped PAN muscle.

Braided PAN fiber actuator test: initial (left) and after 25 min (right).

Spring for small-scale PAN fiber test.

Small-scale PAN fiber test with resilient springs.

A fabricated small-scale PAN system.

Initial length (left) and contracted length (right).

Force with time variations. Acid activated: baseline condition (actuated at pH of 1
N HCI); E-activated2: sample 1 electrically actuated; E-activated1: sample 2
electrically actuated.

Load cell setup to measure the generative force of PAN muscle (top). Single PAN
fiber adhered to two screw bolts before test (bottom left) and after test (bottom right).

The modified test setup (left) and fiber bundle (right).

Force generation depending upon time with voltage change.

Force changes from switching polarity.

Load cell sensor to measure the force of PAN muscle: front view (left) and side
view (right).

Single fiber force curve under 5-V electric field.

PAN fiber length (before test: 170 mm [left]; after test 165 mm [right]), under 5 V.

PAN fiber length (before test: 175 mm [left]; after test: 170 mm [right], under 7 V.

Force, current, and temperature versus time, under 7 V.

Force, current, and temperature versus time, under 5 V.

Force generation depending upon time, under 3 V.

Force changes from switching polarity.

Force versus displacement, under 7 V.

Force versus displacement, under 5 V.

Computer simulation (solid lines) and experimental results (scattered points) for
the time profiles of relative weight of the gel sample for various degrees of
swelling g.

Experimental result taken from direct measurement of a sample PAMPS muscle.
(Gong, J. P. and Y. Osada. 1994. In preprints of the Sapporo symposium on
intelligent polymer gels, 21-22; Gong, J. et al. 1994. In Proceedings of the
international conference on intelligent materials, 556-564.)

Woven fabric forms of PAN muscles.

Electrochemical test setup.

Force versus time curve with 0.01 M HCI.

Force versus time curve with 00.1 M HCI.

Force versus time curve with 0.5 M HCL

Force versus time curve with 1 M HCL.

Force versus time curve with 2 M HCI.

Force curve under 0.01 N of HNO, (left) and H,SO, (right).

Force curve under 0.1 N of HNO; (left) and H,SO, (right).

Force curve under 0.5 N of HNO; (left) and H,SO, (right).

Force curve under 0.5 N of HNO; (left) and H,SO, (right).

Fatigue confirmation test with 1 N HCI (left) and 1 N HNO3 (right) after sulfuric
and nitric acid test.

Single PAN fiber tensile machine setup.
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Description

New electrodes for anode (left) and cathode (right).

Test apparatus for new electrodes.

New electrodes for anode (left) and cathode (right).

Force generation by HC1 2 M (left) versus 5-V electric field (right).

Dimensions of the robotic finger.

Schematics of PAN muscle hand, original position (upper) and in grab motion
(bottom).

Initial position of a single PAN finger.

Grab position performance of a single PAN finger.

PAN fiber bundle muscles in action as a single finger.

Frontal view of PAN five-fingered hand.

Back view of PAN five-fingered hand.

Left side view of PAN five-fingered hand.

Right side view of PAN five-fingered hand.

Five-fingered hand drawings.

Stress—strain curve of elongation and contraction state of single PAN fiber.

(a) A typical setup for a PAN fiber bundle; (b) Oxidation or contracted mode of a
PAN fiber bundle; (c) Reduction or expanded mode of a PAN fiber bundle.

Minute PAN fiber change before (left) and after (right) applying 1 M HCl solution.

PAMPS muscle shown in bent state after applying a 30-V DC field. There are two
gold-plated electrodes at each side of the Teflon (polytetrafluoroethylene, PTFE)
container.

Deformation of PAMPS ionic gel cylinder due to an imposed radial voltage gradient.

A possible charge redistribution configuration in ionic gels.

Experimental setup for electrically activated optical lens.

Stretching of the swollen zone due to electric field.

Observed deformation of the gel lens under the influence of the electric field.

Actual experimental observation on the deformation of adaptive optical lens under
electrical control. (From Salehpoor, M. et al. 1996. In Proceedings of the SPIE
conference on intelligent structures and materials, 2716:36-45.)

Experimental setup for measuring the focal length of the gel lens.

Robotic swimming structure (top) and swimmer with muscle undulation frequency
of 3 Hz (bottom). The scale shown is in centimeters.

Gel disk swelling problem.

Finite element mesh on gel geometry.

Outer edge radial displacement as a function of time.

Solvent mass fraction at time = 20 sec.

Solvent mass fraction at time = 200 sec.

Solvent mass fraction at time = 500 sec.

Pressure at time = 20 sec.

Pressure at time = 200 sec.

Pressure at time = 500 sec.

Bending of an ionic gel strip due to an imposed electric field gradient.

Geometry of microbending for an elastic strip of ionic gels.

A possible charge redistribution configuration in ionic gels.

Variation of curvature versus cross-capacitance Cg and time ?.

Variation of curvature versus cross-resistance Rg and time .

Variation of curvature versus cross-electric field £ and time ¢.
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Description

Variation of maximum tip deflection §,,, versus average cross-capacitance Cg and
time 7.

Variation of maximum tip deflection 3, versus the average electric field E and

time ¢.

Variation of maximum tip deflection J,,,, versus average cross-resistance Rg and
time 1.

Computer simulation (solid lines) and experimental results (scattered points) for
the time profiles of relative weight of the gel sample for various degrees of
swelling, g.

Numerical simulation of equation 6.89 by Asaka and Oguro (Asaka, K. and K.
Oguro. 2000. J. Electroanalytical Chem. 480:186-198.)

Spatial geometry of a local polymer segment with fixed charges.

Nonuniform distribution of Coulomb’s forces along the gel axis.

The simplest solution for a configuration with a few cations before activation.

The simplest solution for a configuration with a few cations after activation.

Force improvement by chemical tweaking showing the effect of changing cations
from H+ to Na+ to Li+.

Experimental evidence for the effect of different ions and their hydration numbers
on the tip force and thus deformation of an IPMNC strip.

General structures of an IPMNC or IPCNC film with near-boundary functionally
graded electrodes and surface electrodes.

Schematics of the electro-osmotic migration of hydrated counter-ions within the
IPMNC network.

Dynamic sensing of the ionic polymer due to imposed deformation.

Actuation under a low-frequency electric field to minimize the effect of loose water
back diffusion.

Experimental determination of Onsager coefficient L using three different samples.

Deflection under a step voltage for fully hydrated and semidry samples. Note a
small back relaxation due to presence of loose water (a) and virtually no back
relaxation due to absence of loose water (b).

Displacement characteristics of an IPMNC, Tokuyama Neosepta CMX
(styrene/divinylbenzene-based polymer). 8: arc length; L,: effective beam length;
L,=1.01n. (top) and 1.5 in. (bottom).

Displacement characteristics of an IPMNC, ERI-S1. &: arc length; L,: effective
beam length; L, = 1.0 in. (top) and 1.5 in. (bottom).

Typical deformation of strips (10 X 80 x 0.34 mm) of ionic polymers under a step
voltage of 4 V.

Successive photographs of an IPMNC strip that shows very large deformation (up
to 4 cm) in the presence of low voltage. The sample is 1 cm wide, 4 cm long, and
0.2 mm thick. The time interval is 1 sec. The actuation voltage is 2 V DC.

A typical sensing response of an IPMNC. The IPMNC (5 X 20 X 0.2 mm) in a
cantilever mode as depicted in figure 7.1 is connected to an oscilloscope and is
manually flipped to vibrate and come to rest by vibrational damping.

The measured AC impedance characteristics of an IPMNC sample (dimension =
5-mm width, 20-mm length, and 0.2-mm thickness).

An equivalent electronic circuit for a typical IPMNC strip obtained by an impedance
analyzer.
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Description

Measured surface resistance, R, of a typical IPMNC strip, as a function of platinum
particle penetration depth.

The current, i(t), versus ¢/> (chronoamperometry data). Note that A = 6.45 cm?
and £E=-3V.

Equivalent circuit model representing an IPMNC.

An SEM micrograph shows the cross-section of an IPMNC sensor. It depicts a cross-
section (left) of an IPMNC strip, its close-up (right), and the x-ray line scan (bottom).

DC sensing data in terms of produced voltages, AE, versus displacement. Note that
the displacement is shown in terms of the deformed angle relative to standing
position in degree. The dimension of the sample sensor is 5 X 25 X 0.12 mm.

Accelerometer implementations using PZT in (a) 3-3 mode and (b) 3—1 mode.

Dry IPMNC impedance magnitude.

Dry IPMNC impedance phase.

Wet IPMNC impedance magnitude.

Wet IPMNC impedance phase.

PZT frequency response magnitude.

IPMNC frequency response magnitude.

Typical voltage/current output (a) and power output (b) of IPMNC samples.

Outvoltage due to normal impact of 200-N load on a 2-cm X 2-cm X 0.2-mm
IPMNC sample.

IPMNC cantilever beam.

Simulink model.

Hypothetical deflection plot.

Beam “lengthening.”

Segmented beam.

Unstretched hypothetical deflection plot.

Deflections due to various moments.

Beam tip step response.

Beam modeling process.

Time history of beam deflection.

“Flapping” beam.

Moment induced by electric field.

Hypothetical moment simplification.

Tip displacement of IPMNC actuator for 1 V.

Experimental closed-loop tip response for 10- X 20-mm IPMNC actuator for a step
voltage of 1 V.

(a) Fixture for impedance test; (b) Impedance analyzer.

Measured impedance at an input voltage of 0.5 V.

Phase of the electromechanical impedance at 0.5 V.

Simple structures of polyacetylene alternating single and double bonds between
carbon atoms.

Molecular structure of a simple polypyrrole conductive polymer.

Sketch representing a REDOX reaction of PPy due to the presence of ionic C104—
anions.

REDOX cycle of PANi in HCI aqueous solution. The emeraldine salt is oxidized
into pernigraniline (PS) salt or reduced into leuco-emeraldine (LS) salt. (Tourillon,
G. and F. Garnier. 1984. J. Electroanal. Chem. 161:51.)
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Description

Picture showing the actuation mechanism of a molecular actuator based on PT
chains interconnected with a highly versatile molecule as a calixarene. (Anquetil,
P. A. et al. 2002. In Proceedings of SPIE smart structures and materials
symposium, 4695.)

The IPMNC gripper concept (top) and a four-finger gripper (bottom).

The three-dimensional IPMNC actuator concept.

The fabricated IPMNC in a square rod form.

The undulating and morphing actuator made with an IPMNC.

Robotic swimming structure (top) and swimmer with muscle undulation frequency
of 3 Hz (bottom). The scale shown is in centimeters.

An illustrative design of robotic fish.

A robotic fish equipped with a single IPMNC tail fin.

A designed and fabricated undulating shark caudal fin actuator.

ERI’s biomimetic fish with an emarginated type of caudal fin design.

Some typical naturally evolved designs for caudal fins.

Some natural designs for caudal fins.

Another ERI’s biomimetic fish with an emarginated type of caudal fin design.

ERI’s biomimetic fish with a shark type of caudal fin design.

An assortment of ERI’s biomimetic robotic fish equipped with IPMNCs.

The newest generation of completely watertight and impermeable underwater
biomimetic robotic fish equipped with IPMNCs.

A photograph of a platform actuator driven by eight IPMNCs (top). This design
can feature two-dimensional motion of the platform. The operating principle is
illustrated (bottom).

Assortment of bilinear and linear IPMNC actuators: a reference pair (top) and an
activated pair (bottom).

Schematics of an IPMNC cylindrical linear actuator with discretely arranged ring
electrodes.

Basic design configurations to make IPMNC linear actuators.

Basic operational configurations of the IPMNC-based linear actuators.

Basic electrode placement and configurations of the IPMNC-based linear actuators.

Alternative design configurations of the IPMNC-based linear actuators.

Operational configurations of the alternative design of IPMNC-based linear
actuators.

Laboratory prototype configurations of the IPMNC-based linear actuators.

Another laboratory prototype of the IPMNC-based linear actuators.

IPMNC-based linear actuator producing over 30% linear actuation.

Interdigitated electrode arrangement on an IPMNC strip to create a serpentine-like
contractile and slithering artificial muscle.

Another interdigitated electrode arrangement on a slithering IPMNC strip to create
a serpentine-like contractile and slithering artificial muscle.

Actual interdigitated electrode arrangement on a slithering IPMNC strip to create
a serpentine-like contractile and slithering artificial muscle.

Metering valve data obtained by a strip of IPMNC undulating in a pipe flow.

A photograph of a fabricated double-diaphragm pump. The size of the IPMNC is
1-mm width X 5-mm length X 0.2-mm thickness.

Perspective view of two (rectangular and circular chamber) double-diaphragm
minipumps equipped with IPMNC muscles and an inductive receiving coil.
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Description

Side view of the two double-diaphragm minipumps equipped with synthetic
muscles and an inductive receiving coil.

Exploded view of the two double-diaphragm minipumps equipped with synthetic
muscles and an inductive receiving coil.

Cutaway view of the double-diaphragm minipumps equipped with synthetic
muscles and an inductive receiving coil.

A fabricated double-diaphragm minipump equipped with IPMNC diaphragms.

Human skeletal arm joints.

Human skeletal arm muscles.

(a) “Myster Bony,” a plastic human skeleton equipped with electrically contractile
muscle fabrics, riding an exercycle. (b) Schematic of an astronaut in a pressurized
space suit equipped with joint power augmentation artificial muscles.

A photograph of a manufactured, micron-scale IPMNC that can be used for MEMS
applications (top). Assembly of microstrips of IPPC cut in a laser-microscope
work station for microsensing and microactuation (bottom).

Microgripper (a) and fabricated (b) designs.

Array of micro- and/or nanogrippers.

Various shapes of IPMNCs with three-dimensional shapes.

One-string musical instrument.

Data gloves with embedded IPMNC sensor elements.

General configuration for the proposed heart compression device.

Heart compression device equipped with IPMNC fingers.

A heart with an IPMNC compression band.

IPMNC compression bands in open and closed configurations.

Four-fingered heart compression device equipped with thick IPMNCs: (a) before
compression; (b) after compression.

The upright configuration of the heart compression device.

Miniature heart compression device equipped with IPMNC muscles.

Pressure generation versus electrode thickness.

Pressure generation versus electrode thickness.

An artificial smooth muscle actuator that mimics a human hand (left) and a
fabricated human joint mobility and power augmentation system equipped with
IPMNCs (right).

The essential operation of the active scleral band to create bionic vision.

The eye in (a) is myopic (long and thus short sighted; image is formed inside the
eye and does not reach the macula). The band expands the sclera outward to

correct myopia (shortens the eye length and decreases corneal curvature) as in (b).

The eye in (a) is hyperopic (short and thus far sighted; image is formed outside
and beyond the eye and does not reach the macula). The band contracts the sclera
inward to correct hyperopia (increases the eye length and increases corneal
curvature) as in (b).

Composite wing-flap made with IPMNCs.

An illustrative view of the IPMNC actuator showing a flying machine.

A fabricated IPMNC flying machine (top) and its resonance performance (bottom).
Resonance was observed at about 7 Hz, where the associated displacement was
observed approximately half of the cantilever length.

Possible wake capture mechanism.

A flapping wing system equipped with IPMNCs and the electronic driver.
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Figure
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Description

Large arrays of undulating IPMNC strips acting like artificial coral reefs.

Another configuration of IPMNC artificial coral reefs.

Using IPMNC:s in a platform type of configuration to create linear actuation.

IPMNC bending muscles (18) equipped with undulating optical fiber (14) for optical
switching and light modulation.

Typical skeletal muscle showing epimysium, perimysium, and endomysium layers.

Motor unit showing two motor neurons supplying the muscle fibers.
Neuromuscular junction (NMJ).

Skeletal muscle structure.

Myofilament structure detail.

Sliding filament mechanism of muscle contraction.

Myogram of twitch contraction.

Length—tension relationship in skeletal muscle fiber.
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Maximum swelled distance from the center of the gel

Reduced electric potential

Polyion separation distance

Spacing between ith row of polyion segments

Total ion-exchange capacity, mL/g dry membrane; also, gel cylindrical
sample half radial thickness

Power coefficient

Thrust coefficient

Specific capacitance of the gel, F/g

Fourier coefficients

Fourier coefficients

Concentration of the ith species

Dielectric constant of the liquid phase; also, drag force

Effective diffusivity coefficient in cm?/sec

Diameter of cylindrical polymer sample

Driving force pumping ions; also, gradient of electric field

Electron charge, 1.602 x 10 C

Young’s modulus

Total free energy; also, force performing mechanical work; also, force
produced in the gel; also, mean coulomb attraction/repulsion forces asso-
ciated with R*

Force during isometric contraction

Free energy decrease as a result of contact between two polymer networks
Free energy due to work done against electric field

Free energy due to gel deformation

Frequency, Hz; also, number of ionized segments out of N, total; also,
friction coefficient between polymer network and liquid medium

Shear modulus

Local gravity acceleration, 9.81 m/s?

Total amount of hydrogen ions (including undissociated)

Hydrogen ion concentration

Hydrogen ion concentration inside the membrane

Electric current, A

Current density of the gel

Dissociation constant; also, modified Bessel function

Proportionality constant; also, Boltzmann constant, 1.381 x 102 J/K; also,
bulk elastic modulus of the gel polymeric component

Gel length when fully swollen

Length of cylindrical polymer sample
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Uniaxial elongation of muscle fiber

Number of freely jointed segments of polymer

Number density of counter-ions; also, number of polyions

Number density of ions for the ith species

Pressure term, N/m?; also, hydrostatic pressure term

A measure of acidity or alkalinity of solution

Electric charge, C; also, charge per unit mass or specific charge of the
gel, C/g

Electric charge, C; also, degree of swelling

Quantity of mobile ions

Electric potential field per unit charge

Electric potential field corresponding to positive charges

Electric potential field corresponding to negative charges

Total electric field due to all strands of polymer network

Specific resistance of the gel, Q/g

Reynolds number

Hydrodynamic frictional coefficient; also, radius of ionic gel sample
Mean radius of ionic gel sample

Inner radius of elemental cylinder in gel fiber; also, cylindrical polar
coordinate

Outer radius of elemental cylinder in gel fiber

Total amount of salt cation; also, entropy in thermodynamic context; also,
wetted surface area in fluid mechanics

Linear swelling ratio

Concentration of salt cation

Concentration of salt cation inside the membrane

Absolute temperature, K; also, thrust force, N

Time, s

Thickness of gel cylindrical sample

Total internal energy, J; also, steady-state velocity term

Percent change of sample dimension at final state

Displacement vector of the gel elemental volume from its position when
the swelling process has gone to completion

Water volume; also, volume in thermodynamic sense; also, velocity of
contraction

Volume of the dry polymer sample

Total volume

Water volume inside the membrane

Voltage across the thickness of the gel, V

Dry weight of the muscle membrane or gel

Water content of the muscle membrane, ml/g

Total concentration (dissociated and undissociated) of weak acid groups
in the membrane

Distance of an element from free end of the gel; also, number of ionizable
groups

Cylindrical polar coordinate
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Elemental disk thickness before applied electricity

Valance number

Valance of the ith species

Degree of dissociation; also, degree of ionization; also, factor increasing
D, after application of electricity

Factor increasing AZ, after application of electricity; also, chemical stress
term

Positive root of Bessel function of order zero

Modified Bessel function

Thickness term

Mechanical strain

Dielectric constant; also, electric field energy; also, average electric charge
Fish propulsion efficiency

Cylindrical polar coordinate angle

Contraction rate of the gel

Volume fraction of the polymer network

Concentration of polymer (no interaction between segments or reference
states)

Inverse of Debye length or effective thickness of the ionic layer surround-
ing the charge sites of the individual fibrils; also, phenomenological coef-
ficient

Dimensionless parameter relating to 3

Shear modulus; also, average mobility of the medium in the gel; also,
solvent viscosity

Hydrogen-ion and salt-cation mobility

Chemical potential (energy) for the ith species

Positive root of Bessel function of order zero

Density of liquid solvent

Charge density

Tensile stress, N/m?

Reduced temperature

Number of polymers cross-linked in the network; also, velocity of con-
traction of the gel; also, three-dimensional liquid velocity vector

Local electrostatic potential






Acronyms

AMPS
CAM
DLVO

HEMA
IEM
IEM-Pt
IEMMC
IEMPC
IPCC
IPCNC
IPMC
IPMNC
MBAA
PAAM
PAM
PAMPS
PAN
PANi
PPy

2-Acrylamido-2-methyl-1-propanesulfonic acid monomer
Composite artificial muscles

Combination double-layer forces and Van der Waals forces in ionic
gels

2-Hydroxyethyl methacrylate

Ion-exchange membrane

Ion-exchange membrane platinum

Ion-exchange membrane metal composite

Ion-exchange membrane platinum composite

Ionic polymeric conductor composite

Ionic polymeric conductor nanocomposite

Ionic polymeric metal composite

Ionic polymer—metal nanocomposite

N, N’-Methylene-bis-acrylamide

Polyacrylic acid bis-acrylamide

Polyacrylamide
Poly2-acrylamido-2-methyl-1-propanesulfonic acid
Polyacrylonitrile

Polyaniline

Polypyrrol
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’I Introduction to lonic
Polymers, lonic Gels,
and Artificial Muscles

1.1 INTRODUCTION

The focus of many scientists and researchers has been to achieve efficiencies as high as
50% in direct conversion of chemical to mechanical energy as occurs in biological
muscles. In comparison, most internal combustion engines and steam turbines have about
30% efficiency at best. First, it would be useful to give a brief review of electroactive
polymers in general. For a brief description of biological muscles, see appendix A.

1.2 A BRIEF HISTORY OF ELECTROACTIVE POLYMERS
(EAPS) AND ARTIFICIAL/SYNTHETIC MUSCLES

Roentgen (1880) appears to have been the first to make an electroactive polymer.
He used a rubber band that could change its shape by being charged or discharged.
Later, Sacerdote (1899) formulated the strain response to electric field activation in
polymers. In 1925 Eguchi (1925) reported the discovery of a piezoelectric polymer
that he called an electret. He found that when molten carnauba wax, rosin, and
beeswax were solidified by cooling in the presence of a DC electric field, the resulting
material was piezoelectric. Generally, electrical excitation is only one type of stim-
ulator that can induce elastic deformation in polymers. Other activation mechanisms
include chemical (Katchalsky, 1949; Kuhn et al., 1950; Steinberg et al., 1966;
Shahinpoor, 1992, Shahinpoor et al., 1997a, 1997b; Otero et al., 1995), thermal
(Kishi et al., 1993; Tobushi et al., 1992; Li et al., 1999), pneumatic (Shahinpoor et
al., 2001), optical (van der Veen and Prins, 1971), and magnetic (Zrinyi et al., 1997).

Chemically stimulated polymers were discovered more than half a century ago
when it was shown that collagen filaments could reversibly contract or expand when
dipped in acidic or alkaline solutions, respectively (Katchalsky, 1949). This early
work pioneered the development of synthetic polymers that mimic biological muscles
(Steinberg et al., 1966; Shahinpoor et al., 1998). However, electrical stimulation has
remained the best means of EAP material actuation and sensing. Shahinpoor and
Mojarrad (1994, 1996, 1997a, 1997b, 1997¢c, 1997d, 2000) were among the pioneers
in making electrically active—in sensing and actuation—ionic polymer conductor
nanocomposites (IPCNCs) and ionic polymer—metal nanocomposites (IPMNCs).
Zhang and colleagues (1998) were able to observe a substantial piezoelectric activity
in PVF2-TrFE as early as 1998.
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The largest progress in EAP materials’ development has occurred in the last 10
years, where effective materials that can induce strains exceeding 100% have emerged
(Perline et al., 1998). Generally, EAPs can be divided into the two major categories
of electronic and ionic polymers, based on their activation mechanism. The electronic
polymers (electrostrictive, electrostatic, piezoelectric, and ferroelectric) require high
activation fields (~200 MV/m) close to the dielectric breakdown field levels in poly-
mers. The electronic EAP materials have a greater mechanical energy density and
can be operated in air with no major constraints. Ionic EAP materials (gels, poly-
mer—metal composites, conductive polymers, and carbon nanotubes), on the other
hand, require drive voltages as low as a few volts and fields of about few hundred
volts per meter (~2—4 kV/m). The induced displacement of the electronic and ionic
EAPs can be designed geometrically to bend, stretch, or contract.

Next we will describe some specific EAPs.

1.2.1 ErectricALLY CONDUCTIVE AND PHOTONIC POLYMERS

As described by McGehee et al. (1999), it has taken almost 20 years to develop
synthetic metals or conductive polymers such as polyaniline. The success of these
studies has led to the emergence of conductive polymers that exhibit electronic
properties approaching the levels in metals and semiconductors (Cao et al., 1991)
and offering the processing advantages and mechanical properties of polymers. High-
performance devices have been fabricated, including light-emitting diodes, light-
emitting electrochemical cells, photodiodes, and lasers. The brightness of some light-
emitting diodes based on photonic polymers is as high as that of a fluorescent lamp.
The performance of some photonic polymers has been improved such that their
performance is comparable to or better than their inorganic counterparts. Compared
to some conventional charge-coupled devices (CCDs), electroactive polymer-based
systems are expected to respond about 10 times faster, provide larger pixel arrays
at low power, and effectively operate at low light levels. The pioneering work of
Professors Heeger, MacDiarmid, and Shirakawa in these areas of conductive poly-
mers earned them the Nobel Prize in chemistry in 2000.

1.2.2 MAGNETICALLY ACTIVATED POLYMERS

Magnetically activated gels, so-called ferrogels, are chemically cross-linked polymer
networks that are swollen by the presence of a magnetic field (Zrinyi et al., 1999).
Zrinyi (1999) has been a pioneer of this technology. Such a gel is a colloidal
dispersion of monodomain magnetic nanoparticles. Such magnetic ferrogel materials
deform in the presence of a spatially nonuniform magnetic field because their
embedded nanoparticles move in reaction to the field. The ferrogel material can be
activated to bend, elongate, deform, curve, or contract repeatedly, and it has a
response time of less than 100 msec, which is independent of the particle size.

1.2.3 ELectroONIC EAPS/FERROELECTRIC POLYMERS

The basic phenomenon is called ferroelectricity when a nonconducting crystal or
dielectric material exhibits spontaneous electric polarization. These are based on the
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phenomenon of piezoelectricity, which is found only in noncentrosymmetric mate-
rials such as poly(vinylidene fluoride) (also known as PVDF). These polymers are
partly crystalline, with an inactive amorphous phase, and have a Young’s modulus
of about 1-10 GPa. This relatively high elastic modulus offers high mechanical
energy density. A large applied AC field (<200 MV/m) can induce electrostrictive
(nonlinear) strains greater than 1%. Sen et al. (1984) investigated the effect of mixing
heavy plasticizers (—65 wt%) of ferroelectric polymers hoping to achieve large strains
at reasonable applied fields. However, the plasticizer is also amorphous and inactive,
resulting in decreased Young’s modulus, permittivity, and electrostrictive strains.

Recently, Zhang et al. (1998) introduced defects into the crystalline structure
using electron irradiation to dramatically reduce the dielectric loss in a PVDF tri
fluoroethylene or P(VDF-TrFE) copolymer. This copolymerization apparently per-
mits AC switching with much less generated heat. The electric-field-induced change
between nonpolar and polar regions is responsible for the large electrostriction
observed in this polymer. As large as 4% electrostrictive strains can be achieved
with low-frequency driving fields having amplitudes of about 150 V/um.

As with ceramic ferroelectrics, electrostriction can be considered as the origin of
piezoelectricity in ferroelectric polymers (Furukawa and Seo, 1990). Unlike electro-
striction, piezoelectricity is a linear effect, where the material will be strained when
voltage is applied and a voltage signal will be induced when a stress is applied. Thus,
they can be used as sensors, transducers, and actuators. Depoling due to excessive
loading, heating, cooling, or electric driving is a problem with these materials.

1.2.4 ELECTRETS

Electrets, which were discovered in 1925, are materials that retain their electric
polarization after being subjected to a strong electric field (Eguchi, 1925). Piezo-
electric behavior in polymers also appears in electrets, which are essentially materials
that consist of a geometrical combination of a hard and a soft phase (Sessler and
Hillenbrand, 1999). The positive and negative charges within the material are per-
manently displaced along and against the direction of the field, respectively, making
a polarized material with a net zero charge.

1.2.5 DieLectric ELASTOMER EAPs

Polymers with a low elastic stiffness modulus and a high dielectric constant can be
packaged with interdigitated electrodes to generate large actuation strains by sub-
jecting them to an electric field. This dielectric elastomer EAP can be represented
by a parallel plate capacitor (Perline et al., 1998). The induced strain is proportional
to the square of the electric field, multiplied by the dielectric constant, and is inversely
proportional to the elastic modulus. Dielectric elastomer EAP actuators require large
electric fields (100 V/um) and can induce significant levels of strain (10-200%).
Recently, Perline and colleagues (2000) introduced a new class of polymers that
exhibits an extremely high strain response. These acrylic-based elastomers have
produced large strains of more than 200%, but suffer from the fact that they require
gigantic electric fields in the range of hundreds of megavolts per meter.
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1.2.6 LiQuip CRysTAL ELASTOMER (LCE) MATERIALS

Liquid crystal elastomers were pioneered at Albert-Ludwig Universitat in Freiburg,
Germany, (Finkelmann et al., 1981). These materials can be used to form an EAP
actuator by inducing isotropic—nematic phase transition due to temperature increase
via joule heating. LCEs are composite materials that consist of monodomain nematic
liquid crystal elastomers and conductive polymers that are distributed within their
network structure (Shahinpoor, 2000d; Finkelmann and Shahinpoor, 2002; Ratna et
al., 2002). The actuation mechanism of these materials involves phase transition
between nematic and isotropic phases over a period of less than a second. The reverse
process is slower, taking about 10 sec, and it requires cooling to cause expansion
of the elastomer to its original length. The mechanical properties of LCE materials
can be controlled and optimized by effective selection of the liquid crystalline phase,
density of cross-linking, flexibility of the polymer backbone, coupling between the
backbone and liquid crystal group, and coupling between the liquid crystal group
and the external stimuli.

1.2.7 lonNic EAPs/loNic PoLYMer GELs (IPGs)

Polymer gels can be synthesized to produce strong actuators with the potential of
matching the force and energy density of biological muscles. These materials (e.g.,
polyacrylonitrile [PAN]) are generally activated by a chemical reaction, changing
from an acid to an alkaline environment and causing the gel to become dense or
swollen, respectively. This reaction can be stimulated electrically, as was shown by
Shahinpoor and Mojarrad (1994, 1996, 1997a, 1997b, 1997¢, 1997d, 2000).

Current efforts are directed toward the development of thin layers and more
robust electroding techniques. Progress was recently reported by researchers using
a mix of conductive and PAN fibers at the University of New Mexico (Schreyer et
al., 2000). The mechanism responsible for the chemomechanical behavior of ionic
gels under electrical excitation is described by Osada and Ross-Murphy (1993) and
a model for hydrogel behavior as a contractile EAP is described in Gong et al.
(1994). A significant amount of research and development has been conducted at
the Hokkaido University, Japan, and applications using ionic gel polymers have been
explored. These include electrically induced bending of gels (Osada and Hasebe,
1985; Osada et al., 1992) and electrically induced reversible volume change of gel
particles (Osada and Kishi, 1989).

1.2.8 NoNioNic PoLyMer GELS/EAPs

Nonionic polymer gels containing a dielectric solvent can be made to swell under a DC
electric field with a significant strain. Hirai and his coworkers (1995, 1999) at Shinshu
University in Japan have created bending and crawling nonionic EAPs using a
poly(vinyl alcohol) gel with dimethyl sulfoxide. A 10- X 3- X 2-mm actuator gel was
subjected to an electrical field and exhibited bending at angles greater than 90° at a
speed of 60 msec. This phenomenon is attributed to charge injection into the gel and a
flow of solvated charges that induce an asymmetric pressure distribution in the gel.
Another nonionic gel is poly(vinyl chloride) (PVC), which is generally inactive when
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subjected to electric fields. However, if PVC is plasticized with dioctyl phthalate (DOP),
a typical plasticizer, it can maintain its shape and behave as an elastic nonionic gel.

1.2.9 IloNic PoLYMER—METAL ComprosiTEs (IPMNCs)

An ionic polymer—metal composite is an EAP that bends in response to a small
electrical field (5—-10 V/mm) as a result of mobility of cations in the polymer network.
In 1992, the IPMNC was realized based on a chemical-plating technique developed
by Merlet, Pinneri, and coworkers in France and Kawami and Takanake in Japan in
the 1980s. The first working actuators were built by Oguro and colleagues (1992),
in Japan, and Shahinpoor (1992) and Mojarrad (2001) in the United States. The first
working sensors of this kind were fabricated in the United States by Shahinpoor
(1992) and Sadeghipour et al. (1992).

The operation as actuators is the reverse process of the charge storage mechanism
associated with fuel cells (Heitner-Wirguin, 1996; Kim et al., 1998, 2000). A rela-
tively low electric field is required (five orders of magnitude smaller than the fields
required for PVDF-TrFE and dielectric elastomers to stimulate bending in IPMNC:s,
where the base polymer provides channels for mobility of positive ions in a fixed
network of negative ions on interconnected clusters. In order to electrode the polymer
films chemically, metal ions (platinum, gold, palladium, or others) are dispersed
throughout the hydrophilic regions of the polymer surface and are subsequently
reduced to the corresponding zero-valence metal atoms. These methodologies and
characteristics will be fully explained in this chapter.

1.2.10 ConbucTivE POLYMERS (CPs) OR SYNTHETIC METALS

Conductive polymers operate under an electric field by the reversible counter-ion
insertion and expulsion that occurs during REDOX cycling (Otero et al., 1995;
Gandhi et al., 1995). Oxidation and reduction occur at the electrodes, inducing a
considerable volume change due mainly to the exchange of ions with an electrolyte.
When a voltage is applied between the electrodes, oxidation occurs at the anode and
reduction at the cathode. The presence of a liquid electrolyte containing conjugated
ions or a solid polyelectrolyte medium in close proximity to conductive polymers,
such as polypyrrole (pPy), is often necessary to cause charge migration into and out
of the conductive polymer.

Ions (H+) migrate between the electrolyte and the electrodes to balance the
electric charge. Addition of the ions causes swelling of the polymer and, conversely,
their removal results in shrinkage. As a result, the sandwich assembly bends. Con-
ductive polymer actuators generally require small electric fields in the range of 1-5
V/um; the speed increases, with the voltage having relatively high mechanical energy
densities of over 20 J/cm?, but with low efficiencies at the level of 1% or less. In
recent years, several conductive polymers have been reported, including polypyrrole,
polyethylenedioxythiophene, poly(p-phenylene vinylene)s, polyanilines, and poly-
thiophenes. Operation of conductive polymers as actuators at the single-molecule
level is currently being studied, taking advantage of the intrinsic electroactive prop-
erty of individual polymer chains.
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The first attempts to create artificial muscles date back to the pioneering work
of Kuhn and his students (1950) and Katchalsky and his students (1949) in connec-
tion with pH-activated muscles (or simply pH muscles) (Steinberg et al., 1966;
Shahinpoor, 1992, 1993; Otero et al., 1995). Note also the other means of activating
artificial muscles, such as thermal (Kishi et al., 1993; Tobushi et al., 1992; Li et al.,
1999), pneumatic (Shahinpoor et al., 2001), optical (van der Veen and Prins, 1971),
and magnetic (Zrinyi et al., 1997). Chemically stimulated polymers were discovered
more than half a century ago when it was shown that collagen filaments could
reversibly contract or expand when dipped in acidic or alkaline solutions, respectively
(Katchalsky, 1949). This early work pioneered the development of synthetic poly-
mers that mimic biological muscles (Steinberg et al., 1966; Shahinpoor, Bar-Cohen
et al., 1998).

However, electrical stimulation has remained the best means of artificial muscle
material actuation and sensing. Shahinpoor and Mojarrad (1994, 1996, 1997a,
1997b, 1997¢c, 1997d, 2000) were among the pioneers of making electrically
active—in sensing and actuation—IPCNCs and IPMNC:s electrically active in sens-
ing and actuation. (See also Mehran Mojarrad’s Ph.D. dissertation, 2001.) Zhang
and colleagues (1998) were able to observe a substantial piezoelectric activity in
PVF2-TrFE as early as 1998. The most progress in artificial muscle materials’
development has occurred in the last 10 years, where effective materials that can
induce strains exceeding 100% have emerged (Perline et al., 1998). All the preced-
ing categories of electroactive polymers also fall under the category of artificial
and or synthetic muscles.

Next we will describe some more specific artificial muscle materials.

1.2.11 SHAPE MEMORY ALLOYS (SMAS) AND SMALL MEMORY
PoLYMERs (SMPs)

The history of SMA and SMP artificial muscles is extensive and will not be reported
here. However, the pioneering works of Liang and Rogers (1990, 1992) and Liang
et al. (1997) in developing SMA and SMP actuators are noteworthy. In their work,
a load of a spring-biased SMA actuator was modeled as a dead weight. However,
many practical applications involve varying loads, such as the cases of SMA rotatory
joint actuators (Shahinpoor, 1995d; Wang and Shahinpoor, 1997a, 1997b, 1997c).
A general design methodology of various types of bias-force SMA actuators has
been investigated by Shahinpoor and Wang (1995) (see also Guoping Wang’s Ph.D.
dissertation, 1998).

1.2.12 MEeTAL HYDRIDE ARTIFICIAL MUSCLE SYSTEMS

The binary combination of hydrogen and a metal or metal alloy can absorb large
amounts of hydrogen via surface chemisorption and subsequent hydriding reactions.
This phenomenon can be used to fabricate artificial muscle systems as described in
Shahinpoor and Kim (2001d), U.S. Patent 6,405,532 (Shahinpoor and Kim, 2002f),
Lloyd et al. (2002), Kim et al. (2002), and Shahinpoor (2002c). Useful characteristics
of metal hydrides as artificial muscles are their large uptake/discharge capacity of
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hydrogen, safe operation (hydrogen desorption is a highly endothermic process),
rapid kinetics, and environmentally benign characteristics. Metal hydrides are tradi-
tionally used for hydrogen storage and thermal devices.

1.2.13 ELECTRORHEOLOGICAL (ER) MATERIALS

Electrorheological fluids are suspensions consisting of dielectric particles of size
0.1-100 m and dielectric base fluid. Since the dielectric constant of suspension
particles differs from the dielectric constant of the base fluid, the external electric
field polarizes particles. These polarized particles interact and form chain-like or
even lattice-like organized structures. Simultaneously, the rheological properties of
the suspension change effectively; for example, the effective viscosity increases
dramatically. ER suspensions also have a magnetic analog consisting of ferromag-
netic particles and the base liquid. Because the viscosity of the ER liquid can be
controlled with the electric field strength, the viscosity of magnetorheological (MR)
fluid is sensitive to the magnetic field.

The response time of ER fluids is of the order of 1-10 msec. In principle, this
enables the use of these liquids in such applications as electrically controlled
clutches, valves, and active damping devices. The use of ER fluids as artificial
muscles has not been reported anywhere. However, a number of publications in the
pertinent literature (Gandhi, Thompson, Choi, et al., 1989; Gandhi, Thompson, et
al., 1989; Furusha and Sakaguchi, 1999) concern the applications of ER fluid to
robotics and as intelligent materials and composites. Some other relevant references
are Huang et al. (2003) and Dwyer-Joyce et al. (1996).

1.2.14 MAGNETORHEOLOGICAL (MR) MATERIALS

Magnetorheological fluids are essentially suspensions of micron-sized, magnetizable
particles in oil. MR fluids are similar to ER fluids, but they are 20-50 times stronger.
They can also be operated directly from low-voltage power supplies and are far less
sensitive to contaminants and extremes in temperature. Under normal conditions, an
MR fluid is a free-flowing liquid with a consistency similar to that of motor oil.
Exposure to a magnetic field, however, can transform the fluid into a near-solid in
milliseconds. Just as quickly, the fluid can be returned to its liquid state with the
removal of the field. The degree of change in an MR fluid is proportional to the
magnitude of the applied magnetic field. When subjected to the field, MR fluids
actually develop yield strength and behave as Bingham solids. The change can appear
as a very large change in effective viscosity like that in ER fluids.

Applications include automotive primary suspensions, truck seat systems, con-
trol-by-wire/tactile feedback, pneumatic control, seismic mitigation, and prosthetics.
These applications are more than just a demonstration of MR fluid functionality.
Each represents a commercially field-proven MR system that embodies all of the
necessary refinements required to make it fully functional, reliable, cost effective,
and long lived. Some relevant references are Jolly et al. (1996), Jolly and Carlson
(2000), Carlson (1999a, 1999b), Carlson and Weiss (1994), and Weiss et al. (1994).
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1.2.15 MAGNETIC SHAPE MEMORY (MSM) MATERIALS

Magnetically controlled shape memory material is a new way to produce motion
and force. The MSM mechanism was suggested by Ullakko (1996) and O’Handley
(1998) and was demonstrated for a Ni-Mn—Ga alloy as early as 1996. The magnetic
shape memory effect has demonstrated that certain shape memory materials that are
also ferromagnetic can show very large dimensional changes (6%) under the appli-
cation of a magnetic field. These strains occur within the low-temperature (marten-
sitic) phase.

Ferromagnetic shape memory (FSM) materials are a new class of active mate-
rials that combine the properties of ferromagnetism with those of a diffusionless,
reversible, martensitic transformation. Materials such as SMA Ni2MnGa, which
has a cubic Heusler structure in the high-temperature austenitic phase and under-
goes a cubic-to-tetragonal martensitic transformation, clearly exhibit MSM effects.
The FSM effect refers to the reversible field-induced austenite-to-martensite trans-
formation or the rearrangement of martensitic variants by an applied magnetic
field, leading to an overall change of shape. Typically, contractile/expansive defor-
mation of the order of 6% is routinely observed in these materials. See also Lavrov
et al. (2002).

1.2.16 GIANT MAGNETOSTRICTIVE MATERIALS (GMMs)

Magnetostrictive materials allow interchange of mechanical and magnetic energies
that, for example, produce strains in magnetic field. These strains are called mag-
netostriction A. The most advanced magnetostrictive materials (called giant magne-
tostrictive materials), such as commercially available TERFENOL-D, among other
materials, exhibit A = 1000 ppm (or about 0.1% strain) in H = 80 kA/m. They are
alloys composed of iron (Fe), dysprosium (Dy), and terbium (Tb): TbxDy1-xFey.

1.3 A BRIEF HISTORY OF ELECTROMOTIVE POLYMERS

Kuhn and Kunzle (Kuhn et al., 1948) of Basle University in Switzerland and
Katchalsky (1949) of Weizmann Institute of Science in Israel were among the first
scientists to discover the shape change of ionized polymers such as a polyacid or
polybase when stimulated by various pH solutions. We call this class of ionic
polymers pH-activated ionic polymer gels (or simply pH muscles).

A mechanically stressed foil of polyacrylic acid containing glycerol and H,SO,
was heated to make a contractile filament. Ionization of the resulting polymeric acid
caused change of molecular shape in aqueous solution. Stretch of the polymer
molecules was attributed to electrostatic repulsive forces between carboxylic ions
present in solution. The contraction of the polymer molecule was attributed to the
Brownian motion resulting from neutralization of charged groups. In their experi-
ment, Kuhn and Kunzle and Katchalsky used copolymer of metacrylic acid with
divinyl benzene. They used an intermittent wash cycle with distilled water to remove
salt formed between application of acid and alkali. They proposed that equilibrium
swelling of the polymeric acid gels was caused by:
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1. solution tendency of polymeric molecules and osmotic pressure of the
cations of the alkali bond by the gel
2. rubber-like contraction tendency of the stretched polymer molecules

They observed that swelling capacity of the gel decreased with increasing
degrees of cross-linking of the polymer. The degree of ionization depended on charge
distribution of the polymer chain. For about 50% neutralization of these charge
groups, maximum swelling could be achieved.

Later Hamlen and coworkers (1965), three research scientists at General Electric
Company, were able to stimulate copolymer of PVA-PAA (polyvinyl alcohol-poly-
acrylic acid) electrically by making the polymer conductive with chemical treatment
by solution of platinic chloride and sodium borohydride. Thus, they were able to
actuate it by electricity instead of pH variation of surrounding liquid environment.
Although the resulting ionic polymer was slow in response relative to its pH-activated
counterpart, it nevertheless proved the possibility of electrical stimulation of these
polymers, making it attractive for robotics controls and manipulation. Because
PVA-PAA copolymer is a negatively charged gel (due to the COOH- side group in
PAA), it swells or shrinks osmotically depending on total ionic concentration inside
the polymer; this is determined by the degree of ionization of the weak carboxylic
acid group (COOH).

When the external environment (electrolyte solution) is acidic, degree of dissoci-
ation is low and the polymer shrinks; in alkaline solution, it expands similarly to the
pH muscles mentioned earlier. In order to produce the same effect electrolytically, a
conductor such as platinum can be included in the polymer and made to have low
overvoltage for the evolution of hydrogen and oxygen. This class of ionic polymers
is called electrically activated ionic polymer gels (or simply electroactive muscles). In
these researchers’ experiment, PVA-PAA fibers were treated eight times in platinum
solution and submerged in 0.01-N solution of NaCl (1% concentration). A counter-
electrode of platinum wire was used and placed in a container holding the muscle and
salt solution. A square wave of 5 V amplitude at 40 mA and a 20-min period (f =
0.0008 Hz) were then applied. When fiber is negative, hydrogen evolves, causing the
solution to become alkaline, and the fiber expands. When the fiber is positive, the
solution surrounding and within fibers becomes acidic, causing its contraction.

Fragala and colleagues (1972) of the GE-Direct Energy Conversion Program
experimented with weak acidic contractile polymeric membranes in a setup that
forced a change in pH of the solution surrounding the membrane by electrodialysis
process. They developed mathematical formulations that adequately described the
response of the artificial muscle in relation to applied field current. They concluded
that a dissociation constant in excess of 1073 g-eq/L for weak acidic groups within
the material was needed to obtain large deformation in the muscle membrane. Their
apparatus consisted of a three-compartment container with weak acidic polymeric
muscle membrane immersed in a mixture of weak salt and acid solution in the middle
compartment. This was separated by two weak cationic and anionic ion-exchange
membranes, respectively, to make the other compartments fill with the same con-
centration of weak salt and acids as the muscle membrane.
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Next, they inserted two electrodes (Ag/AgCl) in the ion-exchange compartments
and applied a voltage gradient to enable them to change the pH of the solution
surrounding the muscle membrane through an electrodialysis process. In effect, they
were activating a pH-sensitive muscle by varying the pH of the surrounding solution
electrically. They studied muscle membrane response as a function of pH, solution
concentration, compartment size, certain cations, and membrane fabrication.

The next section details a formulation used by Fragala et al. (1972) to develop
analytical relations among applied field, hydrogen ion, and salt concentration that
affects the pH and, ultimately, the muscle contraction and expansion.

The dissociation constant K of the acid groups in the muscle membrane is given by:

_(HTXAT) _ hoo (1.1)
(HA) 1-a

where

HA represents the acid group

o is the degree of dissociation

h is the hydrogen-ion concentration

the bar over the variable here and in what follows indicates values within the

membrane

The hydrogen-ion concentration inside the membrane can then be written as:

h=1-o)K/o (1.2)

Assuming equilibrium is established between the interior of the muscle mem-
brane and the surrounding solution instantaneously, we have:

R's=h/s (1.3)

where s is the concentration of the salt cation.

Concentrations within the membrane are referred to the water volume absorbed
in the membrane structure. Assuming that the Donnan equilibrium principle governs
the distribution of free electrolytes between the interior of the muscle membrane
and the surrounding solution,

_ 2 A
s:((och) +1] + X =D(a,s) (1.4
s 4s 2s

in which X is the total concentration (dissociated and undissociated) of weak acid
groups in the membrane. This expression reduces to unity for oo = 0 and X/s for
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o = 1. Combining equations (1.3) and (1.4) gives the external solution hydrogen-ion
concentration as:

h=(1-0)K 'oD(o.s) (15)

The total amount of hydrogen ion H (including undissociated) in the muscle
compartment is:

H=hV+hV+(1-0)XV (1.6)

where V represents water volume. The first and third terms are the dissociated and
undissociated hydrogen ions in the muscle membrane, respectively. The second term
gives the acid added to the external solution. The total amount of salt cation S is then:

S=sV+sV (1.7

Assuming water absorption by the membrane depends linearly on the degree of
dissociation, then:

V=W (wo +kat) (1.8)

where W is the dry weight of the muscle membrane, w, its water content in milliliters
per gram dry membrane, and k is a proportionality constant. In terms of the total
volume V,, we also have:

V=V, =W (w, +ka) (1.9)
Substituting in equation (1.7) and rearranging yields
S =s[ D (ons)W (wy +kat) + Vi =W (w, + kat) | (1.10)

Substituting for h, V. and V in equation (1.6) from equations (1.5), (1.8), and
(1.9) gives:

H=1_—“(z+awc) (1.11)
o
where

w (wo + koc)

Z=K|W(w, +ko)+V, - Do)
o, s

(1.12)



12 Artificial Muscles

and the quantity XV has been replaced by the equivalent quantity WC, where C is
the total ion-exchange capacity in milliliters per gram dry membrane.
Equation (1.11) can be partially solved to give:

a:i —R+,/R2+4—Z (1.13)
2 wcC

where

Rsi+i—1 (1.14)
wCc  wcC
Values of s and o can be computed numerically using equations (1.10) and
(1.13). All other parameters are known through experiments or membrane properties.
The differential equations describing time rate of change of hydrogen and salt
cations in the muscle membrane compartment with applied constant electric current
I are given by:

d7H=—h¢I (1.15)
dt  hu, +su,
and
d(H+S)
L W AP (1.16)
dt

The multiplication factor for I in equation (1.15) is the fraction of the total
current, which is carried by hydrogen ions through the cation membrane. W, and |,
are the hydrogen-ion and salt-cation mobility, respectively. The positive direction
for I is taken to be from the anion-exchange to cation-exchange membranes. Sub-
stituting the total charge removed, Q = It and /W, = p, then:

- d{H+S
d—Hz h and ( ) =-1 (1.17)
dQ h+sp doQ

These equations can be solved numerically for H and S as a function of Q.

MIT’s Yannas and Grodzinsky (1973) were among the first to study the defor-
mation of collagen fiber from a rat-tail tendon in an electric field when constrained
at two ends and submerged in aqueous solution. They viewed their results as an
electrophoresis or electro-osmosis phenomenon. They reported that, except at the
isoelectric point, individual collagen molecules as well as macroscopic specimens
such as fibers and membranes constituted from such molecules carry a net electro-
static charge. This charge can give rise to a very intense electric field of the order
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10® V/cm at the molecular level, which means a very large potential drop over a
distance defined by the Debye length of roughly 10-1000A. The charged polyelec-
trolyte is therefore surrounded by the mobile counter-ions. Their experimental obser-
vation supported evidence of the model of an electric double layer formed by the
primary charge fixed on the polyelectrolyte and the diffuse layer of mobile counter-
ions in solution.

Yannas and Grodzinsky estimated the Debye length or effective thickness 1/k
of the ionic layer surrounding the charged sites of individual fibrils. Using the
Poisson—Boltzmann equation with the linear Debye—Huckel approximation, the
Debye length becomes:

VK= —=———— (1.18)

where
¢, is the concentration of the ith species
e is the electronic charge
¢ is the dielectric constant
k is Boltzmann constant
T is the absolute temperature
z is the valance

According to this equation, an increase in ionic strength results in a decrease in
Debye length. On the other hand, the observed drop in isometric force with ionic
strength should, in terms of the preceding model, result from a weakening of inter-
fibrillar repulsion and a corresponding decrease in lateral swelling. Grodzinsky and
Melcher (1976) modeled the electromechanical transduction of collagen and other
aqueous polyelectrolytes in membrane form. In their study, they coupled membrane
to mechanical load and observed the conversion of electrical to mechanical response
and vice versa. Their model represented membrane at interfibrillar level with cylin-
drical pores relating externally measured potentials, membrane deformations, current
flow, and mass fluxes to pore radius, fibril diameter, and polyelectrolyte charge.

Molecules of collagen, like other protein polyelectrolytes, possess many ioniz-
able groups capable of dissociating and attaining net charge in a variety of solvent
media. On the electrical side, this primary charge can give rise to intense local
electric fields as high as 10 V/cm. Therefore, collagen and other polyelectrolytes,
whether in the form of isolated molecules, fibers, or membranes, are susceptible to
interactions with externally applied fields. In addition, polyelectrolyte structures may
interact with each other through their own internal fields. On the mechanical side,
the fibril-electrolyte matrix composing macroscopic polyelectrolyte fibers and mem-
branes is often flexible and elastic in the hydrated state. Therefore, forces due to
electric fields can result in motion and deformation of the polyelectrolyte.
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Collagen is the primary structure protein of the body found in the extracellular
space (usually in fibril form) as a major constituent of vertebrate connective tissue.
It also is found in blood vessel and organ walls, the cornea and vitreous humor,
basement membranes, and other epithelial and endothelial linings. Fundamental to
all electrochemical interactions with collagen and to our continuum models are the
physiochemical origin and location of charge sites on the molecules. In rat-tail tendon
collagen, there are about 350 acidic and 265 basic groups among the ~3,000 amino
acid residues per tropocollagen molecules (predominantly carboxyl (<COOH) and
amino (-NH,) groups, respectively). These groups are capable of ionizing as a
function of electrolyte pH and ionic strength and thereby leaving a net positive or
negative charge fixed to the molecule. Titration methods could be used to determine
the number of these fixed charges in the specimen.

Tanaka and colleagues (1980) of MIT used the Flory and Huggins theory (1953b)
of shrinking—swelling to further formulate the mean free energy needed for phase
transition of electrolytic gels. They used partially hydrolyzed acrylamide gel for
their experimental work. The solvent used was a mixture of acetone and water. The
polymer was found to be highly sensitive to temperature, solvent composition, pH,
added salt concentration, and applied electricity. The degree of volume change of
the gel was found to be 500%. This change is the result of phase transition of the
system of charged polymer network, counter-ions, and fluid composition.

Three major competing forces on the gel in turn cause the phase transition:

1. positive osmotic pressure of counter-ions
2. negative pressure due to polymer—polymer affinity
3. rubber elasticity of the polymer network

Electric forces on the charged sites of the network produce a stress gradient along
the electric field lines in the gel. At the critical stress, the gel shrinks or swells
depending on whether stress developed is above or below critical stress.

In their experiment, they prepared polyacrylamide (PAM) gels by free-radical
polymerization of acrylamide (monomer), using N,N’-methylenbisacrylamide (as
cross-linker), ammonium persulfate, and N,N,N’,N’-tetramethylene diamine (TEMED)
(as initiator)—all of which were dissolved in water. Gel formation initiated after 5
min and, to remove excess monomer, gel was immersed in water after 1 h. The gel
was then hydrolyzed in a solution of TEMED (1.2% solution, pH 12) for a period
of one month. Approximately 20% of acrylamide groups were converted to acrylic
acid groups, which in turn were ionized in water:

—CONH, - -COOH — -COO~ + H* (1.19)

After complete hydrolysis, the gel was immersed in 50% solution of ace-
tone—water to reach equilibrium before cutting into desired dimensions. To energize
the resulting gel, platinum electrodes were used with DC voltage of 0-5 V; the gel
was placed between electrodes. It is noted that PAM is an anionic type of polymer
gel, which means it is negatively charged. The gel reached its equilibrium shape in
one day. At 2.5-V DC the entire gel collapsed. By removal of the voltage, the gel
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swelled again. If the 50% acetone—water solution were to be replaced by 100% pure
water, then the gel would continuously swell beyond its original size in presence of
an electric field.

The mean field theory formulated by Flory (1941, 1953a, 1953b, 1969) and
Huggins (1941) explains the shrink—swell phenomenon according to:

w20 n(1-0) + 450

F, = VkT AZy (1.20)
+1[2a2 +B* - 3—(2f+1)1n(a2[3)] o
2
where the total free energy to be minimized is given by:
F=F,+F, (1.21)

where
F, = free energy due to gel deformation
F, = free energy due to work done against electric field
v = number of polymers cross-linked in the network
N, = number of freely jointed segments of polymer
f = number of ionized segments out of N, total
L, = length of cylindrical polymer sample
D, = diameter of cylindrical polymer sample
0, = concentration of polymer (no interaction between segments or
reference states)
AZ, = elemental disk’s thickness before applied electricity
Z = distance of element from free end of the gel
B = factor increasing AZ, after application of electricity
o = factor increasing D,, after application of electricity
T = absolute temperature
k = Boltzmann constant
¢ = volume fraction of polymer network
AF = free energy decrease as a result of contact between two polymer
networks

Free energy needed to expand the gel network against electric potential (work
done against electric potential) is given by:

F, =\feE(Z/L,)(B-1)AZ, = BT (AZ, /L, )(B-1) (1.22)

where e is electron charge and B = feEZ/kT is reduced electric potential. Minimizing
the total free energy equation F, we get:



16 Artificial Muscles
2 _ 2
o =B +Bp (1.23)

%[ln(1—¢)+¢+(l—’c)¢2 2]-(f+1/2)(o?B)+1/B=0 (1.24)

where T = 1 — 2AF/kT is the reduced temperature.

Therefore, the anisotropy of deformation of the disk is uniquely determined by
B. Namely, for positive B, the disk is compressed more in its length than in diameter
(o > PB) and, for negative B, the compression in the radial direction is more than
axial (o < ). By plotting o (radial expansion) versus B (axial expansion) of a rod-
shaped gel, various values for B and T can be obtained.

De Rossi and coworkers (1985) of the University of Pisa in Italy explained the
dynamic behavior of these gels from a thermodynamic point of view according to
the general expression:

dU = TdS — PdV + Fdl +\,dn, +edgq (1.25)

where mechanical, chemical, and electrical energy terms are present and Fdl is the
mechanical work performed by a polymer fiber muscle during uniaxial elongation
dl, and keeping S, V, n;, and g constant. edgq is the electrical work term and pw.dn; is
the chemical energy term.

They further proposed an analytical model describing mechanical parameters
governing the kinetics of thermally cross-linked PVA—PAA polyelectrolyte gel. For
a thin film of the specimen, they found a relation between swelling rate and linear
dimension and diffusion coefficient of the material. To analyze and describe the
transient mechanical behavior of a polyelectrolyte gel element in response to proton
and salt concentration gradients generated by electrode reactions and delivered
within the gel by electrochemical potential differences, several rate processes are
taken into account. These can include ion diffusion, diffusion-limited chemical
reaction, ion migration, and consequent electrical and mechanical realignment of
the polymer network.

Typically, proton diffusion reaction and mechanical realignment of the polymer
network are slow and a system of coupled differential equations is formulated to
determine the kinetics of gel de-swelling under electromechanical stimuli. A com-
parison among proton diffusion and gel-swelling characteristic time constants might
prove very useful in decoupling the chemical and mechanical problems, particularly
in the case of specific gel systems in which these limiting time constants are
considerably different.

De Rossi and colleagues analyzed the kinetics of free swelling of a partially
dehydrated gel in the case of spherical and thin film samples. The only problem
with their formulations is that they consider constitutive equations used in linear
infinitesimal elasticity formulations that are not appropriate for rather large swelling
and de-swelling deformation of ionic polymeric gels.

Osada and Hasebe (1985) of Ibaraki University in Japan were pioneers in
attempting to synthesize various polyelectrolytes and describing their dynamic
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behavior by including the frictional effects of the ion transport phenomenon. They
mostly concentrated on synthesis, modeling, and characterization of these ionic gels
in biomimetic locomotion and biomedical applications such as drug delivery systems
(DDSs) and were among the first to label them as artificial muscles. Osada (1991)
described electrochemomechanical systems based on hydrogels that contract and
dilate reversibly under electric stimuli. These were essentially thermodynamic sys-
tems capable of transforming chemical energy directly into mechanical work or,
conversely, transforming mechanical into chemical potential energy.

The isothermal conversion of chemical energy into mechanical work underlies
the motility of all living organisms and can easily be seen, for instance, in muscle,
flagella, and ciliary movement. All these biological systems are characterized by an
extremely high efficiency of energy conversion. The high conversion efficiency of
the biological systems is largely due to direct conversion of chemical energy without
unnecessary intermediate heat-producing components. Chemomechanical systems
are the only artificial systems at present that can achieve this. The chemomechanical
reaction may be used not only to generate mechanical energy on a macroscopic level
but also to transform information as a signal or receptor whereby microscopic
deformation plays an essential role in switches and sensors. Osada further classifies
synthetic polymer gels according to principle and type of reaction involved:

hydrogen—ion transfer (pH muscle)

ion exchange or chelation

REDOX reaction (REDOX muscle)

steric isomerization

phase transition or order—disorder transition
polymer—polymer association or aggregation
electrokinetic processes

Nk L=

A number of chemomechanical systems such as polyelectrolyte fibers and mem-
brane have been investigated in the past. These materials expand and contract upon
changing their solubility or degree of ionization. There are also thermosensitive and
optically sensitive polymers. However, from the standpoint of robotic controls,
electroactive polyelectrolytes have been the focus of most researchers. What follows
is an explanation of materials behavior and their application as artificial muscles.

1.3.1 CONTRACTION BEHAVIOR

For a polyelectrolyte undergoing shape changes by applying DC current, the velocity
of shape change is proportional to the charge density in the gel. This may be the
first model of an electroactive artificial muscle working in an aerobic and aqueous
medium system because the gel contracts and dilates reversibly when stimulated
electrically under isothermal conditions.

The electrical control makes use of cross-linked polyelectrolyte gels. The system
is quite simple. For instance, a water-swollen polymer gel is inserted between a pair
of electrodes, which are connected to a DC source. When the electricity is turned
on, the polymer gel starts to shrink, releasing water droplets one after the other. This
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has been verified and quantified experimentally in the case of several ionic gels such
as poly(2-acrylamido-2-methyl-1-propanesulfonic) acid (PAMPS). The degree of
swelling changes as other media, such as a mixture of water and ethanol or glycerin
or other solvents, are used as compared with using pure water only.

1.3.2 MECHANISMS

A quantitative interpretation of the phenomena observed is that the application of
an electric field causes a pumping of largely mobile ions, partly macronetwork ions,
and surrounding hydrated water to the opposite directions until they reach the
electrode. In general, the velocity of migration and the velocity of the gel contraction
are governed by the quantity of mobile ions ¢, and the gradient of electric field AE,
which is the driving force pumping these ions. The force produced in the gel is
proportional to the product of g, and AE:

F=AExg, (1.26)

If we ignore the effect of the elastic forces due to covalently cross-linked network
and if the gel is free to move as an aggregate of particles in the electric field, a
slightly cross-linked and highly swollen polymer eventually attains a steady state
velocity U.

This value is apparently proportional to the velocity of contraction of the gel v
over a time period:

va:AExq%zAEx% (1.27)

where r is a hydrodynamic frictional coefficient, which depends on the geometry of
the gel, thickness of double layer, viscosity of the medium, and others. If the average
mobility of the medium in the gel is |, the rate of contraction may be proportional
to the product of the gradient of the electric field and current /.

1.4 ROLE OF MICROPARTICLES IN CONTRACTION
OF GELS

In order to establish the system with minimized response time, microparticles of
sodium salt of polyacrylic acid gel were synthesized and the size change of the
particle with time under various electric fields was measured. Experiment showed
that there is a threshold voltage below which no contraction occurs. As the electric
voltage increased, the contraction increased as well. This also affected the volumetric
reduction in size of the sample. Volume reduction by a factor of 30 or 3000% was
easily achieved within less than 1 min under 6-V DC current. After removal of the
electrical current, the gel returned to its original size within 5 min.

Rate of volume change is a function of size of the particle and relative volume
change decreased with increasing size of the particle. The experimental results
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verified that this rate is inversely proportional to square of particle size. This finding
is in line with Tanaka’s proportionality with square of the characteristic length of
the sample.

Shahinpoor and Osada (1995a) formulated a theoretical model for a cylindrical
gel sample describing dynamics of contraction of ionic polymeric gels in presence
of an electric field. Their model considered the dynamic balance between the internal
forces during the contraction. These forces are assumed to be due to the viscous
effects caused by the motion of the liquid solvent medium within polymer network,
the internal forces due to motion of the liquid in and out of the network, and the
electrophoretic forces due to the motion of the charged ions in the solvent as it
exudes from the ionic polymeric gel network. The effects of the rubber elasticity of
the network as well as ion—ion interactions were assumed negligible compared to
inertial, viscous, and electrophoretic effects.

The governing equations were then solved for the velocity of the liquid exudation
(water, ethanol, acetone, or mixture of other solvents) from the network as a function
of the time and radial distance in the cylindrical sample. The relative weight of the
gel was then related to the velocity by an integral equation. This can in turn be
solved numerically to obtain a relationship among the amount of the contraction as
a function of time, electric field, strength, and other pertinent materials and geomet-
rical parameters. The results of the numerical simulation in the case of PAMPS
polymer indicated close agreement with experimental data, as described later in
chapter 6.

Caldwell and Taylor (1989) of the University of Hull in the United Kingdom
attempted to describe the force—velocity relationship of the contraction—expansion
mechanism of the PVA-PAA copolymer gel. They simulated flexor and extensor
muscle pairs of humans to power a robot gripper. They used water and acetone for
expansion—contraction of the copolymer gel. In their experiment, they measured up
to 30 N/cm? of swelling and contractile forces of the gel. They proposed a two-part
theory for the contraction rate of the copolymer gel:

1. The diffusion coefficient controls the rate of movement of chemicals
within the polymer strips and its effect is as important as chemical con-
centrations on the dynamic rate. The diffusion coefficient depends on the
solvent used, concentration, degree of cross-linking, and temperature.

2. Film thickness has been shown experimentally to be proportional to
dynamic rate by an inverse square relationship:

q>=§+c (1.28)

where @ = contraction rate, A = thickness, and K, C = fixed constants.

Caldwell and Taylor measured a maximum contraction rate of 11%/sec for a
0.1-mm thick PVA-PAA strip as compared with animal muscle of 24—1800%/sec,
depending on the muscle. They approximated the force—velocity curve of their
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artificial muscle by a rectangular hyperbolic function, which resembles that of natural
muscles as:

(F +a)V +b) = (Fy +a)b (1.29)

where
F = force during contraction
F, = force during isometric contraction
V = velocity of contraction
a, b = constants

The power output, which is the product of the force and velocity of contraction,
was found to be the maximum at medium contraction velocities and low contractile
forces. Maximum power-to-weight ratio measured was 5.8 mW/g as compared to
40-200 mW/g for natural muscles.

Caldwell and Taylor also found that the solvent content had a significant effect
on the elastic modulus of the material. Increasing the liquid content caused a decrease
in Young’s modulus according to:

= 31(7' (1.30)
S, =€)

where S,, = linear swelling ratio (ratio of swollen to dry polymer length) and K, C,

= constants.

Therefore, by controlling the percentage of the solvent content and the external
solvent concentration, these researchers could vary the compliance of the gripper.
Their gripper consisted of muscle cell chambers, wire tendons, and a scissors
mechanical gripper. The polymer muscles were bundles of 0.1-mm thick strips of
PVA-PAA that contracted with acetone and expanded with water by means of
computer-controlled hydraulic solenoid valves. They used a PD controller to control
gripper position. The cycle time for opening and closing of the gripper was under
15 sec, with measured positional accuracy of +2°.

In 1993, Oguro, Asaka, et al. (1993) of Osaka National Research Institute in
Japan (now called AIST) were the first to report deformation of ion-exchange
membrane polyelectrolytes when they were plated by metals and placed in an electric
field. They observed bending of strips of these polyelectrolyte membranes toward
anode electrode when placed in a weak electric field. Although the initial attempt
was to achieve better efficiencies for fuel cell membrane applications, the accidental
movement of this polymer membrane proved to be a breakthrough for the future of
polymeric biomechanical sensor and actuators.

Shahinpoor and Mojarrad (1996) have investigated characterization, modeling, and
application of chemoactive (pH-driven) and electroactive ionic polymeric gels, using
nonlinear theories and numerical simulation. Brock (1991a, 1991b, 1991c) of MIT
also has been involved with microminiature packaging of pH-activated artificial mus-
cles. Shiga and coworkers (1993) investigated deformation of small-diameter
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PVA—PAA hydrogel rods under sinusoidal varying electric field in electrolyte solution.
They measured response time of the order of less than several hundred milliseconds.

Since much of the latest research in polyelectrolyte application involving feed-
back controls requires the use of electrically conductive polymer actuators, these
materials will be briefly discussed in the following chapter.






2 lonic Polymer-Metal
Nanocomposites (IPMNCs):
Fundamentals

2.1 INTRODUCTION

Ionic polymeric materials suitably made into a functionally graded composite with
a conductor (ionic polymer conductor nanocomposite [IPCNC] or ionic poly-
mer—metal nanocomposites [IPMNCs]) such as a metal or synthetic metal such as
conductive polymers or graphite that act as a distributed electrode can exhibit large
dynamic deformation if placed in a time-varying electric field (see fig. 2.1) (Oguro
et al., 1993; Shahinpoor 1991, 1992, 1993; Shahinpoor and Kim, 2001c). Typical
experimental deflection curves are depicted in figures 2.2(a), 2.2(b), 2.2(c), and 2.2(d).

@ (b)

FIGURE 2.1 Successive photographs of an IPMNC strip showing very large deformation.
Samples in (a) and (b) are 1 cm X 4 cm X 0.2 mm, with 2 V; samples in (c) and (d) are 1 cm
x 8 cm X 0.34 mm with 4 V. Note that Ar = 0.5 sec between (a), (b) and (c), (d).

23
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Step voltage response of new hydrated IPMC cantilever
strip (20 mm X 5 mm X 0.2 mm, 1.5 volts, 126 mA)
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Step voltage response of new semi-dry IPMC cantilever
strip (20 mm X 5 mm X0.2 mm, 1.5 volts, 104 mA)
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FIGURE 2.2(a) and (b) Step response displacement characteristics of IPMNC samples. (a)
hydrated; (b) semidry.

Typical frequency-dependent dynamic deformation characteristics of IPMNCs are
depicted in figure 2.2(c).

Once an electric field is imposed on an [IPMNC cantilever, in their polymeric
network the conjugated and hydrated cations rearrange to accommodate the local
electric field and thus the network deforms. In the simplest of cases, such as in thin
membrane sheets, spectacular bending is observed (fig. 2.2(d)) under small electric
fields such as tens of volts per millimeter. Figure 2.2(d) depicts typical force and
deflection characteristics of cantilever samples of IPMNC artificial muscles.
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FIGURE 2.2(c) Displacement characteristics of an IPMNC, ERI-S1. &: arc length; L : effec-
tive beam length; L, = 1.0 in. (top) and L, = 1.5 in. (bottom).

Conversely, dynamic deformation of such polyelectrolytes can produce dynamic
electric fields across their electrodes as shown in figure 2.3 (Shahinpoor, 1996c). A
recently presented model by de Gennes et al. (2000) describes the underlying principle
of electrothermodynamics in such ionic polymeric material based upon internal trans-
port phenomena and electrophoresis. [IPMNCs show great potential as soft robotic
actuators, artificial muscles, and dynamic sensors in the micro- to macrosize range. In
this section, the generalities of IPMNCs with regard to their manufacturing techniques
and phenomenological laws are presented. Later, we present the electronic and elec-
tromechanical performance characteristics of [PMNCs.
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Figure 2.2(d) Variation of tip blocking force and the associated deflection if allowed to move
versus the applied step voltage for a 1 cm X5 cm x 0.3 mm IPMNC Pt-Pd sample in a
cantilever configuration.
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FIGURE 2.3 A typical sensing response of an IPMNC strip of 0.5 cm X 2 cm X 0.2 mm
manually flipped off by about 1 cm tip deflection in a cantilever form and then released.
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Figure 2.3 shows dynamic sensing or transduction response of a strip of an
IPMNC strip in a cantilever form subject to a dynamic impact loading in a cantilever
configuration. A damped electric response is observed and is highly repeatable with
a high bandwidth of up to tens of kilohertz. Such direct mechanoelectric behaviors
are related to the endo-ionic mobility due to imposed stresses.

Manufacturing an IPMNC begins with selection of an appropriate ionic poly-
meric material. Often, these materials are manufactured from polymers that consist
of fixed covalent ionic groups. The currently available ionic polymeric materials that
are convenient to be used as IPMNCs are

Perfluorinated alkenes with short side chains terminated by ionic groups
(typically sulfonate or carboxylate (SO;~ or COO") for cation exchange or
ammonium cations for anion exchange (see fig. 2.4). The large polymer
backbones determine their mechanical strength. Short side chains provide
ionic groups that interact with water and the passage of appropriate ions.

Styrene/divinylbenzene-based polymers in which the ionic groups have been
substituted from the phenyl rings where the nitrogen atom is fixed to an
ionic group. These polymers are highly cross-linked and are rigid.

In perfluorinated sulfonic acid polymers, there are relatively few fixed ionic
groups. They are located at the end of side chains so as to position them in their
preferred orientation to some extent. Therefore, they can create hydrophilic nanochan-
nels, so-called cluster networks (Gierke et al., 1982). Such configurations are drasti-
cally different in other polymers such as styrene/divinylbenzene families that limit,
primarily by cross-linking, the ability of the ionic polymers to expand (due to their
hydrophilic nature).

The preparation of ionic polymer—metal composites requires extensive laboratory
work including metal compositing by means of chemical reduction. State-of-the-art
IPMNC manufacturing techniques (Shahinpoor and Mojarrad, 2000) incorporate two
distinct preparation processes: first, the initial compositing process and then the
surface electroding process. Different preparation processes result in morphologies
of precipitated platinum that are significantly different. Figure 2.5 shows illustrative
schematics of two different preparation processes (top left and bottom left) and two
top-view scanning electron micrographs (SEMs) for the platinum surface electrode
(top right and bottom right).

— (CF,CF, ), — CFO(CF, — CFO),,CF,CF,S03 - Na"

CF, CE,
I
or
— (CF,CF, ), - CFO(CF, — CFO),, (CF, ), SO3 - Na*
I I
CF, CF,
I

FIGURE 2.4 Perfluorinated sulfonic acid polymers.
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FIGURE 2.5 Two schematic diagrams showing different electrode penetration and manufac-
turing processes.

Note in figure 2.5 that the top left-hand part is a schematic showing the initial
process of making the ionic polymer metal nanocomposite. The top right-hand
section shows its top-view SEM micrograph, while the bottom left-hand side shows
a schematic of the process of depositing surface electrodes on the ionic polymer.
The bottom right-hand side shows its top-view SEM micrograph where platinum
deposited is predominantly on top of the initial Pt layer.

The initial compositing process requires an appropriate platinum salt such as
Pt(NH,),HCI or Pd(NH;),HClI in the context of chemical reduction processes similar
to those evaluated by a number of investigators, including Takenaka et al. (1982)
and Millet (1989). The principle of the compositing process is to metalize the inner
surface of the material by a chemical-reduction means such as LiBH, or NaBH,.
The ionic polymeric material is soaked in a salt solution to allow platinum-containing
cations to diffuse through via the ion-exchange process. Later, a reducing agent such
as LiBH, or NaBH, is introduced to platinize the material.

As can be seen in figure 2.6, the metallic platinum particles are not homoge-
neously formed across the membrane but concentrate predominantly near the inter-
face boundaries. It has been experimentally observed that the platinum particulate
layer is buried microns deep (typically 1-20 wm) within the IPMNC surface and is
highly dispersed. The fabricated IPMNCs can be optimized to produce a maximum
force density by changing multiple process parameters. These parameters include
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FIGURE 2.6 Two SEM micrographs showing the cross-section (left) and close-up (right) of
a typical IPMNC.

time-dependent concentrations of the salt and the reducing agents (applying the
Taguchi technique to identify the optimum process parameters seems quite attractive;
see Peace, 1993). The primary reaction is

LiBH, + 4[P{(NH,),J** + 80H~ = 4P + 16NH, + LiBO, + 6H,0  (2.1)

In the subsequent surface electroding process, multiple reducing agents are
introduced (under optimized concentrations) to carry out the reducing reaction sim-
ilar to equation (2.1), in addition to the platinum layer formed by the initial com-
positing process. This is clearly shown in figure 2.4 (bottom right), where the
roughened surface disappears. In general, the majority of platinum salts stays in the
solution and precedes the reducing reactions and production of platinum metal. Other
metals (or conductive media) also successfully used include palladium, silver, gold,
carbon, graphite, and nanotubes.

To characterize the surface morphology of the IPMNC, atomic force microscopy
(AFM) can be used. Its capability to image the surface of the IPMNC directly can
provide detailed information with a resolution of a few nanometers. In figure 2.7, a
number of representative AFM images (its surface analysis) reveal the surface mor-
phology of the IPMNCs. As can be seen, depending on the initial surface roughening,
the surface is characterized by the granular appearance of platinum metal with a
peak/valley depth of approximately 50 nm. This granular nanoroughness is respon-
sible for producing a high level of electric resistance, yet provides a porous layer
that allows water movement in and out of the membrane.

During the AFM study, it was also found that platinum particles are dense and,
to some extent, possess coagulated shapes. Therefore, the study was extended to
utilize TEM (transmission electron microscopy) to determine the size of the depos-
ited platinum particles. Figure 2.8 shows a TEM image on the penetrating edge of
the IPMNC. The sample was carefully prepared in the form of a small size and was
ion beam treated. The average particle size was found to be around 47 nm.

A recent study by de Gennes et al. (2000) has presented the standard Onsager
formulation on the fundamental principle of IPMNC actuation/sensing phenomena
using linear irreversible thermodynamics. When static conditions are imposed, a
simple description of mechanoelectric effect is possible based upon two forms of
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FIGURE 2.7 An atomic force microscopy surface analysis image taken on the functionally
graded composite surface electrodes of some typical IPMNCs shown in figure 2.1. The
scanned area is 1 um?. The brighter/darker area corresponds to a peak/valley depth of 50 nm.

The surface analysis image has a view angle set at 22°.

FIGURE 2.8 TEM micrographs of IPMNC (left: Pt particles; right: a Pt particle).

transport: ion transport (with a current density, J, normal to the material) and electro-
phoretic solvent transport. (With a flux, Q, we can assume that this term is water flux.)

The conjugate forces include the electric field, E, and the pressure gradient, —Vp.
The resulting equation has the concise form of
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J=0E-L,Vp (2.2)

Q=L,E-KVp (2.3)

where ¢ and K are the material conductance and the Darcy permeability, respectively.
A cross-coefficient is usually L = L,, = L,,, experimentally measured to be of the
order of 10-® {(m/s)/(V/m)}.

The simplicity of the preceding equations provides a compact view of fundamental
principles of actuation and sensing of IPMNC. We can illustrate it simply in figure 2.9.

The IPMNC is composed of a perfluorinated ionic polymer, which is chemically
surface composited with a conductive medium such as platinum. A platinum layer
is formed a few microns deep within the perfluorinated ionic polymer.

Typically, the strip of perfluorinated ionic polymer membrane bends toward the
anode (in case of cation-exchange membranes) under the influence of an electric
potential. Also, the appearance of water on the surface of the expansion side and
the disappearance of water on the surface of the contraction side are common. This
electrophoresis-like internal ion—water movement is responsible for creating effective
strains for actuation. Water leakage through the porous Pt electrode reduces the
electromechanical conversion efficiency.

— & s o o

Side chain Hydrated cation-Na(H,0),* Water Fixed anion =~ Mobile cation

FIGURE 2.9 A schematic of the typical IPMNC and its actuation principle.
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2.2 PERFORMANCE CHARACTERISTICS
2.2.1 MECHANICAL PERFORMANCE

Figure 2.10 shows tensile testing results, in terms of normal stress versus normal
strain, on a typical IPMNC (H* form) relative to Nafion™-117 (H* form). Recognizing
that Nafion-117 is the adopted starting material for this IPMNC, this comparison is
useful. There is a little increase in mechanical strength of IPMNC (both stiffness and
the modulus of elasticity), but it still follows the intrinsic nature of Nafion. This means
that, in the tensile (positive) strain, the stress/strain behavior is predominated by the
polymer material rather than metallic powders (composite electrode materials).

Note in figure 2.10 that the data show normal stress, G, versus normal strain,
gy for IPMNC and Nafion-117. Note that both samples were fully hydrated when
they were tested. Although the tensile testing results show the intrinsic nature of the
IPMNC, a problem arises when the IPMNC operates in a bending mode. Dissimilar
mechanical properties of the metal particles (the electrode) and polymer network
seem to affect each other. Therefore, in order to construct the effective stress—strain
curves for IPMNCs, strips of IPMNCs are suitably cut and tested in a cantilever
configuration (see fig. 2.11(a)).

In a cantilever configuration, the end deflection, d, due to a distributed load,
w(s,f), where s is the arc length of a beam of length L and ¢ is the time, can be
related approximately to the radius of curvature, p, of the bent cantilever beam:

12+ 8%
p= )
28
20
18
16
14
IPMC, Nafion-117, H* form
= 12
Q‘ .
R
e
6 g A
4 Nafion-117, H* form
g
0
0.0 0.1 0.2 0.3 0.4 0.5 o

SN

FIGURE 2.10 Tensile testing results.
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FIGURE 2.11 A cantilever configuration (left) of the IPMNC (a) and an illustration of
positive/negative strains experienced in the operation mode of the IPMNC (b) in the cath-
ode/anode sides of the electrodes, respectively.

Note that the radius of curvature p is in turn related to the maximum tensile
(positive) or compressive (negative) strains in the beam as

g=— 2.5)

where A is the thickness of the beam at the built-in end.

Note that in the actuation mode of the IPMNC, the tensile strain can be simply
realized, but difficult to isolate. In the negative strain (material compression) illus-
trated in figure 2.11(b), the metal particles become predominant so as to experience
much higher stiffness and modulus of elasticity than the ones in the positive strain
regime.

Thus, the mathematical description regarding the physics of the cantilever beam
of the IPMNC is somewhat challenging and should be addressed carefully. Obvi-
ously, experimental approaches are available and should be pursued.

Note in figures 2.12 and 2.13 that swelling is an important parameter to affect
the mechanical property; that is, swelling causes mechanical weakening while elec-
trical activation has a tendency to stiffen the material due to redistribution of ions
within the IPMNC.

The stress, ¢, can be related to the strain, €, by simply using Hooke’s law,
assuming linear elasticity. (One can also consider other constitutive equations in
which the stress o can be related to the strain € in a nonlinear fashion—i.e., rubber
elasticity, which could be a future study.) It leads to

c=—" (2.6)
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Typical stress-strain curves for an ERI-S muscle
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FIGURE 2.12 Effect of swelling on the stress—strain characteristics of IPMNCs.
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FIGURE 2.13 Stiffening of IPMNCs due to placement in an electric field or under electric
activation.

where G is the stress tensor, M is the maximum moment at the built-in end, and /
is the moment of inertia of the cross-section of the beam.

Thus, the moment M can be calculated based on the distributed load on the beam
or the applied electrical activation of the IPMNC beam. Having also calculated the
moment of inertia I, which for a rectangular cross-section of width b will be I =
bh3/12, the stress & can be related to the strain €. The representative results are
plotted in figures 2.12 and 2.13. These figures include the effect of swelling and
stiffening behavior under electric activation. Here, electric activation refers to the
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IPMNC in the electromechanical mode exhibiting increased stiffness due to redis-
tributed hydrated ions or nonlinear characteristics of electromechanical properties
of the IPMINC. These features will be discussed in detail in upcoming review papers.

2.2.2 ELecTRICAL PERFORMANCE

In order to assess the electrical properties of IPMNC, the standard AC impedance
method that can reveal the equivalent electric circuit has been adopted. A typical
measured impedance plot, provided in figure 2.14, shows the frequency dependency
of impedance of the IPMNC. It is interesting to note that the IPMNC is nearly
resistive (>50 Q) in the high-frequency range and fairly capacitive (>100 UF) in the
low-frequency range.

Based upon the preceding findings, we consider a simplified equivalent electric
circuit of the typical IPMNC such as the one shown in figure 2.15 (Shahinpoor and
Kim, 2000a). In this approach, each single unit-circuit (i) is assumed to be connected
in a series of arbitrary surface resistance (R, of the order of a few ohms per
centimeter) in the surface. This approach is based upon the experimental observation
of the considerable surface-electrode resistance.

We assume that there are four components to each single unit circuit: the
surface-electrode resistance (R, of the order of a few tens of ohms per centimeter);
the polymer resistance (R, of the order of a few hundreds of ohms per millimeter);
the capacitance related to the ionic polymer and the double layer at the sur-
face—electrode/electrolyte interface (C,, of the order of a few hundreds of micro-
farads); and an impedance (Z,) due to a charge transfer resistance near the surface
electrode. For the typical IPMNC, the importance of R relative to R, may be
interpreted from XR /R, = L/t >> 1, where notations L and ¢ are the length and
thickness of the electrode, respectively. It becomes a two-dimensional electrode.
In order to increase the surface conductivity, a thin layer of a highly conductive
metal (such as gold) is deposited on top of the platinum surface electrode (Sha-
hinpoor and Kim, 2000a).
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FIGURE 2.14 The measured AC impedance spectra (magnitude) of IPMNC sample. The
moist IPMNC sample has a dimension of 5-mm width, 20-mm length, and 0.2-mm thickness.
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FIGURE 2.15 A possible equivalent electric circuit of typical IPMNCA (top) and measured
surface resistance, R, as a function of platinum penetration depth (bottom). Note that SEM
was used to estimate the penetration depth of platinum in the membrane. The four-probe
method was used to measure the surface resistance, R,, of the IPMNCs. Clearly, the deeper
the penetration is, the lower the surface resistance is.

Realizing that water contained in the perfluorinated IPMNC network is the sole
solvent that can create useful strains in the actuation mode, another issue to deal with
is the so-called “decomposition voltage.” As can be clearly seen in figure 2.16, the
decomposition voltage is the minimum voltage at which significant electrolysis occurs.

This figure contains the graph of steady-state current, I, versus applied DC
voltage, E,,,, showing that as the voltage increases, there is little change in current
(obeying Faraday’s law). However, a remarkable increase in DC current is observed
with a small change of voltage. Even though the intrinsic voltage causing water
electrolysis is about 1.23 V, a small overpotential (approximately 0.3-0.5 V) was
observed. It should be noted that such water electrolysis leads to lower thermody-

namic efficiency of the IPMNC.
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FIGURE 2.16 Steady state current, I, versus applied voltages, E,, on the typical IPMNCs.
ERI-K1100 stands for a proprietary IPMNC fabricated by Environmental Robots, Inc. It has
a thickness of 2.9 mm and is suitably platinum/gold electroded.

200
100
?F
2 /
= ;57
-100
-200 T T T T T
-6 —4 -2 0 2 4 6

V (volt)
FIGURE 2.17 I/V curves for a typical IPMNC. Nafion™-117-based IPMNC.

Figure 2.17 depicts measured cyclic current/voltage responses of a typical
IPMNC (scan rate of 100 mV/sec). As can be seen, a rather simple behavior with a
small hysteresis is obtained. Note that the reactivity of the IPMNC is mild such that
it does not show any distinct reduction or reoxidation peaks within +4 V, except for
a decomposition behavior at ~+1.5 V, where the extra current consumption is appar-
ently due to electrolysis. Overall behavior of the IPMNC shows a simple trend of
ionic motions caused under an imposed electric field.
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FIGURE 2.18 Frequency dependency of the IPMNC in terms of the normal stress, G, versus

the normal strain, €y, under an imposed step voltage of 1 V. This Nafion-117 IPMNC has a
cation of Li* and a size of 5 X 20 mm.

Note that the scan rate is 100 mV/sec. A simple behavior with a small hysteresis
can be seen. It does not show any distinct reduction or reoxidation peaks within 4 V,
except for a decomposition behavior at ~+1.5 V, where the extra current consumption
is apparently due to electrolysis.

In figure 2.18, frequency response of the IPMNC is expressed in terms of the
normal stress versus the normal strain. Its frequency dependency shows that as
frequency increases, the beam displacement decreases. However, it must be realized
that, at low frequencies (0.1-1 Hz), the effective elastic modulus of the IPMNC
cantilever strip under an imposed voltage is also rather small.

On the other hand, at high frequencies (5-20 Hz) such moduli are larger and
displacements are smaller. This is due to the fact that, at low frequencies, water and
hydrated ions have time to gush out of the surface electrodes, whereas at high
frequencies they are rather contained inside the polymer.

Therefore, the nature of water and hydrated ion transport within the IPMNC can
affect the moduli at different frequencies and presents potential application to smart
materials with a circulatory system. This obviously is a biomimetic phenomenon in
the sense that all living systems have some kind of circulatory fluid to keep them
smart and surviving. This is also of interest in a similar analogy to ionic hydraulic
actuators (Shahinpoor and Kim, 2001d).

Encapsulation by highly elastic thin membranes such as Saran® F-310 (Dow
Chemicals) or liquid latex has been effective in maintaining a fairly constant polar
medium for the cations’ mobility and consistent performance.

The ionic polymer metal composites or ionic polymer conductor composites are
basically water-loving, living muscles. However, water can be replaced with ionic liquids
or other polar liquids, as reported in a number of publications (see Bennet and Leo, 2003).
A new family of encapsulated IPMNCs equipped with thin compliant electrodes showing
higher efficiencies and power densities in actuation have been fabricated and tested.



lonic Polymer-Metal Nanocomposites 39

2.2.3 IMPROVED PERFORMANCE

As discussed earlier, a key engineering problem in achieving high force density
IPMNC is reducing or eliminating the leakage of the polar liquid within the mac-
romolecular network out of the surface electrode (made of finely dispersed platinum
particles within or near the boundary region) so that water transport within the
IPMNC can be more effectively utilized for actuation. Figure 2.7 depicts that the
nominal size of platinum particles in the IPMNC near boundary is ca. 40-60 nm,
much larger than that (~5 nm) of incipient particles associated with ion clusters.
Thus, the incipient particles coagulate during the chemical reduction process and
eventually grow large, as schematically illustrated in figure 2.19.

It is realized that there is a significant potential for controlling the reduction
process in terms of platinum particle penetration, size, and distribution. This could
be achieved by introducing effective dispersing agents (additives) during the chem-
ical reduction process. It is anticipated that the additives would enhance dispersal
of platinum particles within the ionic polymer and thus reduce coagulation. As a
result, a better platinum particle penetration in the polymer with a smaller average
particle size and more uniform distribution could be obtained.

This uniform distribution makes it more difficult for water to pass through
(granular damming effect) and emerge from the surfaces of the IPMNC samples.
Thus, the water seepage or leakage out of the surface electrode could be significantly
reduced. The use of effective dispersing agents such as detergents, soaps, and, in
particular, polyvinyl pyrolidone (PVP) during the platinum metallization process
resulted in dramatically improved force density characteristics.

The results are shown in figure 2.20(a) and 2.20(b), where the measured force
of the improved IPMNC relative to conventional one is reported. As clearly seen,
the additive-treated IPMNC has shown

a much sharper response to the input electric field
a dramatically increased force density generation by as much as 100%

FIGURE 2.19 A schematic illustration of platinum coagulation during the chemical reduction
process.
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FIGURE 2.20(a) Force response characteristics of the improved IPMNC versus the conven-
tional IPMNC. Note that the improved IPMNC is one treated by an effective dispersing agent.

Figure 2.21(a) depicts an SEM, an IPMNC film treated with a dispersing agent
(top), and its x-ray line-scan (bottom), while figure 2.21(b) depicts the profiles of
platinum concentration versus penetration for different permeability coefficients.

Note that figure 2.20(b) depicts TEM micrographs of two samples of IPMNC
with and without PVP treatment, showing how the addition of PVP causes the
nanoparticles of platinum to not coalesce and create a uniform and fairly homoge-
neous distribution of particles. This is believed to create more uniform internal
electric fields and cause the increased force capability of IPMNCs and IPCNCs.

As can be seen, the Pt penetration is increasingly homogeneous and consistent
using a dispersant during the reduction process. Note from figures 2.21(a) and 2.21(b)
that a good platinum penetration is achieved, meaning that an effective additive
enhances platinum dispersion and leads to better penetration in the polymer. A
convenient way to handle this situation (free diffusion into finite porous slab or
membrane) is to use an effective diffusivity, Dy, and then to consider it as a one-
dimensional problem. Assuming fast kinetics for the metal precipitation reaction of

(Pt(NH3)4)** + 2e > Pt, + 4NH3, the precipitated platinum concentration, N,, can
be expressed as

_Cr®)L

)
=l-erf(——— 2.7
' CPt,i ¢ (,I4Deﬁrt) @7

where notations Cp(81), Cp,;, and §, are the platinum concentration, the platinum
concentration at the interface, and the particle penetration depth, respectively.

For a typical reduction time of # = 15 min (in fig. 2.21(a) and 2.21(b)), equation
(2.7) is plotted for values of D =1x 1071%, 1 X 10, and 1 X 10-8 cm? s~!, respectively.
The effective diffusivity, D.g, could be estimated to be of the order of 1 x 108 cm? s™!

N
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FIGURE 2.20(b) TEM micrographs of two samples of IPMNC with and without PVP treat-
ment. Note how the addition of polyvinyl pyrolidone (PVP) causes the nanoparticles of
platinum to not coalesce and create a uniform and fairly homogeneous distribution of particles.
This is believed to create more uniform internal electric fields and cause the increased force
capability of IPMNCs and IPCNCs.

for the improved IPMNC. This situation is somewhat complicated due to the simul-
taneous effect of a mass transfer and significant kinetics; nevertheless, the estimated
value of Dz =1 x 10® cm? s7! would be a convenient value for engineering design
of the platinum metallization process described here for the improved IPMNC.

In figure 2.22, the results of potentiostatic analysis are presented. The variation
of current following the application of an electric potential to the IPMNCs (the PVP-
treated IPMNC and the conventional IPMNC) is shown. The current decays expo-
nentially. The charge transfer after time ¢ (Q,) is

13
0, =J' Idt
0

It is useful to make a direct comparison between Q, py; (for the PVP-treated IPMNC)
and Q, (for the conventional IPMNC). The data shown in figure 2.22 give
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FIGURE 2.21(a) A scanning electron micrograph (SEM) of an IPMNC film sample treated
with a dispersing agent polyvinyl pyrolidone or PVP (top) and its x-ray line scan (bottom).
As can be seen, the Pt penetration is deeper, more homogeneous, and more consistent due to
the use of the dispersant.
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FIGURE 2.21(b) Profiles of platinum concentration versus depth penetration for different
diffusivity coefficients D, As can be seen, the Pt penetration is deeper, more homogeneous,
and more consistent due to use of the dispersant PVP.

0, pvp/Q,= 1.1. This means that the PVP-treated IPMNC consumes approximately
10% more charges. This raises a point that merely 10% increased consumption of
charges is not the only reason to increase the force density by as much as 100%.

An increase in force density of as much as 100% represents a very favorable
gain for a 10% increase in consumed charge. Therefore, it can be concluded that it
is the “granular damming effect” that minimizes the water leakage out of the porous
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FIGURE 2.22 Potentiostatic coulometric analyses for the additive treated IPMNC and the
conventional IPMNC. This graph shows that an increased current passage (Faraday approach)
can contribute to the observed improvement in the force characteristics of IPMNC strips (see
fig. 2.19).

surface electrode region when the IPMNC strip bends. Thus, such dispersing issues
are rather important in increasing the force density of IPMNCs.

2.2.4 A VIEw FROM LINEAR IRREVERSIBLE THERMODYNAMICS

In connection with the phenomenological laws and irreversible thermodynamics
considerations discussed in section 2.2.1, when one considers the actuation with
ideal impermeable electrodes, which results in Q = 0 from equation (2.3), one has

L -
Vp=—"E 28
P K

Also, the pressure gradient can be estimated from

Vp = max (29)
P="

where G,,,, and & are the maximum stress generated under an imposed electric field
and the thickness of the IPMNC, respectively. The values of G,,,, can be obtained
when the maximum force (= blocking force) is measured at the tip of the IPMNC
per a given electric potential.

In figure 2.23, the maximum stresses generated, G,,,,, under an imposed electric
potential, E,, for calculated values and experimental values of the conventional

IPMNC and the improved IPMNC are presented. It should be noted that the improved
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FIGURE 2.23 Maximum stresses generated by the IPMNCs at given voltages.

IPMNC (by the method of using additives) is superior to the conventional IPMNC
approaching the theoretically obtained values.

For theoretical calculation the following experimentally measured values were
used:

L, = L, =2 x 1078 {cross-coefficient, (m/s)/(V/m)}
k=18x 108 {hydraulic permeability, m? (Bernardi and Verbugge, 1992)}
E =E,/h where h = 200 um {membrane thickness}

Table 2.1 lists the current capabilities of IPMNCs. These capabilities can be
built into IPMNC samples by changing some 18 parameters. These parameters can
be tweaked to manipulate the performance of IPMNCs. This will be discussed in
the next chapter on manufacturing methodologies. Furthermore, the energy and
power densities of IPMNCs and IPCNCs appear to be very compatible with mam-
malian muscles, as depicted in figures 2.24 and 2.25.

The sample dimensions in creating these graphs were 20- X 5- X 1.6-mm thick-
ness. A maximum square-wave voltage input at 16 V was applied and the samples
contained Li+ as cation.

Note the locus of specific energy versus frequency of a broad spectrum of
biological muscles as reported by Robert Full of UC Berkeley (Full and coworkers,
2001-2002). IPMNCs have a broad frequency spectrum as shown in figures 2.24
and 2.25. Figure 2.25 depicts the variation of power output as function of frequency
of excitation for the same sample described in figure 2.24.

2.2.5 THERMODYNAMIC EFFICIENCY

The bending force of the IPMNC is generated by the effective redistribution of
hydrated ions and water. This is an ion-induced hydraulic actuation phenomenon.
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TABLE 2.1

Current Capabilities of IPMNC Materials

Young’s modulus, E Up to 2 GPa

Shear modulus, G Upto 1 GPa

Poisson’s ratio, v Typical: 0.3-0.4

Power density (W/volume)) Up to 200 mW/cc

Max force density (cantilever mode) Up to 50 kgf/kg

Max displacement/strain Up to 4% linear strain

Bandwidth (speed) Up to 1 kHz in cantilever vibratory mode for actuations;

up to 1 MHz for sensing
Resolution (force and displacement control) ~ Displacement accuracy down to 1 um; force resolution
down to 1 mg

Efficiency (electromechanical) More than 25% (frequency dependent) for actuation;
more than 90% for sensing
Density Down to 1.8 g/cm?
1000 T T T T

Natural muscles
R. Full
100 | b

10+ °\ 1
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FIGURE 2.24 Specific energy as a function of frequency for typical IPMNC samples.

Typically, such a bending force is electric field dependently distributed along the
length of the IPMNC strip, as noted in figure 2.23. Further, note from figure 2.21
that a surface voltage drop occurs, which can be minimized (Shahinpoor and Kim,
2000a). The IPMNC strip bends due to this ion migration-induced hydraulic actua-
tion and redistribution.

The bending force of the IPMNC is exerted by the effectively strained IPMNC
due to hydrated ions transport. Typically, such force is field dependently distributed
along the length of the IPMNC strip. The IPMNC strip bends due to this force. The
total bending force, F,, can be approximated as

F =] fas (2.10)
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FIGURE 2.25 Power density output as a function of frequencies.

where fis the force density per unit arc length S and L is the effective beam length
of the IPMNC strip. Assuming a uniformly distributed load over the length of the
IPMNC, the mechanical power produced by the IPMNC strip can be obtained from

— 1 L
P, = EL fvdS (2.11)

where v is the local velocity of the IPMNC in motion. Note that v is a function of
S and can be assumed to linerarly vary such that v = (v, /L)S, 0 < S < L. Finally, the
thermodynamic efficiency, E,,, can be obtained as

tip!

P
Eﬁm(%):[’,%”’xloo (2.12)

in

where P,, is the electrical power input to the IPMNC—that is, P, = V(t)I(t), where
V and [ are the applied voltage and current, respectively.

Based on equation (2.12), one can construct a graph (see fig. 2.26) that depicts
the thermodynamic efficiency of the IPMNC as a function of frequency. Note that
this graph presents the experimental results for the conventional IPMNC and the
improved additive (PVP)-treated IPMNC. It is of note that the optimum efficiencies
occur at near 8—10 Hz for these new improved samples of IPMNCs. The optimum
values of these IPMNCs are approximately 25-30%. At low frequencies, the water
leakage out of the surface electrode seems to cost the efficiency significantly. How-
ever, the additive-treated IPMNC shows a dramatic improvement in efficiency due
to reduction in water leakage out of the electrode surface. The important sources of
energy consumption for the IPMNC actuation could be

necessary mechanical energy needed to cause the positive/negative strains for
the IPMNC strip
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I/V hysteresis due to the diffusional water transport within the IPMNC
thermal losses—joule heating (see fig. 2.26)

decomposition due to water electrolysis

water leakage out of the electrode surfaces

Recent improvement in the performance of the IPMNC by blocking water
leakage out of the porous surface electrode has resulted in higher overall thermody-
namic efficiencies of all IPMNC samples tested in a frequency range of 0.1-50 Hz.
It should be noted that the obtained values are favorable compared to other types of
bending actuators—that is, conducting polymers and piezoelectric materials at sim-
ilar conditions—that exhibit considerably lower efficiencies (Wang et al., 1999).

The samples used in figure 2.26 have a dimension of 20-mm length, 5-mm width,
and 0.2-mm thickness. The applied potential is a 1-V step. Lines are least square
fits. Resonant efficiencies are not included in this figure. It appears that at higher
frequencies the thermodynamic efficiency stabilizes and almost remains the same.
This phenomenon, as well as the resonance state efficiencies, is currently under
investigation.

Figure 2.27 displays IR thermographs taken for an IPMNC in action (the sample
size of 1.2 X 7.0 cm). They show spectacular multispecies mass/heat transfer in a
sample of IPMNC under an oscillatory step voltage of 3 and frequency of 0.1 Hz.
The temperature difference is more than 10°C. In general, the hot spot starts from
the electrode and propagates toward the tip of the IPMNC strip (left to right). The
thermal propagation is simultaneously conjugated with the mass transfer along with
the possible electrochemical reactions. It clearly shows the significance of water
transport within the IPMNC. These coupled transport phenomena are currently under
investigation. Note in figure 2.27 that the electrode is positioned in the left side of
the IPMNC. The temperature difference was more than 10°C when a DC voltage of
3 was applied for the IPMNC sample size of 1.2 X 7.0 cm.

30
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FIGURE 2.26 Thermodynamic efficiency of actuation of the IPMNC as a function of fre-
quency. Nafion-117 was used as a starting material.
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t=0sec;t=5sec

FIGURE 2.27 1R thermographs of an IPMNC in action. The hot spot starts from the electrode
and propagates toward the tip of the [IPMNC strip.

2.2.6 Cryocenic ProperTiES OF IPMNC

In order to determine the cryogenic characteristics of IPMNC sensors and actuators
for harsh space conditions, various samples of IPMNCs were tested in a cryochamber
under very low pressures down to 2 torr and temperatures down to —150°C. This
was done to simulate the harsh, cold, low-pressure environments in space. The results
are depicted in the figures 2.28 through 2.33.

2.2.7 INTERNAL AND EXTERNAL CIRCULATORY PROPERTIES OF IPCNCs

IPCNCs and IPMNCs have been shown to be capable of inducing electrically
controllable autonomous changes in material properties by an intrinsic distributed

< —A— Deflection & 20
—&— Temperature

Deflection (cm)
Temperature (°C)

0.00 1.00 2.00 3.00 4.00 5.00
Time (h)

FIGURE 2.28 Deflection characteristics of IPMNC as a function of time and temperature.
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FIGURE 2.29 Power consumption of the IPMNC strip bending actuator as a function of
activation voltage.
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FIGURE 2.30 Deflection of the bending IPMNC strip as function of voltage.
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FIGURE 2.31 Deflection versus current drawn (top) and power input (bottom) at a high
pressure of 850 torr and a low pressure of 0.4-1 torr.
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FIGURE 2.32 IPMNC strip static (V/I) and dynamic (V/I) resistance at various temperatures.
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FIGURE 2.33 The relation between voltage and current for an IPMNC strip exposed to room
temperature = 20 and —100°C.

circulatory system. Thus, they have the potential of creating a new class of structural
nanocomposites of ionic polymers and conductors such as metals or carbon nanotubes.
These contain an embedded circulatory system capable of producing electrically
controlled localized internal pressure changes to hydraulically pump liquids contain-
ing ions and chemicals to various parts of the material to cause sensing, actuation,
and large changes in stiffness and conductivity and to perform self-repair or healing.

Tonic polymers equipped with a distributed network of electrodes created by a
chemical plating procedure, such as IPMNCs, are capable of creating an intrinsic
distributed circulatory system of ions, chemicals, water, and polar and ionic liquids
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whose fluid motion is generated by electrically induced migration and redistribution
of conjugated ions within its polymeric network of nanoclusters. Every part of the
material can be reached by electric field-induced migration and redistribution of
conjugated ions on a nanoscale for robotic motion action and feedback, as well as
embedded distributed sensing and transduction.

One of the most important characteristics of these nano-IPMNCs as smart mul-
tifunctional polymeric nanocomposites is the ability to allow ionic migration on a
molecular and nanoscale by means of an imposed local intrinsic electric field within
the material. This then causes hydrated or otherwise loaded cations to move and
create a local pressure or fluid motion while carrying additional water as hydrated
water as well.

Such fluid circulatory migration in ionic polymers had been observed in our
laboratories at the Artificial Muscle Research Institute at the University of New
Mexico as early as 1994 in the form of water appearance and disappearance on the
cathode side of IPMNC strips under an imposed sinusoidal or square wave electric
field for actuation. The fact that we could put a pair of electrodes in the middle of
a strip of IPMNC and make it bend and grab objects like a soft parallel jaw robotic
gripper inspired us to think about the rapid nastic sensing and actuation of higher
plants such as the carnivorous or insectivorous plants. The induced spectacular
bending motion and the built-in sensing characteristics of the ionic polymer—metal
nanocomposites led us to think that some higher plants, such as the Venus flytrap
(Dionaea muscipula), may use the same ionic migration and water circulation for
sensing and rapid actuation.

In fact, Shahinpoor and Thompson (1994) concluded that what was happening
in ionic polymers in connection with ionic migration and induced bending and
deformation was possibly the mechanism for some amazing nastic movement in
plants such as in the Venus flytrap (fig. 2.34), in which almost digital sensing (the
trapped insect has to disturb the ionoelastic trigger hairs more than two or three
times before the lobes close rapidly to trap the insect) and rapid actuation and
deployment occurs with ionic migration using the plant’s sensing and ionic circula-
tory system. Mechanical movement of the trigger hairs (fig. 2.34(d)) puts into motion
ATP-driven changes in water pressure within these cells.

These trigger hairs are located on the trap leaves. If these are stimulated twice
in rapid succession, an electrical signal is generated that causes changes in the water
pressure in different parts of the leaves (Shahinpoor and Thompson, 1994).

The cells are driven to expand by the increasing water pressure, and the trap
closes as the plant tissue relaxes. The mechanisms responsible for such rapid deploy-
ment of lobes in Venus flytrap are acid growth and turgor pressure leaf movement,
which is an osmotic effect in which an ion (in the case of Dionaea, K¥) is released
into the leaf tissues and makes the cells on one surface of the leaves swell. It is
remarkable how these changes are similar to what actually happens in ionic polymer
nanocomposites. One can even have K* cations in IPMNCs to cause sensing and
actuation. It is clear that ionic polymer nanocomposites have opened a door to the
mysterious ion engineering world of nastic plant movements and rapid deployments
and this new ionic world now needs to be further explored.
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(e) ® ®

FIGURE 2.34 Venus flytrap (Dionaea muscipula). (a), (b), (c) A plant capable of rapid nastic
deployment and movement based on its trigger hair; (d) digital sensing and an IPMNC gold
strip (1 cm X 6 cm X 0.3 mm) performing similar rapid closure (e), (f), (g) under a dynamic
voltage of 4 V.

(@ (b)

FIGURE 2.35 Migration of lithium cations to the surface on the cathode electrode side
of a cantilever sample of IPMNC. (a) Sample bent downward, lithium ions appearing on
the surface. (b) Sample bent upward with lithium ions disappearing by migration to the
other side.

The first observation on circulatory migration of chemicals to boundary surfaces
of ionic polymer metal nanocomposite samples occurred in 2000 in the Artificial
Muscle Research Institute at University of New Mexico. Shahinpoor and Kim (2002j)
reported these observations in connection with such a circulatory system enabling
sensing and actuation by creating internal pressure change and causing internal
hydraulic actuation. One could consistently observe the color of the surface on the
cathode side of a cantilever sample of IPMNC changed with the application of a
step electric field. Figure 2.35 depicts one such experiment.
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If the imposed electric field were dynamic and oscillatory like sinusoidal, the
color of the surfaces on the cathode side changed alternatively with the frequency
of the applied dynamic electric field. When we changed the cations to other cations,
such as sodium or calcium, then the color of the migrated cations on the cathode
side changed. The emergence of water on the cathode side was also always observ-
able. We concluded that the mechanism of electrically induced bending was due to
ionic polymer nanoscale energetics and ionic migration from one side of the canti-
lever film to the other side while carrying hydrated water or added mass water in
such hydraulic type actuation. It was observed that the ionic migration and redistri-
bution caused water, chemicals, polar fluids, or ionic liquids contained within the
macromolecular network to circulate within the materials and to transport ions and
chemicals from one point to another to cause large (>10) changes in value of a
number of properties, such as stiffness, conductivity, and material transport.

In fact, in the case of lithium cations, the color was greenish blue, which then
indicated that it was Li* cations migrating under the influence of the imposed electric
field and carried loose water as well as hydrated water along with it. These obser-
vations have been reported by Shahinpoor and Kim (2002j, 2004), Kim and Shahin-
poor (2003b), as well as by Leo and Cuppoletti (2004) and Hawkins et al. (2004),
and later became a routine phenomenon to be observed with hydrated samples of
IPMNC:s. Figure 2.36 depicts the essential mechanism in such electrically control-
lable ionic migration accompanied by water or ionic liquid movement.

Furthermore, such ionic migration could also increase the local stiffness. We
have observed stiffness changes of more than one order of magnitude in IPMNCs
as also depicted in figure 2.1.

The migration of loaded or hydrated cations by means of an imposed local
electric field has been observed to cause deformation, stiffening, substantial changes
in local elastic modulus, substantial material transport within the material, ability to
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FIGURE 2.36 The cation-transport-induced actuation principle of IPMNCs. (a) Before a
voltage is applied; (b) after a voltage is applied.
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transport healing and repairing materials and chemicals to any location in the body
or to the surfaces and skins of the body, and many more. A first-order analytical
model for such nanocomposites can be stated using linear irreversible thermody-
namics with fluxes such as a current density, J, and the flux of water + ions and
chemicals, Q. The conjugated forces include the electric field, E, and the pressure
gradient, —Vp. The resulting equations are equations 2.2 and 2.3.

2.2.8 NEAR-DC MECHANICAL SENSING, TRANSDUCTION,
AND ENERGY-HARVESTING CAPABILITIES OF IPMNCs
IN FLEXING, BENDING, AND COMPRESSION MODES

As discussed before, IPMNCs have excellent sensing capability in flexing and com-
pression. Further, as will be discussed in detail in chapter 7 of this book, IPMNCs’
active elements not only are capable of sensing rather high frequencies but also are
capable of near-DC dynamic sensing and acceleration measurement, as shown in figure
2.37. In this sense, they are far superior to piezoelectric materials, which are only
suitable for high-frequency sensing while, for low-frequency or near-DC sensing,
piezoresistors are generally used. Thus, they span the whole range of frequencies for
dynamic sensing and have wide bandwidth. These issues will be detailed in chapter 7.

Power harvesting capabilities of IPMNCs are also related to near-DC or even
high-frequency sensing and transduction capabilities of IPMNCs. Figure 2.38 depicts
a typical near-DC voltage and current production of IPMNC cantilevers. The exper-
imental result shows that almost a linear relationship exists between the voltage
output and the imposed displacement of the tip of the IMPC sensor.

IPMNC sheets can also generate power under normal pressure. Thin sheets of
IPMNC were stacked and subjected to normal pressure and normal impacts and were

0 10 20 30 40 50 60 70 80 90
Deformed angle relative to standing position (degree)

FIGURE 2.37 Near-DC sensing data in terms of produced voltages, AE, versus displacement.
Note that the displacement is shown in terms of the deformed angle relative to standing
position in degree in a cantilever configuration. The dimension of the sample sensor is 5 X
25 % 0.12 mm.
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Cantilever sheet battery (1cm X 3 cm x 0.3 mm) voltage

and peak current produced for various tip deflections
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FIGURE 2.38 Typical voltage/current output of IPMNC samples under flexing/bending. The
IPMNC sample has a dimension of 10-mm width, 30-mm length, and 0.3-mm thickness.
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FIGURE 2.39 Outvoltage due to normal impact of 200-N load on a 2-cm X 2-cm X 0.2-mm
IPMNC sample.

observed to generate large output voltage. Endo-ionic motion within IPMNC thin
sheet batteries produced an induced voltage across the thickness of these sheets when
a normal or shear load was applied. A material testing system (MTS) was used to
apply consistent pure compressive loads of 200 and 350 N across the surface of an
IPMNC 2- x 2-cm sheet. The output pressure response for the 200-N load (73 psi)
was 80 mV in amplitude and for the 350-N load (127 psi) it was 108 mV.

This type of power generation may be useful in the heels of boots and shoes or
places with a lot of foot or car traffic. Figure 2.39 depicts the output voltage of the
thin sheet IPMNC batteries under 200-N normal load. The output voltage is generally
about 2 mV/cm length of the IPMNC sheet.
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2.3 ADVANCES IN FORCE OPTIMIZATION

The fabricated IPMNCs can be optimized for producing a maximum force density by
changing multiple process parameters, including bath temperature, (7%), time-dependent
concentrations of the metal containing salt, C(f), and the reducing agents, Cg(?).

The Taguchi design of experiment technique was conducted to identify the
optimum process parameters (Rashid and Shahinpoor, 1999). The analysis tech-
niques for “larger-the-better” quality characteristics incorporate noise factors into
an experiment involving such characteristics, for the maximum force generated by
the manufactured IPMNC:s in this case. Such an analysis allows us to determine the
key factors and the possible best settings for consistently good performance. These
experimental force optimization techniques are fully discussed in chapter 3 and will
not be repeated here. The force measurement configuration is depicted in figure 2.40.
The blocking force is measured at zero displacement.

Furthermore, initial stretching of the ionic polymer samples prior to manufac-
turing also appears to increase the force capability of IPMNCs. One approach is to
stretch the base material prior to platinum composition process. By doing so, we
anticipate that the base materials are plastically deformed and, as a result, the larger
pores (higher permeability) could be created relative to the starting materials. One
approach was to stretch the base material uniaxially and carry out the routine optimal
IPMNC manufacturing technique. By using such a stretching technique, the particle
penetration within the material is much more effective so as to form a much denser
platinum particle phase and distribution. The basic morphology of particle formation
appears different, as can be seen in figure 2.41.

Load cell

Eapp
ForceT J

FIGURE 2.40 A blocking force measurement configuration.

FIGURE 2.41 Two TEM micrographs show the intrinsic platinum particles for an IPMNC
mechanically stretched prior to making the metal-ionic polymer composite (left) and with
no stretching (right). The 17% uniaxial stretching was performed.
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FIGURE 2.42 Measured blocking forces (top) and surface resistance of IPMNC samples

prepared (bottom). The standard sample size is 5 mm X 10 mm X 0.2 mm. The process

information is given in terms of particles used, platinum, and the final material with gold

electrodes.

In general, the effect of such a stretching method of manufacturing IPMNCs

seems to benefit the IPMNC performance in terms of the blocking force in a

cantilever configuration. The results are presented in figure 2.42. Significantly

improved generative forces were produced.



58 Artificial Muscles

2.4 ELECTRIC DEFORMATION MEMORY EFFECTS,
MAGNETIC IPMNCS, AND SELF-OSCILLATORY
PHENOMENA IN IONIC POLYMERS

The preceding novel phenomena have been observed and established recently in our
laboratories at the University of New Mexico and the University of Nevada-Reno.
The novel electric deformation memory effect in connection with ionic polymer
conductor composites (IPCNCs) and, in particular, IPMNCs, is first reported here.

An IPMNC sample is capable of storing geometric shape and deformation
information for a given step voltage or imposed electric field, even when the field
is turned off—provided the sample is completely isolated form any electric discharg-
ing systems. In this case, IPMNCs do not need to be trained for a given shape
memory effect such as shape memory alloys (SMAs) or ferromagnetic shape memory
materials. Rather, they have an infinite set of possibilities of deformation shapes
versus voltage that can be memorized even when the electric field is removed. This
creates, for the first time, potential for building “geometric computers” that store
information in geometrical forms containing infinite amounts of information for a
given voltage signal or electric field. The data presented here will establish that,
from a neutral position and charge-free state, for any given voltage, a cantilever
sample of IPMNC bends to a shape; if one removes the voltage, the shape will not
change and the material remembers the shape permanently, provided the sample is
completely isolated form any electric discharging systems.

The process is highly reversible. Any change in shape is due to environmental
changes such as humidity or temperature and, in a controlled environment, we
observe that after the voltage is removed, having allowed the sample to stabilize its
shape, the shape stays almost permanently. Upon shorting out the electrodes on the
two sides of the sample, the sample moves back to its initial configuration before
the application of the step voltage.

The data enclosed here show that, from a neutral position and charge-free state
(this is important because IPMNCs are such sensitive and large-capacity charge
capacitors, and most anomalies are because we do not initially discharge the sample),
for any given voltage, the cantilever sample bends to a shape. If the voltage is
removed, the shape will not change, provided the sample is prevented from being
electrically discharged by completely isolating it from any electric discharging
systems. Typical observations are depicted in figure 2.43 (a, b, c, d, and e), in which
the sample is shorted out first and then reactivated and consequently completely
detached from its fixtures and left on a table to show that the shape is memorized
and is permanent.

In general, important observations are:

The electric deformation memory effect is due to rearrangement of immobi-
lized charges (double layer interactions) after the voltage is removed. Thus,
in a way, the electric deformation shape memory effect is due to a kind of
ionic solid phase transformation, which is capacitively induced.

The direction of the IPMNC motion is always consistent with the direction
of charges.
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The sample should be prevented from electrically discharging itself by com-
pletely isolating it from any electric discharging systems.

As far as making magnetic IPMNCs is concerned, the reader is referred to Park
et al. (2006) to see how ferromagnetic metal salts can also be embedded within the
IPMNCs molecular network and give rise to magnetically active IPMNCs. In connec-
tion with self-oscillatory phenomena in IPMNCs, see D. Kim and K. J. Kim (2005).

(€)

FIGURE 2.43 Sequence of events establishing electric shape memory effect. (a) Before the
voltage of 4 V is applied to the sample of 10 x 80 x 0.34 mm; (b) 4 sec after the voltage is
applied; (c) 6 sec after the electrodes are shorted by connecting the lead wires together; (d)
4 sec later after the same voltage is applied again; (e) 10 min later after the muscle is
completely detached from the electrodes with permanent deformation and laid on a table.






3 lonic Polymer-Metal
Nanocomposites:
Manufacturing
Techniques

3.1 INTRODUCTION

This chapter presents a detailed description of various techniques and experimental
procedures in manufacturing ionic polymer—metal nanocomposites (IPMNCs) that,
if fully developed, can be used as effective biomimetic sensors, actuators, and
artificial muscles. The performance of those IPMNCs manufactured by different
manufacturing techniques is presented and described. In particular, a number of
issues, such as force optimization using the Taguchi design of experiment tech-
nique, effects of different cations on electromechanical performance of IPMNCs,
electrode and particle size and distribution control, surface electroding, manufac-
turing cost minimization approaches by physical loading techniques, scaling and
three-dimensional muscle production issues, and heterogeneous composites, are also
reviewed and compiled.

3.2 IPMNC BASE MATERIALS
3.2.1 IN GENERAL

As we previously discussed in chapter 2, the manufacturing of IPMNC artificial
muscles, soft actuators, and sensors starts with ion-exchange (or “permeable” or
“conducting”) polymers (often called “ionomers”; Eisenberg and Yeager, 1982;
Eisenberg and King, 1977). Ion-exchange materials are designed and synthesized to
selectively pass ions of single or multiple charges—that is, cations or anions or both.
Hence, depending upon the types of materials, selective passages of desirable cations
or anions or both ions can be achieved; this means that ions are mobile within the
polymeric materials. Ion-exchange materials are typically manufactured from
organic polymers that contain covalently bonded fixed ionic groups (Eisenberg and
Bailey, 1986).

Most popular ion-exchange materials used in industry are based upon copolymer
of styrene and divinylbenzene, where the fixed ionic groups are formed after poly-
merization. An important parameter is the ratio of styrene to divinylbenzene, which
controls the cross-linking process that limits ion-exchange capabilities and the water
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62 Artificial Muscles

uptake. The known successful fabrication of the sulfonated ion-exchange membranes
was based upon grinding ion-exchange resins to microscale powders and mixing
them with hydrophobic thermoplastic materials including polyethylene or polyviny-
lidinefluoride and sheeting them at elevated temperatures.

Recently, inclusion of a hydrophobic polymer at the formulation stage became
common and known as the paste method (Davis et al., 1997). In such a method, a fine
powder of hydrophobic polymer is mixed into paste with the liquid phase monomers.
The initiator and a plasticizer typically control the final product. The basic chemistry
is shown in figure 3.1, where the copolymerization is carried out with a predetermined
ratio of styrene and divinylbenzene and, occasionally, with ethylstyrene. Also, the
random intertwining of the polymer chains is illustrated in the three-dimensional
manner. The fixed anionic groups are typically sulfonated in nature. The effective
sulfonation process can be carried out under highly concentrated sulfuric acid at
elevated temperature for a long time. As the reaction proceeds, swelling and evolution
of heat are produced so as to require precautions in order to prevent material weakening.

Although the chemical processes to make ion-exchange materials are well tai-
lored, the remaining challenges are how to fabricate them into membrane format. A
popular method known today is to incorporate hydrophobic thermoplastic materials,
such as polyvinylidinefluoride or polyethylene, and press role them out as a sheet
form at elevated temperatures. Such a method can provide a good mechanical
strength and chemical stability. However, the drawback is to lower the electric
conductivity of the membrane products. Heterogeneous fabrication techniques were
also often incorporated to address such a problem.

Another interesting technique is to modify the membrane surfaces to improve
ion selectivity by engineering them to effectively distinguish monovalent and divalent
cations for specific applications. This can be done by immobilizing the positively
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FIGURE 3.1 Styrene/divinylbenzene-based ion-exchange material (top) and its structural
representation (bottom).
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charged ionic groups at the surface so as to repel the doubly charged cations. As a
result, only single charges can pass through the membrane. Large-scale manufac-
turers are Ionics Inc. in the United States and Tokuyma Corporation in Japan.

The bipolar membranes are also fabricated based upon the idea that a membrane
has two layers side by side—cation conducting and anion conducting, respectively. A
good application of such a membrane is water splitting creating H* and OH- under a
small applied electric voltage. The fabrication of such a membrane is rather complicated.

Another popular ion-exchange material is perfluorinated alkenes with short side
chains terminated by ionic groups (i.e., Nafion™ from DuPont, typically sulfonate or
carboxylate [SO;~ or COO-] for cation exchange or ammonium ions for anion exchange).
Such fluorocarbon polymers have linear backbones with no cross-linking and relatively
few fixed ionic groups attached (Yeager, 1982). The large polymer backbones determine
their mechanical strength. Short side chains provide ionic groups that interact with water
and the passage of appropriate ions. When swollen by water, Nafion undergoes phase
separation (“clustering”) (Gierke, Hunn, and Wilson, 1982) on a supermolecular struc-
ture. When they are swollen, hydrophobic zones around the fluorocarbon backbones and
hydrophilic zones around the fixed ionic groups coexist. Therefore, the ionic groups
attract water and can move water under an electric voltage through nanoscale pores and
channels where ions along with water migrate within the polymer matrix.

One interesting feature is the cation dependency of water content in Nafion: in
general, H* > Li* > Na* > K* > Cs* (Davis et al., 1997). This can also be interpreted
that their moduli, in general, are H* < Li* < Na* < K* < Cs*. Their popular chemical
structure and properties are provided in figure 3.2 and table 3.1. A similar product,
Aciplex-S™, from Asahi Chemical Industry Co., Ltd, of Japan is also a perfluorinated
cation-exchange membrane with a sulfuric acid functional group and its chemical
structure and properties are also included in figure 3.2 and table 3.1.

Although there are several commercial ion-exchange material manufacturers (Davis
et al., 1997), including Aqualitics, Asahi Chemicals, Asahi Glass, Du Pont, W. L. Gore,
Ionics, Solvay, Sybron, and Tokuyama, popular products used as IPMNC materials are
Nafion from DuPont, Neosepta™ from Tokuyama, Aciplex from Asahi Chemical, and
Flemion™ or Selemion™ from Asahi Glass. At the present time, all these products
perform fairly well when the IPMNC chemical-plating technique properly treats them.

Since these materials exhibit ion transport intrinsically, an important process is
electric charge transport through the materials by ions. Therefore, it can be explained
in terms of an ionic flux, [T,

3.1)

where
J; is the current density (I/A)
z; is the charge on the transported ion
F is the Faraday constant (96,485 C/mol)
E, and R, are the electric field across the material and the area resistance of the

material (Q2m?), respectively
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FIGURE 3.2 A popular chemical structure of two perfluorinated ion-exchange materials (Na*
can be replaced by other cations) and their structural illustration (bottom). (From Davis, T.
A. et al. 1997. A First Course in Ion Permeable Membranes. Electrochemical consultancy;
Gierke, T. D. et al. 1982. ACS Symp. Ser. 180:195-216; and Asahi Chemical Industry Co.,
LTD. 1995. Aciplex formula. Public release.)

TABLE 3.1
Representative Properties of a Perfluorinated lon-Exchange Material Nafion™-
117 (H* Form) and Aciplex-S™

Nafion

Equivalent weight

Thickness

Conductivity

Area resistance

Water uptake capacity

Volume expansion on hydration

Equivalent weight

Thickness

Conductivity

Area resistance

Water uptake capacity

Volume expansion on hydration

1100 g/gmol SO5~

200 pm

0.1-0.12 S/cm

5 Qcm?

Up to 30% at room temperature
12-15%

Aciplex-S

950 g/gmol SO;~

300 pm

0.1-0.12 S/cm

0.09-0.66 Qcm?

Up to 20% at room temperature
~15%

Sources: From Kolde et al. 1995; Asahi Chemical Industry Co., LTD. 1995. Aciplex formula. Public release.
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The conductance of the material k; (€2-'m™!) is also conveniently used as R, = L/k;
(where L = material thickness).

Another interesting property of Nafion can be recognized in terms of its func-
tional groups: SO;~ and COO~. Table 3.2 compares the properties of the sulfonate
and carboxylate Nafion typically used in the industry.

Figure 3.3 depicts a general illustration of fixed ionic groups, counter-ions, and
co-ions for a typical cation-exchange polymer. In this cation-exchange polymer, the
fixed ionic groups refer to the ion-exchange groups that are covalently bonded to
the polymer molecular network. Typical cation-exchange polymers have carboxylate
or sulfonate groups. Counter-ions are conjugated charges to the fixed ionic groups.
For charge balance, counter-ions must be present within the polymer. They migrate
within the polymer network under an imposed electric field. There also exist co-ions
such as H* with the same charge as the fixed ionic groups, depending upon the
pretreatment of the polymers. Co-ions arise from the presence of a salt (or salts)
within the polymer.

TABLE 3.2
Properties of Sulfonate and Carboxylate lon-Exchange Material Used
in Industry

Water Current Electric Chemical

pK, content density conductivity stability
SO, <1 High High High Good
COO- 3-4 Low Low Low Good

O Cation

SO3 | Fixed ionic group

Co-ions

FIGURE 3.3 Tllustration of the cation polymer showing fixed ionic groups (SOj57), counter-
ions (Li*), and co-ions (Y"), respectively.
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Let us first emphasize the key role that water plays within the ionic polymer
that determines the physical chemistry of the ion-exchange polymers. When the
polymer is dry, strong interactions between the counter-ions and the fixed ionic
groups of the polymer are dominant. As a result, the ion-exchange polymer exhibits
low conductivity. Once the ion-exchange polymer is swollen (or wet), it solvates the
counter-ions and the fixed ionic groups such that it lowers the interactions between
cations. Under these circumstances, the material conductivity dramatically increases.
Note that routinely measured mechanical properties (i.e., thickness, tensile stress,
burst strength, hydrostatic permeability, etc.) are important for inspecting ion-
exchange polymers. Important parameters to affect these properties include the
pretreatment of the polymers, the type of electrolyte solutions, and the temperature.

3.2.2 WATER STRUCTURE WITHIN THE IPMNC BASE MATERIALS

In this section, the critical role of the water content within the IPMNC base materials
is emphasized so as to determine their properties as well as their polymer structures.
Also, the relationship between the electrolyte solutions in connection with the polymer
properties is discussed. In table 3.3, a number of important ion-exchange polymers
that have been used as base material for the IPMNC artificial muscles are presented
along with their characteristics (Oguro, Asaka, and Takenaka, 1993; Shahinpoor, Kim
et al., 2002). In this table, actuation performance testing was performed with an
IPMNC strip in a cantilever configuration while applying the electric field at the built-
in end (fig. 3.4).

As depicted in figure 3.4, an experiment was set to measure the blocking force
per a given electric field. A PC-based test platform was used for actuation tests of all
samples. A multi-I/O board and corresponding SCXI devices were conjugated to a
load cell. The signal generation system utilizes LabView’s prewritten Function Gen-
erator virtual instrument. A power amplifier amplifies the initial voltage. The output
voltage from the power amplifier is supplied to the test sample for actuation. A digital
oscilloscope was simultaneously used to monitor/store the input and output waveforms.
The IPMNC test sample was attached at one end to the load cell while the other end
was placed at the contact platinum electrode, which typically formed the jaws of a
forceps. The blocking force was measured at zero displacement. The IPMNC test
samples were positioned horizontally so as to eliminate the gravity influence.

TABLE 3.3
Important lonic Polymers Used as IPMNCs
Water H,O/fixed Cation Actuation
content charge type Polymer type performance
Nafion-117 0.14 ~12 Li* Perfluorinated sulfonate > 2 gf, . -cm/1 V
Neosepta C66 0.42 ~9 Li* Polystyrene sulfonate > 1 gf . -cm/1 V
Ionics CR-67 0.46 ~12 Lit Polystyrene sulfonate/ > 0.5 gf o -cm/1 V

an acrylic fabric
ERI-S1 0.17 ~11 Li* Perfluorinated sulfonate > 2.5 gf;

max’

-cm/1 V
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FIGURE 3.4 Experimental setup used.
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FIGURE 3.5 Absorption isotherms of Nafion™.

Absorption isotherm of Nafion (fig. 3.5) could be an effective means to under-
stand the water structure within the ionic polymer. During the absorption of the first
four to five molecules of water per an active site (i.e., SO57), the absorption enthalpy
seems constant. But, with further increase in the water content, the absorption
enthalpy decreases and reaches the saturated limit (fig. 3.6).

This fact could be interpreted as initial water interaction with the counter-ions
(hydration only) and further rearrangement and expansion of the polymer structure
during the expansion of microporous channels within the ionic polymer. The enthalpy
reaches approximately —13 kJ/mol of water (H* form), which is much less than that
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of condensation (approximately —53 kJ/mol of water). This is a clear indication of
an endothermic contribution arising from rearranging and expanding the polymer

structure. Clearly, it has been established that Nafion can have three different types
of water (Escoubes and Pineri, 1982; Yoshida and Miura, 1992; Davis et al., 1997).

type 1: water closely bound to the ions
type 2: water weakly bound to the ions (or the polymer—possibly ether oxygens)
type 3: free water

According to the differential scanning calorimetry (DSC) studies, the presence of
several types of water structures within the ionic polymer is more plausible (Escoubes
and Pineri, 1982; Yoshida and Miura, 1992; Davis et al., 1997). The heat absorbed
(desorbed) by a sample as a function of temperature is monitored. Figure 3.7 illustrates

A

60

40

AH (kJ/mole)

204

[e<)

H,0/S05

FIGURE 3.6 Enthalpy of H,0O absorption as a function of the water content (Nafion).
(Escoubes, M. and M. Pineri. 1982. In Perfluorinate Ionomer Membranes, ed. A. Eisenberg

and H. L. Yeager. Washington, D.C.: American Chemical Society.)
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FIGURE 3.7 DSC data for cooling of Nafion (Li* form). (Yoshida, H. and Y. Miura. 1992
J. Membrane Sci. 68:1-10.)
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Water of hydration (10.4)

Free water (7.7)

Weakly bounded
water (1.5)

FIGURE 3.8 Number of water molecules per an ionic group in Nafion (Li* form). The total
number of water molecules is 19.6. (Davis, T. A. et al. 1997. A First Course in Ion Permeable
Membranes. Electrochemical consultancy.)

the DSC responses for Nafion-117 (Li* form) for cooling. At the high water content,
a sharp peak (peak 1) corresponds to the water freezing at around 240 K. In other
words, some water freezes at this temperature, 30 to 40°C lower than the normal
water-freezing temperature (type 3). Also, it shows another peak that attributes to
freezing of more ordered (freezing bound) water, which appears to be weakly
bounded to ions (type 2). Note that such temperatures are much lower than that of
normal water freezing. However, more importantly, this DSC experiment overlooks
another type of water present in Nafion (type 1) that does not freeze and is water in
the hydration shell of the cations (or anions). The amount of these three different
types of water for Nafion is given in figure 3.8. One may note that the greater
hydration expands the lattice to bring more water into the network.

For styrene/divinylbenzene type polymers, all the water is bound to ions and
therefore no phase changes associated with freezing can be realized. Thus, the
styrene/divinylbenzene type polymers have more ions and are considered continuous
structures along with closer ion spacing. In DSC data, usually all the peaks are small
and broad.

3.3 MANUFACTURING TECHNIQUES
3.3.1 IN GENERAL

The current state-of-the-art IPMINC manufacturing technique (Shahinpoor and Mojarrad,
2000; Asaka et al., 1995; Shahinpoor and Kim, 2001g; Kim and Shahinpoor,
2003a) incorporates two distinct preparation processes: initial compositing pro-
cess and surface electroding process. Due to different preparation processes,
morphologies of precipitated platinum are significantly different. Figure 3.9
shows illustrative schematics of two different preparation processes (top left and
bottom left) and two top-view SEM micrographs for the platinum surface elec-
trode (top right and bottom right).
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FIGURE 3.9 Two schematic diagrams showing different preparation processes. Top left: A
schematic shows initial compositing process; top right: its top-view SEM micrograph. Bottom
left: A schematic shows surface electroding process; bottom right: its top-view SEM micro-
graph where platinum is deposited predominantly on top of the initial Pt layer.

The initial compositing process requires an appropriate platinum salt such as
Pt(NH;),HCl in the context of chemical reduction processes similar to the processes
evaluated by a number of investigators, including Takenaka et al. (1982) and Millet
etal. (1989). The principle of the compositing process is to metalize the inner surface
of the material (usually, in a membrane shape, Pt nanoparticles) by a chemical-
reduction means such as LiBH, or NaBH,. The ion-exchange polymer is soaked in
a salt solution to allow platinum-containing cations to diffuse through via the ion-
exchange process. Later, a proper reducing agent such as LiBH, or NaBH, is
introduced to platinize the materials by molecular plating.

As can be seen in figures 3.10 and 3.11, the metallic platinum particles are not
homogeneously formed across the material but concentrate predominantly near the
interface boundaries. It has been experimentally observed that the platinum partic-
ulate layer is buried a few microns deep (typically 1-10 wm) within the IPMNC
surface and is highly dispersed. A TEM image of the near-boundary region of an
IPMNC strip on the penetrating edge of the IPMNC shows a functional particle
density gradient where the higher particle density is toward the surface electrode.
The range of average particle sizes was found to be around 40-60 nm.
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FIGURE 3.10 TEM micrographs show a cross-section of an IPMNC (left) and its close-up
(right).

Note in figure 3.10 that these platinum particles reside within the polymer matrix.
The top micrograph shows the higher particle density toward the surface electrode.

The fabricated IPMNCs can be optimized to produce a maximum force density
by changing multiple process parameters. These parameters include time-dependent
concentrations of the salt and the reducing agents (applying the Taguchi technique
to identify the optimum process parameters seems quite attractive) (Peace, 1993).
The primary reaction is

2+
LiBH, + 4[Pt(NH3 )J +80H™ = 4P’ + 16NH, + LiBO, +6H,0 (3.2)

In the subsequent process of chemically placing surface electrodes on and into
the ionic polymeric substrate, multiple reducing agents are introduced (under opti-
mized concentrations) to carry out the reducing reaction similar to equation (3.2),
in addition to the initial platinum layer formed by the initial compositing process.
This is clearly shown in figure 3.9 (bottom right), where the roughened surface
disappears. In general, the majority of platinum salts stays in the solution and
precedes the reducing reactions and production of platinum metal. Other metals (or
conducing media) that are also successfully used include palladium, silver, gold,
carbon, graphite, and nanotubes. Figure 3.12 includes a number of different [IPMNC
surfaces treated with different techniques.

3.3.2 IPMNC anD IPCNC MANUFACTURING REcIPE

An effective recipe to manufacture IPMNC materials (for a standard size of 5 X 5
cm of Nafion-117) is described herein (Takenaka et al., 1982; Millet et al., 1989;
Oguro et al., 1993, 1999; Asaka et al., 1995; Shahinpoor, 1995 (US Patent), Sha-
hinpoor and Mojarrad, 2000, 2002; Onishi et al., 2000). Essentially the process is
chemical plating of the ionomer by an oxidation reduction (REDOX) procedure and
by means of a noble metal salt such as tetra-amine platinum chloride hydrate
[Pt(NH,),]C1,+H,0, tetra-amine paladium chloride hydrate [Pd(NH;),]C1,+H,0, or
phenolic gold chloride [AuCl,(Phen)]Cl.
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Near boundary IPMNC
configuration

Tial platinum nanoparticles

0.50 um?

FIGURE 3.11 TEM successive micrographs showing the platinum particles reduced within
the polymer matrix as well as typical nanoparticles of platinum.

The first step is to roughen the material surface where it will serve as an effective
electrode. The essential steps include sandblasting or sandpapering the surface of the
polymer in order to increase the surface area density where platinum salt penetration
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FIGURE 3.12 Various surface micrographs of IPMNCs using different techniques of chem-
ical plating and placing electrodes on the boundary surfaces.

and reduction occurs, as well as ultrasonic cleaning and chemical cleaning by acid
boiling (HCI or HNO;-low concentrates).

The second step is to incorporate the ion-exchanging process using a metal com-
plex solution such as tetra-amine platinum chloride hydrate as an aqueous platinum
complex ([Pt(NH,),]Cl, or [Pt(NH,),]Cl,) solution. Although the equilibrium condition
depends on the types of charge of the metal complex, such complexes were found to
provide good electrodes. The immersion and stirring time is typically more than 1 h.

The third step (initial platinum compositing process) is to reduce the platinum
complex cations to metallic state in the form of nanoparticles by using effective
reducing agents such as an aqueous solution of sodium or lithium borohydride (5%)
at favorable temperature (i.e., 60°C). Platinum black-like layers deposit near the
surface of the material.

The final step (surface electroding process) is intended to effectively grow Pt
(or other novel metals, a few microns of thickness) on top of the initial Pt surface
to reduce the surface resistivity. Therefore, an additional amount of platinum is plated
by the following process on the deposited Pt layer:

1. Prepare a 240-ml aqueous solution of the complex ([Pt(NH;),]Cl, or
[Pt(NH;),]Cl,) containing 120 mg of Pt and add 5 ml of the 5% ammonium
hydroxide solution (pH adjustment).
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2. Plating amount is determined by the content of Pt in the solution. Prepare
a 5% aqueous solution of hydroxylamine hydrochloride and a 20% solu-
tion of hydrazine monohydrate.

3. Place the polymer in the stirring Pt solution at 40°C. Add 6 ml of the
hydroxylamine hydrochloride solution and 3 ml of the hydrazine solution
every 30 min. In the sequence of addition, raise the temperature up to
60°C gradually for 4 h. Note that gray metallic layers will form on the
membrane surface. At the end of this process, sample a small amount of
the solution and boil it with the strong reducing agent (NaBH,) to check
the end point.

Other metals (or conducting media) that are also successfully used include
palladium, silver, gold, carbon, graphite, and carbon nanotubes (see fig. 3.13). Also,
it is noteworthy that the use of electroplating was found to be very convenient (Kim
and Shahinpoor, 2003).

3.3.3 FORCE OPTIMIZATION

The fabricated IPMNCs can be optimized for producing a maximum force density
by changing multiple process parameters, including bath temperature (7%), time-
dependent concentrations of the metal containing salt, C(¢), and the reducing
agents, Cg(#). The Taguchi design of experiment technique was conducted to
identify the optimum process parameters (Peace, 1993). The analysis techniques
for “larger-the-better” quality characteristics incorporate noise factors into an
experiment involving “larger-the-better” characteristics, for the maximum force
generated by the manufactured IPMNCs in this case. Such an analysis allows us
to determine the key factors and the possible best settings for consistently good
performance. The beauty of this technique is just as applicable for attaining
consistently high “larger-the-better” responses for process performance and end
product functionality (Peace). In table 3.4, experimental design and signal-to-noise
(S/N) ratio data are provided.

500 tm

FIGURE 3.13 A cross-section of an IPMNC showing two electrodes (top and bottom) with
porous expanded graphite and dense platinum. This IPMNC is manufactured by the solution-
casting and further treatment with porous graphite and chemical reduction of platinum as
effective compliant electrodes.
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TABLE 3.4

Experimental Design and Signal-to-Ratio Data

Rm# A B C D E F G H 1 J K L M SN@b
1 11 1 1 1 1 1 1 1 1 1 1 1 46.75
2 1 1 1 1 2 2 2 2 2 2 2 2 2 338
3 1 1t 1 1 3 3 3 3 3 3 3 3 3 5090
4 12 2 2 1 1 1 2 2 2 3 3 3 4608
5 1 2 2 2 2 2 2 3 3 3 1 1 1 43.58
6 1 2 2 2 3 3 3 1 1 1 2 2 2 4612
7 13 3 3 1 1 1 3 3 3 2 2 2 4535
8 1 3 3 3 2 2 2 1 1 1 3 3 3 3938
9 13 3 3 3 3 3 2 2 2 1 1 1 37.01
o 2 1 2 3 1 2 3 1 2 3 1 2 3 44
11 2 1 2 3 2 3 1 2 3 1 2 3 1 43.60
2 2 1 2 3 3 1 2 3 1 2 3 1 2 3357
3 2 2 3 1 1 2 3 2 3 1 3 1 2 4505
4 2 2 3 1 2 3 1 3 1 2 1 2 3 4612
5 2 2 3 1 3 1 2 1 2 3 2 3 1 46.93
6 2 3 1 2 1 2 3 3 1 2 2 3 1 45.02
7 2 3 1 2 2 3 1 1 2 3 3 1 2 4378
8 2 3 1 2 3 1 2 2 3 1 1 2 3 4426
v 3 1 3 2 1 3 2 1 3 2 1 3 2 47
20 3 13 2 2 1 3 2 1 3 2 1 3 4478
2003 1 3 2 3 2 1 3 2 1 3 2 1 37.69
2 3 2 1 3 1 3 2 2 1 3 3 2 1 37.94
2 3 2 1 3 2 1 3 3 2 1 1 3 2 5014
24 3 2 1 3 3 2 1 1 3 2 2 1 3 35.00
% 3 3 2 1 1 3 2 3 2 1 2 1 3 39.75
6 3 3 2 1 2 1 3 1 3 2 3 2 1 35.93
27 3 3 2 1 3 2 1 2 1 3 1 3 2 427

Note: Samples 28 and 29 are prepared at levels of 2 and 3 for all factors listed.

Tables 3.5(a) and 3.5(b) show the S/N response along with factors engaged in
our experiment. Based on the S/N computed for each factor and level, S/N response
graphs are constructed and presented in figures 3.14 through 3.16. From our analysis,
the strong effects and elements to be considered are listed in table 3.6. In figure
3.17, comparisons of 29 manufactured samples based on the Taguchi method (two
added, sample 28 and sample 29, all level 2 and level 3, respectively) establish that
the force was compiled against the baseline condition (sample 28). It is clear that
the results allow one to optimize such a complicated bath process to produce much
larger blocking forces that can be utilized for practical actuation applications.

Another interesting point is a relationship between the measured surface resistance
and platinum particle penetration within the polymer matrix. In figure 3.18, the mea-
sured surface resistances of 29 samples are plotted against platinum penetration. The



Artificial Muscles

76

a3ueyoxa uor/ssacoIdisod uonenuaduod HOIT I
uonONPaI [2J9W PU0dIAS puodes—ow SuLIns/Juronpoy T
uondNpalI [eJOW PuUOIAS puodss—arnjerodwo) yieq Suronpay S
uonoNpaI [BJoW puodeg  puodas—("HGIT) uonenuaduod juade Juronpay [
a8ueyoxa uoy (Sunyeos-1q) swn Surung 1
aSueyoxa uoy uoneNUAOUOD J[Es wnuneld  H
UONONPAI LW JSIT] Jsiy—own Sulums/Suonpay O
UONONPAI B ISIT] Js1g—arnjeredwe) yreq Suronpoy A
uonoNpaI [ejou ISI 1s1j—("Hgr]) uonenuaouod juase Suronpay q
Q3ueyOX9 Uoy (Sunyeos 14) swn SuLLung a
J3ueyoxa uog UOIBIUIOUOD J[BS Wnune[q o)
juouEaNAIg Io)em ur own Surjrog q
juduIEaNAIg SuruoySnor aoeyIng \%
3Inpadoid judwiiadxa 4no ur pageSua siojoey
spudwiadxy ayy ur pagedug siojoeq
(@S¢ 319vL
‘TOAQ] OB UI SAN[BA WNWIUIW PUB WNWIXRN
9¢C L2894 el 1°¢ 91V Lo y1°C oLV Lt LET LT STl 69°C eLT'E Bed
L6'Er FS 'SP LETY Il'ey Il'ey 6L'¢y €67 €eey SL'1y SO’y 6L°TY oWy Loy € [9A9]
14K44 €91y 9Tty 87°6¢ 1scy So'1y €Ty €0’y SeTy oLty 0Ty 1y eL6'EY T oA
1917 €01y ey F9'EP L 44 L9ty 96'CY SLey 10ty 8Tey 6Ty 65Ty Sy'ey [ [oA9]
W 1 A ( 1 H D k| E| a o] 4 v

asuodsay (N/S) IsION-0)-[eusis
(®)< ¢ 319vL




lonic Polymer-Metal Nanocomposites

46

45 ]

44

43

S/N (db)

424

414

40

39

1 2 3
Level of factor A

46

45 4

44 4

43

S/N (db)

42 4

41

40

39

46

1 2 3
Level of factor C

45

43

S/N (db)

42

41

40

39

1 2 3
Level of factor E

S/N (db)

S/N (db)

S/N (db)

46

454

43 -

421

414

40+

39

1 2 3
Level of factor B

46

45

44 -

43

42 -

41

40

39

46

1 2 3
Level of factor D

4

45

444

43

42

414

40

39

1 2 3
Level of factor F

FIGURE 3.14 S/N response graphs for factors A through F.
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TABLE 3.6
Strong Effects and Elements

First tier (G) Reducing/stirring time in the first reduction process
(J) Reducing agent concentration in the second reduction process
(L) Reducing/stirring time in the second reduction process
Second tier  (A) Surface roughening
(K) Reducing bath temperature in the second reduction process

platinum penetration is measured by SEM cross-sectioning, and four-point surface
resistivities (sheet resistivity) of the samples were measured by Guardian Manufac-
turing’s model SRM-232. The surface resistivity of the samples appears to be linear
despite scatters.

Overall, it should be noted that samples with low surface resistivities tend to
produce larger blocking forces.

The tensile testing of the samples was performed by an Instron 1011 table-top
machine. The standard sample size was 9 X 55 mm. The strain rate was set at roughly
2.33 (s™"). In figures 3.19(a) and 3.19(b), tensile testing results are provided in terms
of normal stresses, G, and normal strain, €, for a number of samples 1, 2, 3, 28,
and 29, and Nafion-117 (dry and wet states).

All Taguchi IPMNC samples (these are wet samples) show the Young’s modulus
of approximately 50—100 MPa at a normal strain of 0.02 (at 2%) similar to that of
wet Nafion-117. The dry Nafion-117 (H* form) is stiffer than that of all Taguchi
samples, as expected. Approximate value of the modulus for dry Nafion-117 is
220-260 MPa at a normal strain of 0.02 (2%). The tensile strength of all Taguchi
samples is around 10—-13 MPa. The IPMNC appears to exhibit a little more stiffness
and less yielding than Nafion-117 due primarily to the composited metal portion
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FIGURE 3.17 A comparison of blocking forces for 29 different Taguchi samples.

that interacts with the polymer matrix. The electric responses of the Taguchi samples
were also investigated and are presented here in terms of the consumed amount of
charges (current, /, vs. time) at applied step voltages of 1, 2, 3, and 4 V for two
important samples: 3 (the best performance) and 28 (baseline).

Overall, the current responses were capacitive. This behavior may be attributed
to the double layers adjacent to platinum particles or proximate metallic layers. Also,
as we increase the applied voltages, the charge consumption is significantly increased
(see figs. 3.20 and 3.21). This means the IPMNC materials utilize charges but also
store them within the materials. Further study is to investigate such an effect.

Note in figures 3.19(a) and 3.19(b) that the actual normal stress, G,, and normal
strain, €y, stress—strain curves for [PMNCs lie somewhere between the normal stress,
Gy, and normal strain €, stress—strain curves for the wet and the dry Nafion ionomer
samples.

3.3.4 Errects OF DiFrereNT CATIONS

Realizing that the properties of IPMNC base material (polymer) differ depending
upon different cations, IPMNC test samples were prepared by the processes
described in the previous section with different cations. First, a batch of the IPMNC
artificial muscle of dimensions of 10 X 20 cm was prepared with platinum. Then,
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FIGURE 3.18 Four-point probe surface resistivity measurement on Taguchi samples. (Sha-
hinpoor, M. and K. J. Kim. 2001g. Smart Mater. Struct. Int. J. 10:819-833.)

nine samples were cut in a standard size of a 2- X 10-cm strip for the ion-exchange
process. Each IPMNC sample was treated to contain nine different counter-ions
(Nat, Lit, K+, H*, Ca*, Mg+, Ba**, R,NH,*, , [tetrabuthylammonium (TBA)], and
tetramethylammonium (TMA)], respectively) by soaking it in an appropriate salt
solution (1.5 N of NaCl, LiCl, KCIl, HCI, CaCl,, MgCl,, BaCl,, CH,(CH,);NBr
(TBA), and (CH;),NBr (TMA), respectively) at moderate temperatures of 30°C for
three days. All chemicals were obtained from Aldrich Chemical and used without
further treatment. Test conditions were: waveform = sinusoidal, E,,, = 1.2V, and
frequency of 0.5 Hz.

Figure 3.22 summarizes the test results in terms of the maximum force generated
(= blocking force) by each IPMNC sample (at zero displacement) containing various
cations, under a given voltage of 1.2 V, relative to the Na*-containing IPMNC
artificial muscle. A total of 13 measurements per each sample was taken. The error
bars represent their corresponding standard deviations in figure 3.22.

As observed, the Li*-containing IPMNC is superior to the others, meaning that
hydration processes with respect to mobile cations play a significant role in actuation
behavior. Also, the samples with TBA and TMA show much smaller force generation
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FIGURE 3.19(Q) Tensile testing results for Taguchi samples 1, 2, and 3. Also, Nafion-117,
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20

18-

164 Nafion™ -117 dry,

14] H*form

12 N Sample 28 (ERI's norminal process)
104 f{fﬂ“ % —Sample 29

Nafion™ -117, wet, H* form

1.0

FIGURE 3.19(b) Tensile testing results for Taguchi samples 28 and 29. Also, Nafion-117,
H+ form, both dry and wet, is shown.

capability. Knowing that such hydrophobic cations have a relatively large size and
negligible hydration, the true transfer mechanism is close to electrophoretic movement
without water. However, the maximum force generated at the tip of the cantilever
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FIGURE 3.20 Current responses to step voltages of 1, 2, 3, and 4 V for Taguchi sample 3.

under a given voltage of 1.2 V. is in the general order of the ones generated with
counter-ions: Li* >> Na* > (K*, Ca*, Mg**, and Ba**) > (H*, TBA, and TMA). This
fact was observed for Nafion-based IPMNC and Flemion-based IPMNC (Onishi et
al., 2000).

In the set of Li*, Na*, and K*, one should realize that Li* is undoubtedly the
smallest bare ion in the set (its radius, r[Li*] < r[Na*] < rK*]) but has the lowest
mobility (the drag to its motion through the solution, u[Li*] < u[Na*] < u[(K*])
(Moor, 1972; Atkins, 1982; Moor et al., 1992; Gebel et al., 1987; Komoroski et al.,
1982).

All these observations could be due to the hydration phenomena (a tightly held
sheath of water molecules bound under the electric field caused by cations/anions).
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FIGURE 3.21 Current responses to step voltages of 1, 2, 3, and 4 V for Taguchi sample 28.

Therefore, large organic hydrophobic ions such as TBA and TMA generate less force
than Li*- and Na*-based IPMNCs. An important aspect regarding the use of such
alkylammonim ions could be attributed to their large and bulky size relative to small
cations investigated.

Overall, the hydration process within the membrane in connection with the
electrophoretic effect is fairly complex in the sense that the mobile cations experience
a large viscous drag and, at the same time, exert force due to the generated strain
while they are moving through the water containing polymer network. The situation
can be interpreted that each cation with its connected clusters (Komoroski et al.,
1982) is shearing or rubbing past other cations and networks. This could increase
the viscous drag and lower the conductivity.

Overall, considering the hydrated volume of each cation, v[Li*] >> v[Na*] >
(v[K*], 0.5v[Ca*™], 0.5v[Mg*] and 0.5v[Ba**]), and v[H*] (Atkins, 1982; Moor,
1972), one can see a general trend of force generation: Lit >> Na* > (K*, Ca*,
Mg, and Ba*™) > H* and (TBA and TMA). Another interesting note is that the
relaxation behavior of IPMNC:s is less observable in TBA and TMA.
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FIGURE 3.22 Effects of various cations on the actuation of the IPMNC muscle. Comparisons
were made against Na* in terms of maximum force generated at zero displacement. A
sinusoidal input voltage of 1.2 V_ « and a frequency of 0.5 Hz were set for all experiments.
The samples were cut in a standard size of 0.675 X 2.54 cm. Na* was chosen as a reference
since it is coordinated with four water molecules.

Another issue is water uptake, depending upon the type of cation (Komoroski
and Mauritz, 1982). The type of ion-exchange materials used in this study, perfluo-
riated sulfonates, is presumably not cross-linked (Eisenberg and Yeager, 1982) (or
partially cross-linked). Therefore, water uptake (swelling) is expected to be con-
trolled by mobile cations and pretreatment. Also, the ion-cluster phenomenon that
relates exchange sites, counter-ions, and solvent phase as an independent phase (note
that cross-linked polymers cannot form such a phase) could be another important
factor to determine water uptake (Gierke and Hsu, 1982).

In order to clarify the importance of hydration processes, the input power con-
sumption of the sample containing different types of cations was measured. The test
results are presented in figure 3.23. It has the form of

F‘ Fmax (J+
e / . o 3.3)
in in(Na®)
This dimensionless form can be interpreted as the specific force generated per a
given applied input power.



86 Artificial Muscles

2.0

ERI-S1 IPMC

LS

1.0 IS O OSSOSO

0.5d.... I Y 1Y 1 Y Y A Y A

[Fmax/Pin]/[Fmax(Na+)/Pin(Na+)]

0.0

Na* Lit K* H* Ca* Mg Ba** TBA TMA
Counter ion

FIGURE 3.23 The specific force generated per an applied input power by the ERI-S1 IPMNC.

1.8
1.6 1
1.44
1.2 2 min

]

AR TR D A G fu

1.0
o 0.8
P 0.6
0.4
0.2

-0.2

0.4 T T T T

Time (min)

FIGURE 3.24 Force generated by an IPMNC with respect to time in minutes. The measured
force under a step voltage of 1.2 V clearly shows nearly no decay in the force generated over a
period of 2 min. The dimension of the IPMNC sample is 0.25 X 0.75 in. In this case, the surface
electrode is effectively made to block water leakage (organic ions were incorporated as well).

The observed magnitude of the specific force generated is still in the same
range as Li* >> Na* > (K*, Ca*™, Mg*, Batt, H*, TBA, and TMA). In other words,
the efficiency of the IPMNC with Li* is at least 40% higher than those of the other
types of cations.

In figures 3.24 and 3.25, relevant data are provided for force characteristics of
the IPMNC and the dynamic force behavior under a constant voltage (Nafion-117
based IPMNC), respectively. Figure 3.24 reports the measured force under a step
voltage of 1.2 V clearly showing nearly no decay in the force generated over a period
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FIGURE 3.25 Force response characteristics of the IPMNC under different voltage wave forms.

of 2 min with proper electrodes. Figure 3.25 shows that the IPMNC artificial muscle
responds very closely to the input sinusoidal, triangular, and sawtooth waveforms
and that force responses are nearly equal in the traveling direction. However, in the
case of square wave input, a very short delay of force is observed. Although it could
be due to the capacitor charging process (Bar-Cohen, Leary et al., 1999; Kim and
Shahinpoor, 1999), it is our belief that the water leakage through the porous electrode
also contributes to such delayed responses (see fig. 3.24, bottom) (Moor, 1972).

3.3.5 ELectrRODE PARTICLE CONTROL

Based upon our manufacturing experience, controlling the electrode consisting of
platinum particles (concentration and size distribution) within the polymer matrix
was also found to be a nontrivial issue that can directly affect the performance of
IPMNC. Here, we discuss the importance of

a repetitive platinum reduction process
the use of dispersing agents
base material stretching (i.e., uniaxial mechanical stretching)
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First, noting that platinum reduction is carried out in a wet batch system, repet-
itive platinum reduction steps (Asaka et al., 1995; Onishi et al., 2000) were found
to be effective to produce IPMNCs exhibiting larger force characteristics. It is our
belief that increased platinum concentration within the polymer leads to higher
double layer charge capacity. Figures 3.26(a) and 3.26(b) present the electric power
consumption and current/voltage (I/V) behavior under a sinusoidal wave input to an
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FIGURE 3.26(a) Power consumption of IPMNC versus time. Note that the platinum reduc-
tion was completed five times and final electroplating was done with gold. Also, phase shifts
can be seen as the platings proceed.
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FIGURE 3.26(b) Current/voltage characteristics of IPMNC. Note that the platinum reduc-
tion was completed five times and final electroplating was done with gold. Also, phase shifts
can be seen as the platings proceed.
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IPMNC sample size of 12 x 51 mm at different manufacturing stages. The following
can be clearly seen:

Bare Nafion has insignificant current response under an applied voltage.
Repetitive platinum reduction improves the current responses.
Surface electroplating by gold further improves the current responses.

Figure 3.27(a) contains an SEM cross-section (top) of the sample and its surface
(bottom), respectively.

Second, the most significant aspect of having the porous electrode for the IPMNC
is that it allows an effective water transport and internal circulation mechanism within
the electrode region so as to create effective strains (porous nature of the compliant
electrodes) (Shahinpoor and Kim, 2001b, 2002a, 2002b). However, it can also cause
water leakage in the form of ion-driven water molecules gushing out of the porous
electrode surface. Figure 3.27(b) depicts schematically such a phenomenon. This
phenomenon is always visible and observable in any experiment involving wet
IPMNC under the influence of an electric field across it. This prevents the generated

FIGURE 3.27(a) An SEM cross-section (top) of the sample and its surface (bottom), respec-
tively. The cross-sectional view shows two platinum penetration leading edges and gold
surface electrodes. The surface is fairly uniform but shows minor imperfect spots.
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FIGURE 3.27(b) A schematic showing how the loose and ion-hydrated water is gushing out
under an imposed voltage.

strains from effectively generating larger forces similar to a leaky hydraulic jack.
Therefore, a key engineering problem is how to prevent such a water (solvent)
leakage out of the porous electrode. Here, we describe a successfully developed
process technique to address such a leakage problem so as to manufacture a high-
output force IPMNC.

In these materials, a circulatory system of hydrated cations and water exists that
may be employed to do a variety of functions with IPMNCs. Figure 3.27(b) depicts
a schematic to show how water and hydrated cations can gush out of the surfaces
of IPMNCs under an imposed voltage.

As discussed in a previous paper (Shahinpoor and Kim, 2001g), the nominal size
of primary platinum particles of the IPMNC is found to be around 40-60 nm, which
is much larger than that of incipient particles associated with ion clusters (~5 nm).
Thus, this finding leads to a firm conclusion that incipient particles coagulate during
the chemical reduction process and eventually grow large. If so, one can realize a
significant potential to control this process (in terms of platinum particle penetration,
size, and distribution). To do so could be achieved by introducing effective dispersing
agents (additives) during the chemical reduction process. One can anticipate that the
effective additives should enhance the dispersion of platinum particles within the
material and finally reduce coagulation. As a result, a better platinum particle pene-
tration into the material can be realized. This also creates a somewhat smaller particle
size with fairly good distribution. Thus, the water leakage out of the surface electrode
could be significantly reduced. A recent observation by Shahinpoor and Kim has been
the identification of a number of effective dispersion agents or dispersants.

As a successful outcome, the use of the effective dispersing agent during the
platinum metalization process has given dramatically improved force characteristics
showing a much sharper response (smaller time constants) to the input electric
impetus and a dramatically increased force generation.
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In figures 3.28(a) and 3.28(b), the surface micrographs are presented for an
IPMNC without dispersing agent treatment and for an IPMNC with dispersing agent
treatment. Clearly, the effect of dispersing agent is to form uniform electroded
particle surfaces. Our effort has been extended to investigate various types of dis-
persing agents; however, results are somewhat scattered, as can be seen in figure
3.29. Note in this figure that sample 6 is the one with no treatment. Other samples
were treated by proprietary dispersing agents including PVP, PVP/PMMA,
PVA/PVP, and a commercial detergent, CTAB. Sample 3, which was PVP treated,
shows the best force generation capability.

The third issue is related to the sharp diffusional resistance at the surface caused
by the platinum compositing process that is a primary reason for limiting the platinum
layer growth (fig. 3.30). One approach is to stretch the base material prior to the
platinum composition process. By doing so, we anticipate that the base materials
are plastically deformed and, as a result, the larger pores (higher permeability) could
be created relative to the starting materials.

FIGURE 3.28(a) SEM micrographs showing surface morphologies of the IPMNC sample
without the use of a dispersing agent.

FIGURE 3.28(b) SEM micrographs showing surface morphologies of the IPMNC sample
with the use of a dispersing agent.
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FIGURE 3.30 Platinum reducing process. Dark circles represent platinum particles.

3.3.6 ApDITIONAL ResuLTs ON STRETCHED IPMNCs 1o ENHANCE
FORCE GENERATION AND OTHER PHYSICAL PROPERTIES

In chapter 2 the effect of increased permeability due to physical stretching of ionic
polymer—metal composites (IPMNCs) on the physical properties of IPMNCs was
briefly discussed as a phenomenon. Here, a detailed experimental discussion is
presented on this observed phenomenon in connection with increasing the force
density of IPMNC samples in cantilever mode and in terms of the blocking force.
In this new effort, as-received ionic polymers or, in particular, Nafion-117 mem-
branes were mechanically stretched following the machining direction (uniaxially).

Initially, three samples, sample A (Pt), sample B (Pt), and sample C (Pt), were
prepared for 5, 6, and 19% permanent stretching, respectively. The underlying
principle of this effort is to attempt to increase the permeability of base polymeric
materials. Platinum compositing was carried out based upon ERI-recipe with PVP.

Further, three more samples with surface electroding were prepared by gold
plating. Those samples were noted as sample A (Pt/Au), sample B (Pt/Au), and
sample C (Pt/Au), respectively. A total of six samples were prepared in this effort.
Note that Li* was chosen as an effective cation for all samples.
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Table 3.7 shows the detailed information regarding the manufacturing processes
involved. Figures 3.31 and 3.32 depict the difference in particle geometry and
distributions before and after stretching.

Note that the mechanical stretching of raw ionomers using a testing machine
(17% uniaxial stretching was performed) actually affects the morphology of nano-
particles embedded within the macromolecular network.

TABLE 3.7
IPMNC Samples Prepared
Sample A Sample B Sample C
(Pt and Pt/Au) (Pt and Pt/Au) (Pt and Pt/Au)
Base material Nafion-117 Nafion-117 Nafion-117
Initial composition Pt Pt Pt
Surface electroding Au Au Au
Cation Lithium Lithium Lithium
Stretching 5% 6% 19%
Pt penetration ~20 um ~20 um ~40 um
Size Width = 6.35 mm Width = 6.35 mm Width = 6.35 mm

Length = 25.4 mm
Thickness = 163 um

Length = 25.4 mm
Thickness = 159 um

Length = 25.4 mm
Thickness = 150 um

FIGURE 3.31 Platinum particle geometry and distributions before (left) and after (right)
stretching 17% uniaxially.

FIGURE 3.32 Change in blocking force for typical samples after stretching.
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FIGURE 3.33 Change in blocking force for typical samples after stretching.
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FIGURE 3.34 Change in blocking force for typical samples after stretching. The force is
increased by a factor of almost two.

The change in blocking force is rather significant, as shown in figure 3.33.
Figures 3.33 and 3.34 show the measured blocking forces as a function of electric
potential imposed across the IPMNCs. Overall, the blocking forces are fairly large
(up to 10 gram force [gf]) for sinusoidal and step inputs at 0.5 Hz. Note that the
effective length was set at 12.7 mm.

Figures 3.35 and 3.36 depict additional results for blocking force increase upon
IPMNC stretching. Figures 3.37 through 3.40 depict scanning electron micrographs (SEM)
of stretched IPMINC samples. Figure 3.41 depicts the sequential increase in blocking force
upon adding dispersant polyvinyl pyrolidone (PVP) and further stretching to 19%.

It appears that much higher forces can be obtained. As can be seen, stretching
probably induced larger void volume so as to increase the permeability significantly.
As a result, platinum particles are well distributed within the electrodes near bound-
aries of [IPMNCs. These new developments are being further investigated.
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FIGURE 3.35 Additional data for increase in blocking force for typical samples after stretching.

3.3.6.1 Platinum-Palladium New Phenomenon

Experimentation with a combination of platinum and palladium to explore possible
improvements in the physical characteristics of IPMNCs has led to a peculiar phe-
nomenon. This phenomenon is basically depicted in the SEM picture of these new
types of IPMNCs in figure 3.42. As the x-ray scan indicates, the metallic particles
of Pt and Pd tend to deposit at a certain depth of about 25-30 wm as shown in the
figure. We have repeated this experiment a number of times and have repeatedly
observed this phenomenon. We are still exploring an explanation as to why this
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FIGURE 3.36 Additional data for increase in blocking force for typical samples after stretching.

FIGURE 3.37 SEM of 4% stretched IPMNC samples.
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FIGURE 3.38 SEM of 5% stretched IPMNC samples.

FIGURE 3.39 SEM of 17% stretched IPMNC samples.

FIGURE 3.40 SEM of 17% stretched IPMNC samples (close-up).
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FIGURE 3.41 SEM micrograph of a stretched IPMNC (19% stretching) and its force per-
formance. Note that an additive, PVP, was added.

occurs. However, at this time we do not have an explanation. The resulting IPMNCs
appear to behave almost the same as the platinum or palladium ones by themselves.
Additional experimental results on stretching and the effect of surface electrodes are
given in figure 3.43.

3.3.7 ErrecTIVE SURFACE ELECTRODES

One electrochemical method to study IPMNC artificial muscles is to use the AC imped-
ance method that reveals the structure of an equivalent electric circuit. Figure 3.44
presents a simplified equivalent electric circuit of the typical IPMNC artificial muscle.

In this connection, each single unit circuit (i) is assumed to be linked in a series
of arbitrary surface resistances (R,,) in the surface. This approach is based upon the
experimental observation of the large surface resistance (typically, XR /L ~ 1-2 Q/cm;
L is the length of the surface electrode). In general, it can be assumed that there are
four components to each single unit circuit:

surface-electrode resistance (R, ~ tens of ohms per centimeter)

polymer resistance (R, ~ hundreds of ohms per millimeter across the membrane)

capacitance related to the ionic polymer and the double layer at the sur-
face—electrode/electrolyte interface (C, ~ hundreds of microfarads)

impedance (dynamic resistance, Z,) due to a charge transfer resistance near
the surface electrode
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FIGURE 3.42 Concentration of Pt—Pd particles during chemical plating at a certain depth
away from the surface of IPMNCs.

Figure 3.44 shows typical AC impedance data of IPMNCs. For the typical
IPMNC artificial muscles, the importance of R relative to R, may be interpreted as

ZRss L >1 34
Rs t

where ¢ is the thickness of the platinum surface electrode. Considering that the typical
value of ¢ is ~1-10 um, equation (3.4) is valid. The equation states that significant
overpotential is required to maintain the effective voltage condition along the surface
of the typical IPMNC muscle. In other words, the voltage drop along the surface
electrode direction is appreciable. In fact, a typical set of data is shown in figure 3.45.

One way to solve this problem is to overlay a thin layer of a highly conducting
metal (such as silver or copper) on top of the platinum surface electrode. Figure
3.46 shows a schematic diagram of the typical silver (or copper) deposited IPMNC
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FIGURE 3.43 Measured blocking forces (top) and surface resistance of IPMNC samples
prepared (bottom). The standard sample size is 5 X 10 x 0.2 mm. The process information is
given in terms of particles used, platinum, and the final electroded material, gold.

artificial muscle fabricated in this manner. The typical measured impedance plot
should show the imaginary part against the real part at different frequencies of AC.

Note in figure 3.46 that the silver layer was electrochemically deposited onto the
Pt particle electrode that had been chemically composited. The silver layer is the bright
metal electrode with a typical thickness of silver approximately 1-2 um. Therefore,
the surface resistance is significantly reduced. Platinum particles are usually formed
in dark black. Note that PIEM stands for perfluorinated ion-exchange membrane.

In figure 3.47, the measured platinum x-ray counts across the membrane are
provided in terms of N, (= C,/C,) along with a typical x-ray spectrum. Notations C;
and C, represent x-ray counts at the interface and ones within the membrane,
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direction, L.
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FIGURE 3.46 A schematic diagram of the typical silver- (or copper-) deposited IPMNC
artificial muscle fabricated.
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FIGURE 3.47 The measured platinum concentration profile (top) and a typical x-ray spec-
trum (bottom).

respectively. Clearly, the diffusion-dominated platinum precipitation process is
shown. The x-ray counts were measured by JEOL 5800LV SEM operated with
Oxford Isis-Link imaging software.
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FIGURE 3.48 An atomic force microscopy image taken on the surface electrode of a typical
muscle shown in figure 3.8. The scanned area is 1 um? The brighter/darker area corresponds
to a peek/valley depth of 50 nm. The surface analysis image has a view angle set at 22°.

Another fine tool to characterize the surface morphology of the IPMNC artificial
muscle is atomic force microscopy (AFM). Its capability to image the surface of the
IPMNC artificial muscle directly can provide detailed information with the resolution of
a few nanometers. Thus, we attempted to reveal the surface morphology of the IPMNC
artificial muscles using AFM. Figure 3.48 depicts an AFM image of an IPMNC sample.

Digital Instruments’ AFM NanoScope IIla was used. A tip (ultra levers) from
Park Scientific Instrument was utilized in an air-contact mode under low voltage.
As can be seen, the surface is characterized by a granular appearance of platinum
metal with a peak/valley depth of approximately 50 nm.

This granular nanoroughness seems to be responsible for producing a high level
of electric resistance but still provides a porous nature that allows water movement
in and out of the membrane. During the AFM study, it was also found that platinum
particles are dense and, to some extent, possess coagulated shapes.

The electrochemical deposition of silver (or copper) on top of the IPMNC muscle
was straightforward. It requires a rectifier and silver (or copper) solution. The rectifier
(MIDAS, pen type) controls the DC voltages and currents within appropriate ranges.
Careful approaches were taken to obtain a thin and uniform silver (or copper) layer.
Silver solution concentration, deposition time, and solution temperatures were varied
to obtain an optimized thickness of approximately 1-2 um.

Figure 3.49 shows a schematic diagram illustrating the silver deposition process
along with a typical x-ray spectrum taken for the silver surface. As can be seen in
the spectrum, pure silver peaks are apparent. The silver surface is much brighter and
smoother than that of the platinum-based IPMNC artificial muscle and shows a
typical silver-like color. As a result, the deposited silver reduces the surface resistance
of the IPMNC artificial muscle by a factor of approximately 10 (typically < 1 Q/cm).
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FIGURE 3.49 A schematic diagram illustrating the silver deposition process (left) along with
a typical x-ray spectrum taken on the surface. Low voltage was applied to carry out the silver
deposition.

TABLE 3.8
Test Samples
Sample 1 (baseline) Sample 2 Sample 3
Cation type Li* Li+ Li*
Surface roughening Yes Yes Yes

Pretreatment
Platinum deposition
process

1 N HCI boiling

Initial compositing
process; surface
electroding process

1 N HCI boiling

Initial compositing
process; surface
electroding process

1 N HCI boiling

Initial compositing
process; surface
electroding process

Top layer deposition ~ None Silver, electrochemical Copper, electrochemical
process
Comments Thin and bright color Thin and copper-like

color (initially); later
turned into bluish color
(corrosive)

Three test samples were prepared by the processes described previously: sample
1 with platinum only (baseline), sample 2 with platinum/silver, and sample 3 with
platinum/copper. First, one batch of the IPMNC artificial muscle (100 x 200 mm)
was prepared with platinum prior to silver (or copper) deposition. Then, sample 1
was cut in a standard size of a 5- X 20-mm strip for baseline testing. Also, two strips
were cut to 10 x 50 mm for the electrochemical deposition process. Silver and copper
solutions were prepared by dissolving appropriate concentrations of AgNO; and
CuSO, in water, respectively. After electrochemical deposition was completed, sam-
ples 2 and 3 were cut into 5- X 20-mm strips. Table 3.8 gives the detailed process
information of each sample.
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First, a baseline test was performed for a sinusoidal waveform with sample 1.
The results showed that the IPMNC artificial muscle responds very closely to the
input sinusoidal waveform, meaning that force responses are nearly equal in the
traveling direction. Figure 3.50 shows a typical measured force response to an input
sinusoidal waveform of 2 V.. It shows the results of the effective length for 10 and
20 mm. As expected, larger force was observed for the effective length of 10 mm.

Figures 3.51(a) and 3.51(b) summarize the test results that contain the measured
surface resistance of test samples 1, 2, and 3 and their maximum forces relative to
one produced by sample 1. Multiple measurements were performed and error bars
represent their corresponding standard deviations. As expected, overlayers of the
silver and copper significantly reduce the surface resistance of the IPMNC muscle.

It should be pointed out that the electrochemical deposition of silver (or copper)
is attractive; in fact, it can produce a thin homogenous metal phase on top of the
platinum particle surface electrode. This eliminates the problems associated with
large voltage drops away from the contact electrode. The bonding between the
platinum surface and silver (or copper) was favorable. However, the copper layer
eventually became bluish due to copper oxidation (as expected). A simple compar-
ison was made for actuation performance of samples 2 and 3 relative to sample 1.
Multiple measurements were performed.

In general, the IPMNC artificial muscle with silver (or copper) deposited shows
significantly improved actuation performance (roughly 10-20% more force relative
to one without silver or copper layers). For samples 2 and 3, it is interesting to note
that more active water movement was found relative to sample 1.

It is clear that the electromechanical dynamics associated with the IPMNC
artificial muscles are complex. However, our approach to alleviate the inherent
particle surface electrode resistance seems practical and effective. The fact that the

2.5

Leg =10 mm

FIGURE 3.50 The IMPC artificial muscle response for sinusoidal wave input at 2 V. Tests
were performed in air and without preloading.
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FIGURE 3.51 The measured surface resistance of the samples prepared in this study (a) and
the ratio of the measured maximum force of samples 2 and 3 relative to sample 1. The effective
length, 1,5, was set at 20 mm for all samples.

IPMNC artificial muscle becomes more active with reduced surface electrode resis-
tance which is attributed to enhanced current passages, as can be seen in a current
versus time curve (fig. 3.52).

3.3.8 AN EcoNomicAL ApPROACH—PHYsICAL METAL LOADING

A novel fabrication process of manufacturing IPMNCs equipped with physically
loaded electrodes as biomimetic sensors, actuators, and artificial muscles that can
be manufactured at about one tenth of the typical cost has been developed. The
underlying principle of processing this novel IPMNC is first to load a conductive
primary powder layer physically into the ionic polymer network forming a dispersed
particulate layer. This primary layer functions as a major conductive medium in the
composite. Subsequently, this primary layer of dispersed particles of a conductive
material is further secured within the polymer network with smaller secondary
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FIGURE 3.52 The current responses of IPMNC muscles (sample 1 vs. sample 2). A step
voltage of 2.2 V was applied.

particles via chemical plating, which uses reducing agents to load another phase of
conductive particles within the first layer. In turn, primary and secondary particles
can be secured within the ionic polymer network and reduce the potential intrinsic
contact resistances between large primary particles. Furthermore, electroplating can
be applied to integrate the entire primary and secondary conductive phases and serve
as another effective electrode (Shahinpoor and Kim, 2001e). The essence of such
physically loaded and interlocked electrodes for IPMNC is depicted in figure 3.53.
The principal idea of processing this new IPMNC so that primary and smaller
secondary particles can be secured within the polymer network has two parts:

First, physically load a conductive primary powder (Ag in this case) into the
polymer network forming a dispersed layer, which can function as a major
conductive medium near boundaries.

Subsequently, further secure such primary particulate medium within the
polymer network with smaller particles (Pd or Pt in this case) via a chemical
plating process.

Furthermore, an electroplating process can be applied to integrate the entire conductive
phase intact, serving as an effective electrode. Figure 3.53 illustrates such a process.
The processes developed are:

1. A silver-based spherical powder (MOx-Doped Ag; Superior MicroPow-
ders EM10500X-003A; D), < 0.8 um, Dy, < 1.5 um, Dy, < 2.5 um; A,
< 6 m?/g) is dispersed in isopropyl alcohol (99%). Using a standard air
brush (VEGA), the powder is sprayed onto the backing material.

2. The isopropyl alcohol is then allowed to evaporate completely (it takes
approximately an hour).
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3. The ion-exchange polymer is first surface treated with sandpaper. The
standard size of the polymer sample is about 5 X 5 cm.

4. The ion-exchange polymer is placed between the backing materials facing
the powder-coated side.

5. Pressing is carried out at 2 tons using a temperature-controlled hot-press
(RAMCO, 50-ton capacity) at 120-130°C for a duration of 15 min.

6. Steps 1-4 are repeated, three times. Usually, low electric surface sheet
resistance is obtained (R < 1 {)/square by the four-probe method).

7. The preferred process is to impregnate small noble metal particles (i.e.,
platinum or palladium, D, ~ 50 nm) between the primary particles so as
to further fixate them within the ion-exchange polymer. This process is
to introduce metallic ions [Pd(NH;)**] or [Pt(NH;)**] into the ion-
exchange polymer initially and, later, reduce them to a metallic state.

8. As a final step, a conductive metallic layer (i.e., gold or palladium) is
further electroplated on the top of the interlocked electrode layer.

Figure 3.54 includes a SEM photograph (cross-section) of a sample IPMNC, its
close-up, and associated x-ray line scan. The penetration of Ag particles is approx-
imately 7-8 um, as can be measured by the x-ray line scan.

Ag (via physical loading) Pt (via chemical process)
Dp~1-3 um Dp~50 nm

FIGURE 3.53 A schematic process illustration of the PLI-IPMNCs (left) and silver particle
used (right). (Shahinpoor, M. and K. J. Kim. 2002. In Proceedings of SPIE 9th annual
international symposium on smart structures and materials. SPIE publication no. 4695, paper
no. 36.)
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FIGURE 3.54 SEM micrograph of IPMNC and (a) its close-up and (b) x-ray line scan (c),
respectively. The silver penetration is about 7-8 pwm for this sample and the majority of silver
particulates are in tack within the ion-exchange polymer.

FIGURE 3.55 SEM micrograph showing Ag surface properly electroded and composited on
to an ion-exchange polymer.

Also, the surface SEM micrograph provided in figure 3.55 shows fairly uniformly
distributed Ag particles at the surface. Ag particles stay intact so as to function as
the highly conductive surface electrode. Overall, the surface resistance is lowered
as the penetration of Ag particles increases and reaches slightly below 1 /square.
Note that surface resistance was measured by the four-probe method (Guardian
Manufacturing, #SRM-232). Performance of the IPMNC manufactured by this newly
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FIGURE 3.56 Force response characteristics of the IPMNC made by the physically loaded
technique (top: 1-V responses and bottom: 1.5-V responses, respectively). The blocking force,
F,, was measured at the tip of the cantilever configuration with slightly preloaded conditions
of 0.27 and 0.32 g, respectively.

developed technique was gauged by measuring the blocking force, F, in a cantilever
configuration under a certain voltage across the IPMNC strip.

In figure 3.56, representative data are provided for the cases of step voltage of
1 and 1.5 V at 0.5 Hz, respectively.

In general, the performance of the physically loaded IPMNC shows slightly less
force generation than the conventional IPMNC, and it still produces a fairly good
output force. However, one can note that the response sensitivity is not as good as
with the conventional IPMNC. This could be attributed to the Ag electrode that has
a larger water leakage than the conventional IPMNC (Shahinpoor and Kim, 2001e).
In other words, the Ag electrode made by this new technique is fairly porous and
permeable to water. Currently, this issue is being investigated. Table 3.9 compares
the physically loaded IPMNC and the current state-of-the-art IPMNCs.

It has been estimated that the cost reduction is due primarily to lower platinum
loading and secondarily to the significant reduction in labor.
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TABLE 3.9
Comparisons between Proposed Physical Loaded Manufacturing Technique
and Current State-of-the-Art Manufacturing Technique for IPMNCs

Current state-of-the-art Proposed physical loaded
manufacturing technique manufacturing technique
Fundamental processes Chemical metal reducing processes  Physical metal loading processes
Choice of metal Typically Pt, Au, and Pd Not limited (Ag or graphite)
Process parameters Multiple parameters including Only a few parameters including
chemical concentrations, particle loading pressure and
temperature, reaction time, temperature
preliminary treatments, and so on
Estimated material price ~$10/cm? <$0.1/cm?
Nominal production time 48 h 2h

3.3.9 ScALING

It is well understood that all commercially available (as-received) perfluorinated ion-
exchange polymers are in the form of hydrolyzed polymers, are semicrystalline, and
may contain ionic clusters. The membrane form of these polymers has a typical
thickness in the range of approximately 100-300 um. Such a thin thickness of
commercially available membranes permits fast mass transfer for use in various
chemical processes. Such as-received semicrystalline membranes are not melt pro-
cessable, so they are not suitable for the fabrication of three-dimensional electroac-
tive materials or other composite forms.

In the previous work (Kim and Shahinpoor, 2001a), the authors reported a newly
developed fabrication method that can scale up or down the IPMNC artificial muscles
in a strip size of micro- to centimeter thickness. We have adopted a recently devel-
oped technique by Moor et al. (1992) for dissolving as-received ion-exchange mem-
branes in appropriate solvents. By carefully evaporating solvents out of the solution,
recast ion-exchange membranes were obtained (Gebel et al., 1987; Moor et al.). A
number of samples are shown in figure 3.57.

The preparation of a solution recast Nafion film sample includes:

1. DuPont liquid Nafion solution was purchased.

2. According to manufacturer’s specification, this solution contains 10% Nafion
and 90% solvent of approximately one-to-one mixture of 2-butanol and water.

3. It was noted, initially, that during the solvent evaporation the solidified
Nafion developed surface cracks. Therefore, an essential trick was to
introduce an additive that makes the solvent mixture act like an azeotrope.

4. The use of DMF was successful. Subsequently, when given a multiple
layer of liquid Nafion dried, an approximately 2-mm thick sample was
prepared successfully.

5. First, a known quantity of liquid Nafion with an additive is placed in a
Teflon (polytetrafluoroethylene, PTFE)-coated Pyrex glass.
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6. Second, because this recast Nafion is water soluble, an appropriate anneal-
ing was performed at an elevated temperature of 70°C so as to create
crystallinity. Usually, the temperature is raised at 150°C for further curing.
The annealing process can tailor mechanical and chemical stability of the
solution recast Nafion film.

The IPMNC sample was prepared by using 2-mm thick recast Nafion fabricated
by following the process just described. Later, platinum electroding was done on both
sides of the sample with a particle penetration depth of ~20 mm. Figure 3.58 shows
photographs of the IPMNC samples with the primary platinum electrode and secondary
gold electrodes. Another fabrication method is also described in figure 3.59.

The mechanical tensile behavior of an as-received Nafion (fully hydrated H*
form, 16% H,0) was first measured and presented in figure 3.60. As can be seen,
the as-received Nafion clearly shows the electrostatic cross-linking and crystallinity-
induced tensile characteristics exhibiting an unclear yielding and strain-induced
further crystallinity, somewhat similarly to cross-linked elastomeric behavior. Also,
the normal stress—strain curve for the recast membrane (fully hydrated H* form, 9%
H,0) is superimposed. It clearly shows a distinct, plastically deformed behavior that
is an indication of weakened (or eliminated) electrostatic cross-linking relative to
dominating elastic forces.

The force/displace measurement was done separately in a cantilever beam con-
figuration: The tip force (truly the maximum force) was measured by a load cell at

An eight-finger synthetic muscle. A rod shape synthetic muscle.

It has a thickness of approximately 2 mm. It has a rectangular cross-section of
approximately 8 mm X 8 mm.

A coil type synthetic muscle. A circular shape synthetic muscle.

FIGURE 3.57 Various IPMNCs with three-dimensional shapes.



lonic Polymer—Metal Nanocomposites 113

FIGURE 3.58 The IPMNCs made with solution recast Nafion. Top two photos show the
fabricated eight-finger IPMNC (Octopus-IPMNC). It (2-mm thickness) can easily sustain the
eight U.S. quarters. (Note that a U.S. quarter has a mass of 5.3 g.) The diameter of this IPMNC
is approximately 10.5 cm. The electrode is centered. The middle and bottom photographs show
the IPMNC in action without applying load and with a load. As can be seen, a quarter is lifted.
The time internal between the frames is approximately 1 sec. A step voltage of 2.8 V was applied
(E = 1.4 V/mm). These IPMNCs were manufactured by typical metal-reducing techniques.
Platinum was composited initially and gold was plated later. The cation is Li*.

the zero displacement condition (blocking force) and the tip displacement (truly the
maximum displacement) was measured without a load applied. In figure 3.61 (left),
the force responses of an IPMNC sample (2-mm thickness, 15-mm effective length,
and 5 mm-width) are provided. Note that the applied step voltages across the sample
(0.5 Hz) are 2, 4, and 6 V, respectively (1, 2, and 3 V/mm, respectively). Although
these applied electric fields are very small, the responses of the sample are excellent
in terms of useful forces being generated.
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FIGURE 3.59 An illustrative process diagram for the ion-conducting, powder-coated electrode
made by the solution recasting method. First, the ion-conducting powder (i.e., carbon, silver,
platinum, palladium, gold, copper, and any other conducting powders) is mixed with the elec-
troactive polymer solution (e.g., liquid Nafion). The powder is fine and uniformly dispersed within
the electroactive polymer solution. After a formation of a thin layer, the electroactive polymer
solution undergoes the drying process of solvents and therefore the residual consists of the ion-
conducting powder dispersed within the polymer. Second, the electroactive polymer solution
(without the powder) is added on top of the layer of the ion-conducting powder and dried. This
is repeated until the desired thickness is obtained. Later, a layer of the ion-conducting powder is
formed by the same method described previously. As a final step, the ion-conducting, powder-
coated electrode is cured under the elevated temperature. If necessary, the surface conductivity
can be enhanced by adding a thin layer of novel metal via electroplating or electroless plating.

Ion conducting powder ‘

In figure 3.61 (right) the measured displacement is presented against the force
(displacement vs. tip force = generative force). The useful meaning of this graph attributes
the possible maximum work output (= mechanical energy stored in the [IPMNC beam,

Smax
U, = J F,dds =5, Fy|)
0 2

of the IPMNC, although more elaborate interpretations may be needed (i.e. by
simultaneous measurement of the tip velocity and displacement or curvature). In this
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FIGURE 3.60 Tensile testing results (normal stress, Gy, vs. normal strain, €,). Note that both
samples were fully hydrated when they were tested. (a) Solution recast membrane; (b) as-
received membrane.

configuration, internal stresses are usually built up when transverse generative strain
is converted into bending motion, which lessens the mechanical output energy. (Note
that flexural strength is generally lower than tensile or compressive strength since
the thickness is small.)

Based upon these measurements, we can define the electromechanical coupling
factor, k (or thermodynamic efficiency, E/f), as:

U,, (= stored mechanical energy)

E,=k’= (3.5)

U, (= electric input energy)

Based upon equation (3.5), a graph was constructed (see fig. 3.62) that shows
the thermodynamic efficiency of the IPMNC as a function of frequency. Note
that this graph presents the experimental results for the conventional IPMNC
and the additive (PVP)-treated improved IPMNC (particle controlled). It is of
note that the optimum efficiencies occur at near 8—10 Hz for these new IPMNCs.
The optimum values of these IPMNCs are approximately 25-30%. At low
frequencies, the water leakage out of the surface electrodes seems to cost the
efficiency significantly. However, the additive (PVP)-treated IPMNC shows a
dramatic improvement in efficiency since less water transports out of the surface
electrodes. The important sources of energy consumption for the IPMNC actu-
ation could be from

necessary mechanical energy needed to cause the positive/negative strains for
the IPMNC strip

I/V hysteresis due to the diffusional water transport within the IPMNC

thermal losses—joule heating

decomposition due to water electrolysis

water leakage out of the porous electrodes
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FIGURE 3.61 Force responses of the solution recast IPMNC sample (top) and its conjugated
graph showing tip displacement 8, versus blocking force, F (bottom). Note that the frequency
is 0.5 Hz and step voltages of 2, 4, and 6 V were applied.

Dramatic improvement has been made to fabricate a new generation of IPMNCs
with much improved performance by blocking the water leakage out of the surface
electrodes by compliant surface electrodes. The overall thermodynamic efficiencies
of all IPMNCs tested in a frequency range of 0.1-50 Hz now is comparable to
biological muscles. It should be noted that the obtained values for efficiency are
favorable, realizing that other types of bending actuators—that is, conducting poly-
mers and piezoelectric materials at similar conditions—exhibit considerably lower
efficiencies (Wang et al., 1999).
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FIGURE 3.62 Thermodynamic efficiency of the IPMNC as a function of frequency.

The samples used in figure 3.62 have a dimension of a 20-mm length, 5-mm
width, and 0.2-mm thickness. The applied potential is 1-V step. Lines are least-
square fits. Resonant efficiencies are not included in this figure. It appears that, at
higher frequencies, the thermodynamic efficiency stabilizes and almost remains the
same. This phenomenon, as well as the resonance state efficiencies, is currently
under investigation.

3.3.10 TecHNIQUE OF MAKING HEeTEROGENEOUS IPMNC
COMPOSITES

Platinum is not the only noble metal that can be produced by chemical reduction
processes. Other noble metals such as palladium, gold, and silver have been tried.
Although there are not enough data at the present time regarding those noble metals
as effective materials used to place electrodes on IPMNC samples, there are enough
indications that they are also effective. Also, a heterogeneous technique of manu-
facturing the nanocomposites of IPMNCs, such as an alternative placing the Pt
composite first, palladium next, then again platinum and, subsequently, palladium,
etc., have been tried to control the penetration depth. Overall, those laminating
procedures to make laminated nanocomposites of IPMNCs appeared to be very
promising and effective.

Another interesting technique is to combine conducting polymers (polypyrrole)
and metals so as to create a system of the base polymer/metal/conducting polymer.
We have fabricated such an IPMNC system. One finding was that this procedure
significantly reduced the input power consumption while maintaining the same level
of the generative blocking forces. Such an effect could be attributed to less I/V
hysteresis acting on the metal particle interacting surfaces. The results are briefly
presented in figure 3.63.
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FIGURE 3.63 Force characteristics and input power consumptions of IPMNCs (conventional
IPMNC and pyrrole-treated IPMNC). Polymerization of pyrrole was carried with the presence
of a catalyst within the base polymer Nafion.
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4.1 INTRODUCTION

This chapter covers the fabrication, characterization, testing, and application of
chemo (pH-activated) electromechanical artificial muscles made from ionic poly-
acrylonitrile, or simply PAN, material. PAN in its nonionic form can commercially
be obtained under the trade name Orlon™. It is made by polymerizing acrylonitrile
monomer:

---CH,CH---CH,CH---CH,CH---CH,CH---
| I | I 4.1)
CN CN CN CN

As defined in the Merck Index, PAN is made of white fibers that stick at 235°C.
It becomes yellow at ironing temperatures above 160°C. It has flammability similar
to that of rayon and cotton. More importantly, it has very good resistance to mineral
acids and excellent resistance to common solvents, oils, greases, neutral salts, and
sunlight. It has fairly good resistance to weak alkalides, but is degraded by strong
alkalides. It also resists attacks by molds, mildew, and insects.

PAN material is primarily used in the textile industry to manufacture clothing
fabrics and artificial silk. Lately, these materials can be obtained in fibers made of
thousands of smaller filaments and fibrils, each less than 10 um in diameter. Com-
panies like Mitsubishi Rayon Co. have constantly improved their techniques in
manufacturing better fibers of PAN.

As the industry moves toward manufacturing these materials in finer and smaller
filaments, the potential for improved artificial muscle fibers also increases, as will
be explained later in this chapter. Included in this chapter is a method of encapsu-
lation and activation by electric field of PAN fiber bundle artificial muscles.

4.2 PAN FABRICATION

PAN fibers are initially nonactive and require a combination of physical as well as
chemical processes to convert them into a gel-like contractile fiber material. To

119
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achieve active PAN muscles, first, fibers are cut to a desired length and number of
fibers from a spool of Orlon materials. Additional length is added to allow for
shrinkage due to annealing, end connections, and bundling. The fibers are carefully
placed in a Pyrex or similar nonsticking container so as not to contaminate the
fibers with any types of oil or corrosive contaminant and placed in a laboratory
oven to be annealed and oxidized for 6 h at about 200°C. It is best to use a convection
oven to circulate the chamber air to maintain uniform temperature throughout the
fibers. The time of annealing depends on the oven type and density of the fibers’
and filaments’ diameter; it can vary from 200 to 240°C for 6-2 h, respectively. At
this point, the fiber color changes to dark brown to black, indicating oxidation of
the polymer chain. Appearance of lighter color fibers indicates an incomplete
annealing process.

The fibers then are bundled at both ends via a nylon line and epoxy adhesive to
secure the ends and for later attachment to any structure to be moved or manipulated.
Depending on the application and the types of muscles needed, the end connection
can be varied. For example, in the case of encapsulated fiber bundles, we used rubber
stoppers with through holes to allow for injection of pH solutions (weak acids and
alkalides) and pure water into and out of the muscle (figs. 4.1 and 4.2). The rubber
stoppers also provided a means of securing fibers by adhesives and nylon wrapping
lines. Each was carefully constructed for a specific application. We then hydrolyzed
by boiling the resulting bundle in a 1-N solution of NaOH for 30 min to complete
the gelation and activation of the fibers.

At this point, the bundle appears at its elongated or expanded state because of
the effect of the OH ions on the active ionic polymer chain. After letting the muscle
cool to room temperature, the fiber bundles are thoroughly rinsed of any residual
alkali solution and further expansion is observed because of the increased availability
of water molecules to penetrate within gel-like fibers. (Note that PAN gel is a
hydrophilic material like most ionic gels.) The PAN muscle is now ready to be stored
in pure water (or slightly acidic solution since any alkalinity for a long duration will
eventually degrade the PAN muscle) for any number of future experiments. In this
way, a variety of different types of PAN muscles can be manufactured, as shown in
figure 4.1, that can be attached to other structures for robotic manipulation. Thus,
an optimum manufacturing procedure turned out to be

1. oxidation at 210°C for 75 min (annealed and cross-linked-PAN)
2. hydrolysis with 1 N NaOH at 95°C for 30 min

Addition of weak acids such as HCI 1 M causes contraction of the bundle. The
muscle can be infinitely contracted and expanded using weak acids and bases with a
rinse cycle in between. Typical contraction of 100-200% from the original length is
commonly achieved. Depending on the packaging of the fibers, one could improve the
response time by further segmentation of the fibers. This in effect divides the total
length of each fiber into smaller pieces, allowing rapid diffusion of pH fluids along
and within each segment of the fiber. In comparison to a long fiber, where fluid will
take a longer time to reach the entire fiber, this method proved useful in fabricating
fast-response muscles similar to biological muscle fibers with each filament comprising
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FIGURE 4.1 Assortment of pH muscles made from PAN fibers. Clockwise from left: encap-
sulated biceps muscle, triceps muscle, linear fiber bundle, linear platform muscle, encapsulated
fiber bundle, and parallel fiber muscles.

FIGURE 4.2 Two PAN muscles (50-fiber bundles) encapsulated with latex membrane incor-
porating three-way glass fittings at each end to allow for the transport of pH solutions within
the fiber bundles (relaxed length is 3 in.).

smaller segments called sarcomeres. The additive effect of each segment improved
the speed of response. Incidentally, in biological muscles, the maximum tension
force due to contraction occurs at about 70-130% of the relaxed state of the sar-
comere (refer to appendix B).

As seen in the preceding figures, latex sheets were commercially acquired, cut
to size, and patterned for specific muscle groups. After encapsulating the bundle, it
was then sealed using a special silicon rubber adhesive to allow for frequent expan-
sion and contraction of the fiber bundles in the latex enclosure. To completely seal
the assembly, epoxy resin was used at each end of the bundle followed by a nylon
string wrapping. This proved to be a most reliable method for a large loading
condition to avoid damage to the individual fibers and muscle assembly. In more
advanced versions, each end of the bundle was especially fitted with rubber stoppers
with a concentric hole and with a specially designed three-way glass fitting to allow
for transport of acids and bases into the fiber bundle (figs. 4.2 and 4.3).
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FIGURE 4.3 Single 100-fiber bundle encapsulated PAN muscle with three-way fittings
designed especially for transport of pH solution and water within the fiber bundle (relaxed
length is 6 in.).

4.3 PAN CHARACTERIZATION

A number of test fixtures and structures were designed to evaluate the PAN muscles
for loading and displacement characteristics such as the isotonic and the isoionic
test apparatus shown in figures 4.4 and 4.5.

The isotonic apparatus consisted of a container made of acrylic polymer where
the PAN muscle was fastened on its bottom to a center eyebolt. This container was
such that it could be removed and detached from PAN muscle to empty out the pH
solutions after completion of the test. The other end of the PAN fiber was connected
to a balancing counterweight to neutralize the weight of the metal container and
transducer attachments on the other side of the apparatus. The counterweight was
then attached to a nylon string, which was routed around two pulleys (to minimize
the effect of friction) and then attached to a metal container on the other side of the
apparatus. This container was secured from the bottom to a linear variable differential
transducer with 0.001-mm accuracy. The transducer was directly connected to a
digital indicator that converted the analog signal from transducer (resulting from
displacement of the weight container) and at the same time conditioned the signal
to correct for any temperature or pressure variation in the environment.

4.3.1 IsotoNic CHARACTERIZATION

Consider figure 4.4. To operate in isotonic mode, a known weight was added to the
left (metal) container to put a tension force across the PAN muscle in the right
(acrylic) container. The muscle was then sprayed with 1-M solution of HCl to initiate
contraction. This caused the known weight on the other side to be lifted (pulled),
therefore indicating a positive reading on the digital displacement indicator. When
full contraction of muscles was reached, the final readout was recorded for the known
weight in gram force (gf) units. This can be repeated for any number of weights to
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FIGURE 4.5 Schematic diagram of the isoionic test fixture.

get a relation between constant tension and muscle contraction. Similarly, the test
can be repeated by using weak alkaline solution such as 1 M NaOH and recording
the muscle relaxation versus a known tensile force. This is known as isotonic
characterization.

4.3.2 IsoioNic Test

As seen in figure 4.6, this fixture consists of an all-Lexan made apparatus especially
resistant to corrosive materials. The apparatus is made up of a needle calibrated to
show various displacement as the PAN muscle expands and contracts to show a
correlation between displacement and constant pH environment. By applying a
constant pH solution and letting the muscle reach equilibrium position, a displace-
ment can be recorded. Repeating this for several different pH conditions will give
a relation for isoionic characterization of the muscle.
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FIGURE 4.6 Isoionic test fixture shown with a 25-fiber bundle PAN muscle.

4.3.3 PAN SyYNTHETIC MuscLES’ CAPABILITY MEASUREMENTS

Initial evaluation was performed for the linear strain capability of the PAN muscles
under no applied load. Both regular PAN and nano-PAN exhibited large strain
generation capabilities. Their linear strain capability was approximately 80 and 45%
for the regular PAN muscles and the nano-PAN muscles, respectively (between 1 N
HCI and 1 N NaOH). A total 10 cycles were carried out. The regular PAN showed
nearly no degradation in performance. However, the nano-PAN fibers showed sig-
nificant reduction in their performance. At the end of 10 cycles, only 20% strain
generation capability was observed. Also, the structural deformation was observed
for the nano-PANSs.

4.3.3.1 SEM Studies

Figures 4.7, 4.8, and 4.9 show annealed (cross-linked) PAN before activation. The
process condition was heated at 210°C for 75 min. Note that the PAN fiber diameter
is approximately 7 um. Also, the surface morphology shows somewhat structured
textures that are believed to be the consequence of polymeric cyclic macromolecular
reconfiguration with attendant dehydrogenation. However, it can be expected that
more close-chain systems may be achieved at higher temperatures.

Figures 4.10, 4.11, 4.12, and 4.13 show activated PANs at low-pH conditions
(1 N HCI) after 10 cycles. It can be seen that, under such a condition, the activated
PANs show a somewhat larger diameter, ~8 (m, than that of annealed and cross-
linked PANSs. This could be due to the electrostatic force existing within the polymer
network after the activation (ionic nature). Another interesting fact is the changes in
the surface textures (see figs. 4.9 and 4.12). In addition, some fibers stick together,
as shown in figure 4.13.

In figures 4.14 and 4.15, the micrographs of activated PANs at a high pH
condition (1 N NaOH) are shown. In these figures, the PAN fibers appear to be
covered by salts (i.e., NaOH) but maintain their shape very well. Figures 4.16 and
4.17 clearly show that pilled-off close-up micrographs of the PAN fibers indicate
that inner fiber (i.e., PAN) looks very clean with no visible damage. Figure 4.18
shows a single fiber having a diameter of approximately 9 um. The surface is very
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)xypan01 1.0 kV 11.2 mm x 4.85k SE(MI) 5

FIGURE 4.9 Annealed PAN, a single fiber (close-up). Its surface shows a texture that is
believed to be an oxidized state of the fiber.
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) U 1 ]
500 um

an01 1.0 kV 10.8 mm x 7.02 k SE(M 5.00 um

FIGURE 4.12 Activated PAN at a low-pH condition (1 N HCI).
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Tt
20.0 um

9-pan01 1.0 kV 10.8 mm x 300 SE(M) 5/31/02 100 um

FIGURE 4.14 Activated PAN at a high-pH condition (1 N NaOH).

rough (fig. 4.19). This salt layer may act as a mass transfer resistance for actuation.
Therefore, when the pH is reversed, such a salt layer may dominate the response
time of the PAN muscles.

Figures 4.20 and 4.21 show the raw nano-PAN fibers. Such fibers have a dimen-
sion of 250-300 nm diameter. These fibers were produced by an electrospinning
technique based on joint collaborative research and development between ERI and
Santa Fe Science and Technology (SFST) Corporation.

In figures 4.22 and 4.23, the activated nano-PAN fibers under a low pH condition
(1 N HCl) are presented. As can be seen, the nano-PAN fibers were stuck together and
deformed (“solvated” deformation) and lost their mechanical stability. This could be
due to the lack of polymer cyclization with low dehydrogenation. A high-temperature
heating process (220°C < T < 250°C) may enhance polymer cyclization and the close-
chain system so as to increase mechanical strength of the nano-PAN fibers.
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) ) P‘
3.00 um

FIGURE 4.17 Activated PAN at a high-pH condition (1 N NaOH).
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b

9-pan01 1.0 kV 11.1 mm X 8.0

pan6 3.0 kV 12.0 mm x 3.5 y 10.0 um

FIGURE 4.20 Raw nano-PAN fibers.
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I ] I 1 1
3.00 um

pan2 3.0 kV 11.9 mm X 15.0 k SE(U) 2/21/02

500 um

FIGURE 4.22 Activated nano-PAN at a low-pH condition (1 N HCI).

We explored higher temperature processes for the nano-PAN fibers. In figures
4.24 and 4.25, activated nano-PAN fibers at a high pH condition (1 N NaOH) were
shown. The solvated and deformed nano-PAN fibers can be clearly seen.

4.3.4 Errects oF DIFreReNT CATIONS

The effect of Li+, Na+, and K+ on the contraction/elongation behavior of activated
PAN fiber was also studied during this period. PAN fibers were tested in alkaline
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nan9-pan01 1.0 kV 10.5 mm x 500 k SE(M) 5/31/0: 100 um

FIGURE 4.24 Activated nano-PAN at a high-pH condition (1 N NaOH).

and acidic solutions of different normalities in order to determine their optimum
contraction and elongation properties. Li+-based PAN fibers exhibited the largest
elongation/contraction performance. These results have been depicted in figures 4.26,
4.27, 4.28, and 4.29.
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FIGURE 4.25 Activated nano-PAN at a high-pH condition (1 N NaOH) (close-up).
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FIGURE 4.26 PAN fiber length change (lithium hydroxide and HCI).
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FIGURE 4.27 PAN fiber length change (potassium hydroxide and HCI).
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FIGURE 4.28 PAN fiber length change (sodium hydroxide and HCI).

FIGURE 4.29 PAN elongation behavior explained by the osmotic behavior.

4.3.5 ELectric AcTIVATION OF PAN FIBERS

The effort was to design and fabricate a spring electrode configuration (fig. 4.31)
by using thin conductive wires (fig. 4.30) in a helical spring configuration with the
PAN fiber encased in the middle. The whole assembly was encased inside a flexible
membrane with some printed or embedded electrodes on the inside wall of it. Design
issues were to first find the spring constants of both electrodes and the selection of
membrane materials. Also, a conceptual development of hybridizing PAN and
IPMNC for contractile fibers was recommended by ERI technical staff and was
initiated at ERI laboratories.

4.3.6 ADDITIONAL RESULTS

PAN fibers were oxidized at 220°C for 90 min in air. In the first experiment, these
fibers measured at 1 in. in length; each was activated in boiling 1 N KOH for 30
mins. The fibers were then soaked in distilled water for 30 min in order to obtain a
base length. Then, several fibers were placed in each of 0.5, 1, and 2 N KOH for 30
min and measured. Next, the fibers were again put into distilled water for 30 min
and then measured. Following this, the fibers were soaked in 0.5-, 1-, and 2-N HCI
solutions (corresponding fibers from the alkaline—for example, fibers from the 0.5
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= Sy —i
nan9-pan01 1.0 kV 10.5 mm x 250 SE(M) 5/31/02 200 um

FIGURE 4.30 Thin wires used as effective spring electrode.

/ Electric voltage

Activated PAN
Thin wire spring electrode

Membrane electrode

Aqueous solution

FIGURE 4.31 A PAN electrification configuration using a thin wire electrode and counter-
membrane electrode.

N KOH—were placed in 0.5 N HCIl) and measured. Also, this process was repeated
using NaOH and LiOH for the boiling and alkaline-soaking media.

The PAN fibers, regardless of whether activated in KOH, NaOH, or LiOH,
increased from their 1-in. initial length after being activated and soaked in distilled
water. Lengths then decreased after the fibers were soaked in the bases. When the
fibers were again soaked in distilled water, their lengths generally increased back to
the original distilled water lengths.

The fibers soaked in NaOH were the exception to this because they did not
generally reach their previous distilled-water lengths. When the fibers were soaked
in HCl, there was a much greater decrease in length than occurred with the alkaline
media (see figs. 4.26 through 4.29 and tables 4.1 through 4.3 for exact lengths
and trends).
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Fibers treated with LiOH (see table 4.1 and fig. 4.26) had the largest increase
in length following immersion in distilled water. Fibers soaked in all three media
generally had the same decrease in length following immersion in the alkaline
solutions as also occurred following immersion in HCI.

Especially noticeable with the fibers treated with LiOH was that greater dis-
placement in the lengths occurred using the 2-N solutions. The lengths of fibers
treated with NaOH (see table 4.3 and fig. 4.28) were close to the same regardless
of the normality of the solutions.

These findings are important to describe casual pH hysteric behaviors that have
been reported previously. In figure 4.29 the importance of osmotic pressure is
illustrated. It should be noted that the maximum displacement could be determined
when conditions are switched between pure water to acidic conditions.

Note from figure 4.29 that the left molecular structure is in a neutral state while the
right molecular structure is under an alkaline solution. Therefore, if there is pure water
in contact with the alkaline PAN, there will be an osmotic pressure-driven water influx.

Again note from figure 4.31 that this configuration provides the membrane elec-
trode functioning as a cathode and the thin conducting wire in a helical spring from
being an anode shedding H+. It can cause the PAN fiber to contract within the helically
configured wire and flexible membrane and the wire will also contract like a helical
spring with the PAN fiber. Once the polarity is changed, the PAN fiber tends to expand
and the compressed helical spring will help it expand in a resilient manner.

4.3.7 ADDITIONAL EXPERIMENTAL RESULTS

PAN fibers were temperature treated at 230°C for 2 h. They were then boiled for 30
min in either I N NaOH or 1 N LiOH and stored in 1 N HCI. An apparatus was set
up (see fig. 4.32) composed of a stainless steel anode, a spring (serving as a counter-
electrode) with one PAN fiber attached to it, a beaker filled with 150 mL of electrolyte
solution, and a 25-amp Midas® Rectifier, which supplied the voltage. The electrolyte
solution was either 0.1 N NaCl or 0.1 N LiOH, depending on the experiment.

The stainless steel anode was attached to the negative lead and held upright in
the beaker of solution using a clamp. The spring with the fiber attached to the inside
of it was attached to the positive lead. After the fiber and spring had been immersed
in solution, the fiber was measured to see whether it had expanded at all. The spring

FIGURE 4.32 Photographs of experimental setup.
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and fiber were placed about 1 cm from the stainless steel anode. Note that the spring
with the fiber was acting as the anode in this case.

The voltage was then turned on to 5 V for an approximate period of 1 min. The
fiber was then measured. Following this, the polarity was switched and the spring
electrode with the fiber became the cathode. Again, after 1 min at 5V, the length of
the fiber was measured.

4.3.7.1 Results

It was found that PAN fibers that had been boiled in lithium hydroxide, used with a
0.1-N sodium chloride electrolyte solution, had the best response to electrical activa-
tion (see table 4.4 and fig. 4.33). These fibers, initially 1 in. long, expanded on average
about 30%, to 1.3 in. when placed in the solution. After acting as an anode for 1 min
at 5V, the fibers, on average, were reduced in size to about 0.85 in. Then, as the
fibers acted as cathodes, they increased in length to, on average, 1.05 in.

In contrast, fibers that had been boiled in lithium hydroxide and used with a 0.1-N
LiOH solution did not do so well with electrical activation (see table 4.5 and fig. 4.34).

TABLE 4.4
LiOH PAN in NaCl Solution
Initial Initial After being After being

length (in.) expansion (in.) anode (in.) cathode (in.)
Trial 1 1.000 1.200 0.938 1.188
Trial 2 1.000 1.380 0.938 1.188
Trial 3 1.000 1.100 0.875 1.063
Trial 4 1.000 1.200 0.750 0.875

Electrical activation of PAN fibers (LiOH) in NaCl
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FIGURE 4.33 Electric activation of PAN fibers (LiOH) in NaCl.
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TABLE 4.5
LiOH PAN in LiOH Solution
Initial Initial After being After being
length (in.) expansion (in.) anode (in.) cathode (in.)
Trial 1 1.000 1.300 1.250 1.400
Trial 2 1.000 1.300 1.188 1.063
Trial 3 1.000 1.100 1.000 1.000

Electrical activation of PAN fibers (LiOH) in LiOH
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FIGURE 4.34 Electric activation of PAN fibers (LiOH) in NaOH.

Upon being placed in the solution, the fibers expanded on average from 1 to 1.2 in.
After acting as anodes, the fibers on average reduced in size to 1.146 in. After acting
as cathodes, the fibers on average increased in size to 1.15 in. We believed that the
LiOH solution contained too much OH- ions so as to force the PAN maintaining the
expanded state. However, at this moment, the true role of OH- is not well understood.
A counterexperiment with a low concentration of HCI as a solution is planned to
investigate the effect of H* that potentially predetermines the contracted state but allow-
ing expansion once OH- ions are generated. Our previous PAN actuation mechanism
described in figure 4.24 cannot describe this observation fully.

Fibers that had been boiled in sodium hydroxide did the worst with electrical
activation (see table 4.6 and fig. 4.35). Upon being placed in sodium chloride
solution, they increased on average from 1 to 1.07 in. After acting as anodes, the
fibers on average reduced in size to 0.97 in. Acting as cathodes, they brought about
an average increase in size of 1.02 in.

Based upon these observations, it was decided to dynamically monitor the
solution pH conditions and the generative force (or displacement) simultaneously.
The proper setup is shown in figure 4.36.
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TABLE 4.6
NaOH PAN in NaCl Solution
Initial Initial After being After being
length (in.) expansion (in.) anode (in.) cathode (in.)
Trial 1 1.000 1.050 0.969 1.063
Trial 2 1.000 1.050 1.000 1.000
Trial 3 1.000 1.100 0.938 1.000

Electrical activation of PAN fibers (NaOH) in NaCl
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FIGURE 4.35 Electric activation of PAN fibers (NaOH) in NaCl.
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FIGURE 4.36 A PAN electrification configuration using a thin wire electrode and counter-
membrane electrode.
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This configuration provides the membrane electrode functioning as a cathode
and the thin conducting wire in a helical spring from being an anode shedding H+.
It can cause the PAN fiber to contract within the helically configured wire and flexible
membrane and the wire will also contract like a helical spring with the PAN fiber.
Once the polarity is changed, the PAN fiber tends to expand and the compressed
helical spring will help it expand in a resilient manner.

4.3.8 PAN AcCTUATOR SYSTEM DESIGN AND FABRICATION

The configuration in figure 4.37 shows the updated design of the PAN actuator system.
It can cause the PAN fiber to contract within the flexible membrane (bellows-type
rubber boots) as shown in figure 4.38. Once the polarity is changed, the PAN fiber
tends to expand and the compressed flexible membrane will help it expand in a resilient
manner. The fabrication of this unit has been under way for performance testing.

4.3.9 PAN PerrORMANCE TESTING IN AN AcIDIC ENVIRONMENT

The objective of this experiment was to determine the contraction and elongation
lengths of PAN fibers (cooked in 1 N LiOH for 30 min) during electrical activation

f:‘\
)
L — Gas vent hole

Pan muscle
Weak spring form
~  of electrode

Water

B
“~_ Rubber boots

S Cap

PAN muscle concept drawing

FIGURE 4.37 PAN actuator system design.

FIGURE 4.38 Rubber boots.
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| |

FIGURE 4.39 Spring electrodes. Left: uncoated; right: gold coated.

in 0.1 M HCI. It was found that, while the fibers contracted to a much greater extent
than fibers electrically activated in NaCl, they did not tend to elongate at all. It was
believed that the acid environment presets the condition as a contracted state,
although the normality is low. In fact, the fibers generally contracted even more
rather than elongating upon a change in polarity. It was concluded that, unless
contraction of the fibers is the sole goal of the application, NaCl was again the best
electrochemical solution in which to conduct electrical activation.

4.3.9.1 Procedures

PAN fibers were cooked at 230°C for 2 h. They were then boiled for 30 min in 1 N
LiOH and stored in 1 N HCI. An apparatus was set up composed of a stainless steel
anode, a 1.375-in. spring (gold coated; see fig. 4.39) with one 1-in. length PAN fiber
attached to it, a beaker filled with 150 mL of 0.1-N HCI solution, and a 25-amp
Midas Rectifier, which supplied the voltage.

The stainless steel anode was attached to the negative lead and held upright in
the beaker of solution using a clamp. The spring with the fiber attached to the inside
of it was attached to the positive lead. After the fiber and spring had been immersed
in solution, the fiber was measured to see whether it had contracted at all.

The spring being served as the electrode and fiber was placed about 1 cm from
the stainless steel anode. Note that the spring with the fiber was acting as the anode
in this case. The voltage was then turned on to 5 V for a period of 1 min. The fiber
was measured. Following this, the polarity was switched and the spring with the fiber
became the cathode. Again, after 1 min at 5V, the length of the fiber was measured.

4.3.9.2 Results

The PAN cooked in LiOH and used with HCI solution (see table 4.7 and fig. 4.40)
contracted far more than did the PAN cooked in LiOH and used with NaOH solution.
(Table 4.8 and fig. 4.41 are added to aid in this comparison.) However, the former
displayed almost no characteristics of elongation. Additional test results are depicted
in figures 4.42 and 4.43.

4.3.10 PaN FitM CASTING EXPERIMENT

The objective of this experiment was to fabricate PAN in a film shape (as cast) to
create a situation similar to an electrically controllable bender type actuator. Figure
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TABLE 4.7
Results of LIOH PAN Activated in 0.1 N HCI

After immersion

After acting

After acting

Initial length (in.) in HCI (in.) as an anode (in.) as a cathode (in.)
Trial 1 1 12 3/8 1/4
Trial 2 1 2/5 3/8 7/16
Trial 3 1 172 /16 13/32
Trial 4 1 4/5 11/16 1/2
Trial 5 1 4/5 3/4 5/8
11/5 LiOH PAN (in HCI)
1
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FIGURE 4.40 Results of LiOH PAN activated in 0.1 N HCL.
TABLE 4.8
Previous Results of LIOH PAN Activated in 0.1 N NaCl
Initial Initial After being After being
length (in.) expansion (in.) anode (in.) cathode (in.)
Trial 1 1.000 1.200 0.938 1.188
Trial 2 1.000 1.380 0.938 1.188
Trial 3 1.000 1.100 0.875 1.063
Trial 4 1.000 1.200 0.750 0.875

4.44 shows a PAN film after cross-linkage. Although it shows somewhat irregular
shapes (due to bubble formation during solvent evaporation), it is anticipated that
such a PAN will be smooth-film shaped after activation. This effort was undertaken.
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Electrical activation of PAN fibers (LiOH) in NaCl
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FIGURE 4.41 Previous results of LiIOH PAN activated in 0.1 N NaCl.

Electrical activation of real PAN fibers (in NaCl)
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FIGURE 4.42 Electrical activation of real (pure) PAN fibers in 0.1 N NaCl.

The Pt electrode deposition was attempted with a metal reduction process similar
to the method attempted previously.

4.3.11 PAN AcTUATOR SYSTEM DESIGN AND FABRICATION

The configuration in figure 4.45 shows the fabricated PAN actuator system. The
dimension is provided. It can cause the PAN fiber to contract within the flexible
membrane (rubber boots). Once the polarity is changed, the PAN fiber tends to
expand and the compressed flexible membrane will help it expand in a resilient
manner. The fabrication of this unit was completed and it is now ready for



146 Artificial Muscles

Electrical activation of PAN fibers (LiOH) in NaCl
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FIGURE 4.43 Electrical activation of regular PAN fibers in 0.1 N NaCl.
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FIGURE 4.45 A concept drawing of PAN muscle system (left) and fabricated model (right).
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performance testing. The instrumentation has been completed. Note that a leak-tight
system is important.

First, we measured spring constant of the rubber boots by applying predeter-
mined loads. The measurement gave the spring constant of £ = 0.01 kg/mm. Inside
the rubber boots the following components were positioned as can be seen: the PAN
muscle bundle (0.2 g, 15 strains), electrodes, and a solution. Applying electrical
currents through the electrodes can perform the system operation. The inner electrode
(a circular shape) surrounds the PAN muscle bundle and the other is attached to the
boots’ wall. The clearance between the boots’ wall and the inner electrode is approx-
imately 15 mm.

PAN fibers were cooked at 220°C for 90 min and boiled in 1 M LiOH for 30
min based upon the recent finding that LiOH boiling gives better performance in
terms of elongation/contraction (fig. 4.46). The PAN fiber bundles were looped. The
PAN muscle bundle (fig. 4.47) was placed between the top and bottom caps. PAN
fibers were hung up from both hooks of the cap, then immersed into the water filling
the insides of the rubber boots as shown in figure 4.48.

4.3.12 PAN CASTING EXPERIMENT

We were able to have a thin 1-mm PAN sheet activated (high pH activation). Further,
they tried to composite PAN/Pt via ion-exchange processes and a metal reduction
process [Pt(Il) — Pt(0)]. It appears that the Pt reduction is fast so that Pt particles
precipitate in solution rather than inside PAN (fast kinetics). Further study is now
under way to understand this process.

FIGURE 4.46 Annealed (cross-linked) PAN fibers.

FIGURE 4.47 Looped PAN fiber bundle.
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FIGURE 4.48 Bottom and top caps. The bottom cap (left) places a magnetic stirrer that stirs
the solution during the electric polarity change.

4.3.13 FurTHER PAN AcCTUATOR SYSTEM DESIGN
AND FABRICATION

Figure 4.49 shows the revised design of the fabricated PAN actuator system. First,
in order to minimize the bending movement of the membrane boots, a guide set was
added to the system. After inserting the cathode attached to the surface of the
membrane boots, the spring constant was slightly increased to k = 0.014 kg/mm due
to the added stiffness.

When the actuation occurs, the displacement of the membrane boots is measured.
Subsequently, the force induced by the PAN muscle can be calculated. At high pH
conditions, the PAN muscle usually turns into a gel, which exhibits an elastic
behavior. Compared to raw PAN fibers, the mechanical properties of PAN fibers are
weak (a modulus of 4-5 MPa and an ultimate stress of 1.5-2.0 MPa at elongated
states; Schreyer et al., 2000). Therefore, it requires careful operation not to cause
material damages or breakups.

We have gained a significant amount of experience for safe operation. In par-
ticular, any localized stress buildups should be eliminated. Much attention should
be given to the connection between the cap and the PAN fibers. Both ends were tied
up and fixed by epoxy in order to prevent loose bending.

Some difficulties have been found. The PAN fiber loop was broken several times
during the initial shake-up testing of the system and caused the delay of the perfor-
mance testing. Figure 4.50 depicts a loop of PAN fibers in a raw form and in an
activated state.

The PAN fibers were surrounded by a Cu—Zn spring-type anode coated by gold
and immersed in a 0.1-M sodium-chloride solution. We applied a typical operating
voltage of 10 V to the system to operate it. Initially, we applied a DC current. A 2-
mm displacement (equivalent to 28,) was maintained until 15 min had passed. When
the time passed about 20 min, suddenly a large amount of current passed through
the system, possibly due to the impurity buildups. The solution temperature was
increased from 24°C (room temperature) to 35°C. After 20 min, the anode and the
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FIGURE 4.49 Revised design of PAN muscle system (left) and a fabricated model (right).

FIGURE 4.50 Raw PAN fiber (left) and activated PAN fiber (right).

cathode were seemingly acting as an electric heat coil to boil the solution. It was
also found that significant damage of the electrode (anode) occurs due to electro-
chemical corrosion. The gold plate was slipped off, and the anode surface was eroded.
In this period, we were developing an improved gold-coating technique. Figure 4.51
depicts the electrical activation of active PAN fibers in an electrochemical cell subject
to 7 V. In order to collect baseline data and to arrange criteria of electrical activation
system design, we also carried out the PAN fiber contraction experiment in an acidic
solution (1 M HCI; fig. 4.52).

From this experiment, we obtained 6-mm displacement that can be translated
into a generative force of 84 . (= 0.82 N). This information gives rise to the fact
that the present system can produce an ultimate force of 0.82 N.

4.4 PAN pH METERS

PAN fibers were used for a variety of applications including pH meters (figs. 4.53,
4.54, 4.55, and 4.56). In figures 4.53 and 4.54, the fibrous polyacrylonitrile ionic
muscles contract and expand and turn a dial gauge to indicate the pH of a solution.
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FIGURE 4.51 A PAN muscle system under an electric field: initial (left) and after 15 min (right).

FIGURE 4.52 PAN fiber displacement in a HCI solution (1 M): initial (left) and after 15 min
(right) positions.

FIGURE 4.53 Horizontal self-powered pH meter equipped with PAN fibrous muscle fibers
and a resilient rotating cylinder.

Most conventional pH meters use some form of electric power source and are
extremely sensitive to external environmental conditions such as temperature and pres-
sure. This will limit the use of the meter to a controlled environment. Slight contamination
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FIGURE 4.54 Vertical self-powered pH meters equipped with PAN fibrous artificial muscles
and a resilient rotating cylinder.

FIGURE 4.55 Vertical pH meter assembly made from a parallel type PAN fiber muscle and
a specially designed container holding the fluid with unknown pH to be determined.

of the probe tip or solution can cause erroneous readings. Although they can indicate
up to several degrees of accuracy, their requirement for a power source makes it difficult
to use them in remote field applications where there are often limited resources.

As shown in figure 4.55, a simple cylindrical container made of acrylic was used
to hold a PAN muscle arranged in parallel fibers much the same as pinnate muscles
in the body. The ends of the fibers are secured to two glass rods of 1-mm diameter.
Glass was used in order to avoid interfering with the corrosive fluids inside the
container where the pH was unknown. The top and bottom caps of the container
had slots and the muscle was wrapped around a core cylinder and put in tension via
a retracting spring assembly located on the top cap assembly and secured to the
center core of the container. By varying the pH of the solution, contraction or
expansion of the muscle fiber assembly was initiated, causing the core drum to rotate.
By a simple calibration and dial marking on the top plate, it was possible to get a
crude pH reading in the range of 4—12. Although not entirely accurate readings, this
assembly was perhaps the simplest pH meter that did not require a power source
such as a battery to indicate the pH of a solution.
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FIGURE 4.56 Linear pH meter using a graduated cylinder with calibrated PAN fiber bundle.

Another type of pH meter designed was a linear gauge type. This device was
simpler in construction but required a larger container, such as a graduated glass
cylinder that was carefully calibrated with various pH solutions to mark points along
the cylinder indicating a range of pH of 2-12 (see fig. 4.56). For this type, a fiber
bundle of the PAN attached from one end to a weight imposing a constant tension
across the muscle was used. The muscle was suspended in pure water free to expand
from one end and fixed from the top. When low pH (acidic) was applied, the muscle
contracted and pulled the weight upward. A needle at the tip of the weight indicated
the change in pH.

4.4.1 SkeLetaL MuscLes MADE WITH FiBRous PAN ARTIFICIAL
MuscLEs

Figures 4.57, 4.58, and 4.59 depict the skeletal muscles of the forearm. Figure 4.58
represents an apparatus designed to test a biceps artificial muscle made from PAN
fibers encapsulated in latex membrane. A multichannel peristaltic pump was used
to direct fluid from each of the acid, base, and deionized water reservoirs into and
out of the muscle assembly. The microcontroller board incorporated a Motorola 6811
series processor to control opening and closing of appropriate solenoid valves allow-
ing pH solutions to flow when a command was executed.

A PC interface was used to trigger the analog signals causing the valve sequence
of closing and opening based on an up or down command requirement of the
forearm. The fibers were accordingly contracted or relaxed to simulate the biological
muscle contraction—relaxation. This system was essentially a closed-loop circula-
tory system with each fluid entering and leaving the muscle fiber separately. The
deionized water was used as a rinse cycle between acid or base wash for contraction
and relaxation, respectively. Platform-type spring loaded actuators were also
designed and built for a series of experiments (fig 4.60) including an electroactive
PAN muscle experiment.
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FIGURE 4.57 Circulatory system assembly pumping pH solutions into a biceps PAN artifi-
cial muscle.

FIGURE 4.58 PAN biceps muscle shown in a test apparatus consisting of a multichannel
pump, microcontroller board, solenoid valves, and a desktop PC to activate a skeletal forearm.

4.5 ELECTROACTIVE PAN MUSCLES

Artificial muscles made with PAN fibers are traditionally activated in electrolytic
solution by changing the pH of the solution by the addition of acids and/or bases.
This usually consumes a considerable amount of weak acids or bases. Furthermore,
the synthetic muscle (PAN) has to be impregnated with an acid or a base and must
have an appropriate enclosure or provision for waste collection after actuation.
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FIGURE 4.59 Close-up of the attachment of the fabricated biceps PAN muscle on a life-size
human forearm skeleton showing the controller board housed in the pelvic bone area and
solenoid valves attached to the humerus and ulna bones, respectively. We also designed and
built a simple pH meter with PAN fiber bundles using the parallel type packaging of the fibers
as shown earlier (fig. 4.55). The picture shown is a rotary-type pH meter taking up a small
space and fairly accurate for most cases.

FIGURE 4.60 Linear platform actuator for use in robotics.

This work introduces a method by which the PAN muscle may be elongated or
contracted in an electric field. It is believed that for the first time this has been
achieved with PAN fibers as artificial muscles. In this new development, the PAN
muscle is first put in close contact with one of the two platinum wires (electrodes)
immersed in an aqueous solution of sodium chloride. Applying an electric voltage
between the two wires changes the local acidity of the solution in the regions close
to the platinum wires (figs. 4.60 and 4.61). This is because of the ionization of
sodium chloride molecules and the accumulation of Na* and CI- ions at the negative
and positive electrode sites, respectively.

This ion accumulation, in turn, is accompanied by a sharp increase and decrease
of the local acidity in the regions close to either of the platinum wires. An artificial
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FIGURE 4.61 Electric PAN muscle apparatus showing gold-plated center rod as one elec-
trode and gold-plated spring as the circumferential electrode.

muscle, in close contact with the platinum wire, because of the change in the local
acidity will contract or expand depending on the polarity of the electric field. This
scheme will allow the experimenter to use a fixed flexible container of an electrolytic
solution whose local pH can be modulated by an imposed electric field while the
produced ions are trapped to stay in the neighborhood of a given electrode.

This method of artificial muscle activation has several advantages. First, the need
to use a large quantity of acidic or alkaline solutions is eliminated; second, the use
of a compact PAN muscular system is facilitated for applications in active muscu-
loskeletal structures. Third, the PAN muscles become electrically controllable and
therefore the use of such artificial muscles in robotic structures and applications
becomes more feasible (fig. 4.62). In this way, a muscle is designed such that it is
exposed to either Na* or CI- ions effectively. In the following paragraphs, muscle
contraction or expansion characteristics under the effect of the applied electric field
are discussed.

As was discussed before, ionic polymeric gels are three-dimensional networks
of cross-linked macromolecular polyelectrolytes that swell or shrink in aqueous
solutions upon addition of alkali or acids, respectively. Reversible volumetric dilation
and contraction of the order of more than 800% for PAN fibers have been observed
in our laboratory. Furthermore, it has been experimentally observed that swelling
and shrinking of ionic gels can be induced electrically. Thus, direct computer control
of large expansions and contractions of ionic polymeric gels by means of a voltage
gradient appears to be possible.

These gels possess an ionic structure in the sense that they are generally composed
of a number of fixed ions (polyions) pertaining to sites of various polymer cross-links
and segments and mobile ions (counter-ions or unbound ions) due to the presence of
an electrolytic solvent. Electrically induced dynamic deformation of ionic polymeric
gels such as polyacrylic acid plus sodium acrylate cross-linked with bisacrylamide
(PAAM), poly (2-acrylamido-2-methyl-1-propanesulfonic acid), PAMPS, or various
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FIGURE 4.62 Exploded view of the electric PAN muscle apparatus.

combinations of chemically doped polyacrylic acid plus polyvinyl alcohol (PAA-PVA)
can be easily observed in our laboratory. Such deformation gives rise to an internal
molecular network structure with bound ions (polyions) and unbound or mobile ions
(counter-ions) when submerged in an electrolytic liquid phase.

In the presence of an electric field, these ionic polymeric networks undergo
substantial contraction accompanied by exudation of the liquid phase contained
within the network. Under these circumstances, there are generally four competing
forces acting on such ionic networks: the rubber elasticity, the polymer—liquid
viscous interactions due to the motion of the liquid phase, inertial effects due to
the motion of the liquid through the ionic network, and the electrophoretic inter-
actions. These forces collectively give rise to dynamic osmotic pressure and net-
work deformation and subsequently determine the dynamic equilibrium of such
charged networks.

On the other hand, there are situations in which a strip of such ionic polymeric
gels undergoes bending in the presence of a transverse electric field with hardly any
water exudation. Under these circumstances there are generally three competing
forces acting on the gel polymer network: the rubber elasticity, the polymer—polymer
affinity, and the ion pressure. These forces collectively create the osmotic pressure,
which determines the equilibrium state of the gel. The competition between these
forces changes the osmotic pressure and produces the volume change or deformation.
Rubber elasticity tends to shrink the gel under tension and expand it under compres-
sion. Poly-polymer affinity depends on the electrical attraction between the polymer
and the solvent. Ion pressure is the force exerted by the motion of the cations or
anions within the gel network. Ions enter the gel attracted by the opposite charges
on the polymer chain while their random motions tend to expand the gel like an
ionic (fermionic) gas.
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In the next sections, the cases of electrically induced contraction of PAN muscles
are experimentally and theoretically described. Exact expressions are given relating
the deformation characteristics of the gel to the electric field strength or voltage
gradient, gel dimensions, and other physical parameters of the gel.

4.6 ELECTROCHEMOMECHANICAL ACTUATION
IN CONDUCTIVE POLYACRYLONITRILE (C-PAN)
FIBERS AND NANOFIBERS

4.6.1 INTRODUCTION

Electrical activation of contractile ionic polymeric fibers dates back to the pioneer-
ing works of Kuhn (1949), Katchalsky (1949), Kuhn et al. (1950), and Hamlen et
al. (1965). In recent years, Osada and Hasebe (1985), De Rossi et al. (1986),
Chiarelli and De Rossi (1988), Chiarelli et al. (1989), Caldwell and Taylor (1990),
Segalman et al. (1991), Umemoto et al. (1991), Shahinpoor et al. (1996, 1997a,
1997b), and Schreyer et al. (1999, 2000) have further contributed towards under-
standing of electrically controllable contractile ionic polymeric fibers. Figure 4.63
depicts a number of devices made in the early development of contractile fibrous
synthetic chemomechanical muscles.

Activated PAN fibers that are suitably annealed, cross-linked, and hydrolyzed
are known to contract and expand when ionically activated with cations and anions,
respectively. The change in length for these pH-activated fibers is typically greater
than 100%, but up to 200% contraction/expansion of PAN fibers has been observed
in our laboratories at AMRI. They are comparable in strength to human muscles
(~20 N/cm?) and have the potential of becoming medically implantable electroactive
contractile artificial muscle fibers.

Increasing the conductivity of PAN by making a composite with a conductive
medium such as a noble metal such as gold or platinum, or graphite, carbon nanotube,
or a conductive polymer such as polypyrrole or polyaniline (C-PAN) has allowed
for electrical activation of C-PAN artificial muscles when it is placed in an electro-
chemical cell. The electrolysis of water in such a cell produces hydrogen ions at a
C-PAN anode, thus locally decreasing the cation concentration and causing the C-
PAN muscle to contract. Reversing the electric field allows the C-PAN muscle to
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FIGURE 4.63 A number of early contractile synthetic chemomechanical muscles.
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FIGURE 4.64 A possible configuration for the electroactive C-PAN-N artificial muscle in
an antagonist configuration to provide biceps and triceps (left) similar to the action of a
sarcomere (right).

elongate. Typically close to 100% change in C-PAN muscle length in a few minutes
is observed when it is placed as an electrode in a 10-mM NaCl electrolyte solution
and connected to a 20-V power supply. Nanofibrous versions of C-PAN or C-PAN-N
obtained recently by electrospinning have allowed the response time to be reduced
to a few seconds. These results indicate the potential in developing electrically
activated C-PAN-N artificial nanomuscles and linear nanoactuators. Furthermore,
these results present a great potential for using electroactive fiber bundles of C-
PAN-N as artificial sarcomeres and artificial muscles for linear actuation as depicted
in figure 4.64.

Activated C-PAN contracts when exposed to protons, H*, in an aqueous medium
and elongates when exposed to hydroxyl ion, OH-, in a strong alkaline medium. The
length of activated PAN fibers can potentially more than double when going from
short to long. A possible explanation for the contraction and elongation of activated
C-PAN is the effect carboxylic acid groups (COO- and H*) have on the molecular
geometry. At high cationic concentration, all acid groups are protonated, potentially
collapsing the network and contracting the polymer.

On the other hand, the presence of hydroxyl ions causes the protons to detach
from the carboxylic groups and form water. The negatively charged carboxylic
groups would then cause the cross-linked polymer network to expand by coulombic
repulsion and attract the water molecules into the expanded network. These under-
lying mechanisms of expansion and contraction are considered later for the modeling
of activated PAN fibers in an electrochemical cell in the presence of an imposed
electric field.

4.6.2 PrepARATION OF loNicaLLY AcTive PAN

Raw PAN fibers, which are composed of roughly 2,000 individual strands of PAN
(each about 10 um in diameter), are first annealed at 220°C for 2 h. The fibers can
be bundled together at this point to form a PAN muscle. The PAN is then placed in
a boiling solution of 1 N LiOH for 30 min, after which the PAN fibers become
hyperelastic like a rubber band.

At this point the PAN can be ionically activated. Flooding the activated PAN
with a high concentration of cations such as H* induces contraction while the
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presence of hydroxyl ions (OH") causes the polymeric network to elongate the fibers.
An assortment of such PAN muscles is shown in figure 4.1.

PAN has been studied for more than a half century in many institutions and
now is popularly used in the textile industry as a fiber form of artificial silk. The
useful properties of PAN include the insolubility, thermal stability, and resistance
to swelling in most organic solvents. Such properties were thought to be due to the
cross-linked nature of the polymer structure. However, a recent finding has shown
that a number of strong polar solvents can dissolve PAN and thus has raised a
question that its structure could be of the linear zigzag conformations (Umemoto
et al., 1991; Hu, 1996) with hydrogen bonding between hydrogen and the neigh-
boring nitrogen of the nitrile group. Yet, the exact molecular structure of PAN is
still somewhat unclear. (We expect that it can be atactic with possibly amorphous
phases in pure state.)

Also, it should be noted that, as received, PAN fibers are a somewhat different
formulation from that of the pure PAN that is usually in a powder state. Generally,
the PAN fibers used in the textile industry are often copolymerized with acrylamide
(approximately 4-6% by weight) and manufactured through a spinning process.
Therefore, changes in material properties of such PAN fibers are expected in a sense
that it can be reorganized into a semicrystalline structure. Therefore, improved
strength of the PAN fibers is a definite advantage over other types of ionic gels that
are usually very weak.

Activated PAN fibers are highly elastic or hyperelastic like rubber bands. The
term “activated PAN fibers” refers to the PAN fibers acting as the elastic fibers of
which length varies depending upon the ionic concentration of cations in the solution.
They contract at low cationic concentration and expand at high cationic concentra-
tion. At high cationic concentration, they appear to reject water out of the polymer
network, resulting in shrinkage due to their elastic nature. Conversely, they elongate
at low cationic concentration, attracting water from outside into the polymer network.
In our laboratory, it has been observed that activated PAN fibers can contract more
than 200% relative to that of the expanded PAN. The use of PAN as artificial muscles
is promising since they are able to convert chemical energy to mechanical motion,
possibly acting as artificial sarcomeres or muscles.

Other types of materials that have a capability to be electroactive are polyelec-
trolyte gels such as polyacrylamide (PAM), polyacrylic acid-polyvinyl alcohol
(PAA-PVA), and poly (2-acrylamido-2-methyl propane) sulphonic acid (PAMPS).
Under an electric field, these gels are able to swell and de-swell, inducing large
changes in the gel volume. Such changes in volume can then be converted to
mechanical work. Artificial sarcomeres or muscles made from PAN, unlike poly-
electrolyte gels, have much greater mechanical strength than polyelectrolyte gels,
thus having a greater potential for application as artificial sarcomeres and muscles
(or soft actuators). Figure 4.65 shows mechanical strength of the activated PAN
bundle in a contracted state and an elongated state. The different mechanical behavior
of the ionically active PAN fibers clearly establishes the fundamental difference
between the network structures in the presence of H* ions or protons as compared
to the presence of hydroxyl OH- ions.
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Stress vs. strain curve: PAN muscle (50 strands)
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Contracted muscle: Length under 0 load = 6.9 cm; maximum load applied = 650 gm (did not break); max length = 24.2 cm.
Elongated muscle: Length under 0load = 15.5 cm; maximum load applied = 200 gm (broke under load); max length = 20.3 cm.
Estimated cross-sectional area of one strand = 1.57 X 10"-7 meters squared; for 50 strands = 7.85 x 10"-6 meters squared.

FIGURE 4.65 Normal stress—strain relationship for the contracted and the expanded state of
PAN muscles.
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FIGURE 4.66 Possible structure of activated polyacrylonitrile.

The activation of PAN requires inducing cross-linking by the formation of
pyridine rings by low-temperature annealing and, subsequently, converting nitrile
groups to carboxylic acid groups by saponification with sodium or lithium hydroxide.
The degree of cross-linking depends on annealing temperature and time, which in
turn determines the amount of free nitrile groups left to be converted to carboxylic
acids during saponification.

A possible structure for activated PAN is given in figure 4.66, as discussed by
Umemoto et al. (1991) and Hu (1996). In figure 4.67, SEM micrographs show raw
fibers as well as activated fibers. Typically, one strand is composed of about 2,000
fibers. Each fiber has an approximate diameter of 9 pum.

The strength of activated PAN and its ability to change length of up to 100% or
more makes it an appealing material for use as linear actuators and artificial muscles.
An attractive alternative is electrical activation. During the electrolysis of water, hydro-
gen ions are generated at the anode while hydroxyl ions are formed at the cathode in
an electochemical cell. Electrochemical reactions can then potentially be used to
control the length of a PAN artificial muscle. This may be achieved by locating a PAN
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FIGURE 4.67 SEM micrographs that show raw fibers (top left), contracted (top right), and
elongated states (bottom right), respectively. It should be noted that SEM micrographs were
taken for the dry samples. The elongated PAN fibers show that they contain a salt (possibly
NaCl).

muscle near an electrode where the ions are generated or, if the conductivity of activated
PAN can be increased, the PAN muscle can serve as the electrode.

The study reported here takes the second approach, where platinum is deposited
on PAN fibers to increase conductivity so that the muscle can serve as the electrode
directly. This procedure of depositing Pt on the polymer and activating it in an
electrochemical cell was initially demonstrated a few years ago by Hamlen et al.
(1965) with a polyvinyl alcohol-polyacrylic acid copolymer. It resulted in about
a 5% decrease in length, with contraction and elongation each taking about 12
min. However, our recent improvements to an electroactive nanofibrous version
of PAN muscles or C-PAN-N have reduced the activation time to a few seconds,
with muscle strength approaching human muscles in the range of 20 N/cm? of
muscle fiber cross-section.

In order to activate as-received PAN fibers (Mitsubishi), first, they were oxidized
in air at an elevated temperature range of 220-240°C. It is likely that the oxidation
process makes a linear-like structure of as-received PAN fibers to a cross-linked
structure of pyridine and cyano groups shown in figure 4.65. The preoxidized PAN
fibers show dark brown or black depending upon the level of crosslinking.

Second, they were saponified in an alkaline solution (2 N NaOH for 20-30 min).
The elongation and contraction behavior of PAN fibers is interesting in the fact that
hysteresis exists, changing upon pH values. In an approximate pH range of 3-10,
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FIGURE 4.68 Experimental setup for electrical activation of C-PAN artificial sarcomeres
and muscles. It describes the operating principle of the C-PAN.

the elongation process stays below the contraction process. This means that the
equilibrium length of PAN fibers during contraction is larger than that of PAN fibers
during elongation.

Based upon the Donnan theory of ionic equilibrium (Flory, 1953b), we believe
that important forces arise from (1) induced osmotic pressure of free ions between
activated PAN fibers and their environment; (2) ionic interaction of fixed ionic
groups; and (3) the network itself. Among them, the induced osmotic pressure of
free ionic groups could be the dominating force. Much study is needed to clarify
this discussion.

Electrical activation of PAN fibers is performed in an electrochemical cell, shown
in figure 4.68. PAN fibers can be activated electrically by providing a conductive
medium in contact with or within the PAN fibers. Such electrical activation can be
made to have low overvoltage for hydrogen and oxygen evolution. At the anode,
oxygen evolves via 2H,0 = O, + 4H* + 4¢* and the counter reaction at the cathode
is 2H,0 + 2¢- = H, + 20H" + 4e¢*.

Upon being hydrogenated in the vicinity of the PAN anode, the decreased pH
causes the PAN fibers to contract by the same effect as chemical activation. Also,
reversing the polarity of DC, elongation of PAN fibers is simply obtained.

4.6.3 Direct MeTAL DEePOSITION TECHNIQUE

As a first trial, conductivity of PAN was increased by means of chemical deposition
of platinum on PAN fibers. Raw PAN fibers were immersed in a tetraamineplatinum
chloride monohydrate solution. The PAN fibers were then transferred to a reducing
solution containing sodium borohydride. The solution was slowly heated to about
50-60°C with agitation at 100 rpm along with periodic additions of 5% NaBH,
solution to reduce Pt metal. This process was repeated several times to seed the PAN
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fibers with Pt. After platinum deposition, the C-PAN fibers were activated by the
method described previously.

The results of electrical contraction and elongation of a C-PAN platinum muscle
are shown in figure 4.69. As can be seen, the electric activation of C-PAN was successful
to produce the approximate mean rate of contraction of L/L = 5%/min, while the
approximate mean rate of elongation was L/L = 3%/min. The anomaly in both con-
traction and expansion is believed to be due to the fact that the electro-osmotic diffusion
rate of H* cations and OH~ anions into and out of the C-PAN fiber bundle is not uniform.
In this approach, we have found that delamination of Pt layer (see fig. 4.70) occurred
over a repeated period of contraction and elongation of such C-PAN. As a result, a
much higher overpotential was needed to produce the same contraction and elongation
speed. In addition, it has been seen that the muscle expanded from the starting length
but did not return to it, probably due to the resistive force induced by the Pt layer.
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FIGURE 4.69 Electrical activation of muscle made up of fiber bundle of 50 C-PAN platinum
fibers. Initial muscle length = 5.0 cm; number of fibers = 50; cell voltage = 20 V; current =
120 mA. Polarity of electrodes reversed at ¢ = 10 min.

FIGURE 4.70 SEM micrograph shows platinum delamination over a number of cycles (right).
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In order to address these problems, we have changed the electric activation
scheme by using thin graphite fibers serving as an effective adjunct electrode circled
around and combined with PAN and gold as a counterelectrode.

4.6.4 GRrAPHITE AND GoLD FiBer ELECTRODE WOVEN INTO PAN
MuscLE As AN ADJUNCT ELECTRODE

The idea of using a graphite or gold fiber electrode was motivated by the fact that
it could serve as an effective electrode producing necessary ions for contraction and
elongation, respectively. Another advantage is its chemical/mechanical endurance in
chemical environments during its activation process and contraction/elongation pro-
cesses. Also, the problems encountered in the direct metal deposition technique could
be adequately addressed. Figure 4.71 shows an SEM photograph of graphite fibers
employed and the configuration used in this study.

In figures 4.72 and 4.73, the electric activation of C-PAN fiber bundles with
graphite fiber electrodes is shown. Significantly improved response times relative
to the previously reported C-PAN platinum fibers can be observed. In fact, contrac-
tion and elongation as fast as L/L = 10%/min and L/L = 5%/min, respectively, can
be observed.

The efficient way of producing and diffusing the necessary ions (H* and OH-)
and their distribution over the C-PAN fibers is the key to producing fast-reacting C-
PAN fibers. Thus, single fiber response was also tested. For a single fiber comprising
2,000 strands of 10-um diameter C-PAN-G fiber, the contraction time reduced by
about 60% compared to the fiber bundle of 50 fibers, as shown in figure 4.74.

The activation of a single strand of 10-um fiber reduced the contraction time to
a few seconds, as shown in figure 4.75.

4.6.5 TowArRD NANOSCALED ARTIFICIAL MUSCLES AND MOTORS

Biological muscle is a magnificent nano- to micro- to macroscaled actuating system
with the capacity to perform diversified functions. According to Pollack (2001), the

PAN muscle

<«— Graphite fiber

FIGURE 4.71 SEM micrograph shows the graphite fibers used in this study (left). Each fiber
has a diameter of 6.4 um and the configuration of the graphite electrode and PAN muscle (right).
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FIGURE 4.72 Variation of length of 100 C-PAN-G fibers in fiber bundle form with time in
a 0.2-mN NaCl cell under an imposed electric field (1PAN-2G ratio, 100 fibers).

FIGURE 4.73 Variation of length of PAN-graphite muscle with time in a 0.2-mN NaCl cell
under a voltage of 20 V (1PAN-2G ratio, 50 fibers).

fundamental building blocks are microsized contractile units called sarcomeres, as
shown in figure 4.63. They contain three filament types: thick, thin, and connecting.
There has been a consensus that the muscle contraction is based upon thick and thin
filaments’ interaction. Connecting filaments link the thick filament to the end points
of the sarcomere being served as molecular spring. Such filaments are polymeric
materials: thin—monomeric actin, thick—myosin, and connecting—vertebrates titin
protein. With water, they form a gel-like lattice.

The textbook mechanism of muscle contraction is based upon the concept of
“sliding filaments” where nanomotor (cross-bridge) rotation drives thin filament past
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FIGURE 4.74 Electrical activation of C-PAN made with single PAN graphite fibers of 2,000
strands.
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FIGURE 4.75 Variation of length of C-PAN-G strands of 10 um in diameter with time in a 0.2-
mN NaCl cell under a voltage of 20 V (1PAN-2G ratio in a special helically wound configuration).

thick. These nanosize cross-bridges, which are attached to the thin filament, swing
and then detach in the presence of ATP, being ready for the next cycle. Such a
mechanism is truly based upon a chemomechanical nanoscale motion that can
ultimately cause biological muscle to contract in a collective manner to achieve
macroscaled motions with useful forces. Inspired by the fact that extremely fast
response times can be attained by hierarchically moving towards smaller and smaller
diameter fibers, just like the biological muscles, nanofibers of PAN were manufac-
tured by electrospinning.

Conventional PAN fibers that are commercially available (Orlon) are shown in
figure 4.76. Normally, they are composed of 2,000 strands or microfibrils of 10 um
in diameter. They are used vastly for textile applications and in fact are known as
artificial silk.



lonic PAN Chemoelectromechanical Muscles 167

FIGURE 4.76 Conventional PAN fibers. The fiber diameter is 8-10 um.
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FIGURE 4.77 Spun PAN nanofibers. Average fiber diameter is approximately 300-600 nm.

In order to manufacture nano-PAN fibers, a technique called “electrospinning”
is employed. It typically produces fiber diameters in the tens or hundreds of nano-
meters, as shown in figure 4.77, and can offer new opportunities far beyond textiles
to numerous other industrial, biomedical, and consumer applications. In particular,
as discussed before, once these PAN nanofibers or strands are made conductive and
used in an electrochemical cell for chemomechanical linear contractile transduction,
they will be able to provide us with contraction response time comparable to bio-
logical muscles—that is, in the range of a few milliseconds.

Realizing that the response time of PAN artificial muscle is governed by the
diffusional processes of ion—solvent interaction, the use of PAN nanofibers or fibrils
is promising for fabricating fast-response PAN artificial muscles. The contrac-
tion/elongation behavior explanation is based upon the exchange of counter-ions and
solvent (in this case, water) into and out of activated PAN. Donnan equilibrium
theory may possibly describe the situation properly (figs. 4.78, 4.79, and 4.80).

If so, the swelling force may be identified by the net osmotic pressure difference
associated with relevant ions. Also, the columbic force could play a role. The
combination of such effects can describe the situation reasonably well. If we describe
the kinetics of PAN fibers by using the diffusion-controlled slab-type gels, then the
contraction of PAN-N fibers would be (Yoshida et al., 1996):
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where the characteristic time, 7, is given by
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where [, is the characteristic length (i.e., fibril diameter) and D is the overall diffusion
coefficient of ions within the PAN-N fibers. The implication of this equation is that
the contraction or elongation kinetics should be dependent upon the length scale
(i.e., nanofiber diameter), as we have observed experimentally. Therefore, the impor-
tance of our effort to fabricate PAN nanofibers can be realized.

4.6.6 EXPERIMENT

The polymer solution used in the present electrospinning experiments was prepared
using PAN purchased from Scientific Polymer Products. The electrospinning appa-
ratus used a variable high-voltage power supply purchased from Gamma High
Voltage Research. A 20-ml glass syringe with a Becton Dickinson 18 hypodermic
needle was tilted at approximately 5 degrees from horizontal so that a small drop
was maintained at the capillary tip due to the surface tension of the solution. The
tip of the needle was filed to produce a flat tip.
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FIGURE 4.78 PAN elongation behavior explained by the osmotic behavior and PAN fibers
in different states. Top left: neutral state; top right: under alkaline solutions. Therefore, if pure
water is in contact with alkaline PAN, there will be an osmotic pressure driven water influx.
Bottom left: oxidized PANs (prior to activation); bottom middle: at low pH, contracted PAN
(1 N HCI); bottom right: at high pH, expanded PAN (1 N LiOH).
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FIGURE 4.79 Raw PAN fibers.

FIGURE 4.80 After oxidation (cross-linked)—Dbefore activation.

A positive potential was applied to the polymer solution by attaching the lead
to the high-voltage power supply directly to the outside of the hypodermic needle.
The collection screen was a 10- X 10-cm aluminum foil placed 20 cm horizontally
from the tip of the needle as the grounded counterelectrode. The potential difference
between the needle and the counterelectrode used to electrospin the polymer solution
was 20 kV (electrical field strength, 1 kV/cm). The fiber diameter and polymer
morphology of the electrospun polyacrylonitrile fibers were determined using scan-
ning electron microscopy (SEM) (fig. 4.81).

The activation of PAN requires inducing cross-linking by the formation of
pyridine rings by low-temperature annealing and, subsequently, converting nitrile
groups to carboxylic acid groups by saponification with sodium or lithium hydroxide.
The degree of cross-linking depends on annealing temperature and time, which in
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FIGURE 4.81 Spun PAN nanofibers. (a) A Phillips XL30 ESEM using an accelerating
voltage of 10 kV was employed to take this SEM photograph; (b) ESEM image of the
polyacrylonitrile nanofibers spun at 1 kV/cm; (c) PAN nanofibers (~300 nm diameter). Hitachi
4700 was used (an acceleration voltage of 3 kV).

turn determine the amount of free nitrile groups left to be converted to carboxylic
acids during saponification. Figure 4.82 shows a C13 NMR spectrum of saponified
PAN fibers. Overall, it is anticipated that PAN should transit from a linear chain
structure (or zigzag) to a planar structure that would be related to pyridine
rings/cyano groups via cross-linking. Although the PAN fibers were tested at a dry
state, it appears that the cyano group is weaker and the carboxyl group stronger after
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FIGURE 4.82 NMR spectrum of PAN processed fibers.

saponification. Generally speaking, the activated PAN (in wet state) can inherently
carry cation (Na+) and anion groups (pyridine rings/cyano groups).

The PAN nanofibers were suitably annealed, cross-linked, and hydrolyzed to
become “active.” A key molecular structure of PAN—hydrogen bonding between
hydrogen and the neighboring nitrogen of the nitrile group—exhibiting insolubility,
thermal stability, and resistance to swelling in most organic solvents is thought to
be due to its cross-linked polymer structure. These results provide a great potential
in developing fast activating PAN muscles and linear actuators, as well as integrated
pairs of antagonistic muscles and muscle “sarcomeres” and “myosin/actin”-like
assembly with potential interdigitated control capabilities.

First, the effect of different cations (Li*, Na*, and K*) on the contraction/elon-
gation behavior of activated PAN fiber was determined. PAN fibers were tested in
alkaline and acidic solutions of different normalities in order to determine their
optimum contraction and elongation properties. Interestingly, Li*-based PAN fibers
exhibited the largest elongation/contraction performance. PAN fibers were oxidized
at 220°C for 90 min in air. In the first experiment, these fibers measured one inch
in length and each was activated in boiling 1 N KOH for 30 min. The fibers were
then soaked in distilled water for 30 min in order to obtain a base length. Then,
several fibers were placed in each of 0.5, 1, and 2 N KOH for 30 min and measured.
Next, the fibers were again put into distilled water for 30 min and then measured.
Following this, the fibers were soaked in 0.5-, 1-, and 2-N HCI solutions (corre-
sponding fibers from the alkaline, e.g., fibers from the 0.5 N KOH were placed in
0.5 N HCI) and measured. Also, this process was repeated using NaOH and LiOH
for the boiling and alkaline-soaking media.

Fibers treated with LiOH had the largest increase in length following immersion
in distilled water. Fibers soaked in all three media generally had the same decrease
in length following immersion in the alkaline solutions, as also occurred following
immersion in HCI. Especially noticeable with the fibers treated with LiOH was that
greater displacement in the lengths occurred using the 2-N solutions. The lengths of
fibers treated with NaOH were close to the same regardless of the normality of the
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solutions. In figure 4.77, the importance of osmotic pressure is illustrated. It should
be noted that the maximum displacement could be determined when conditions were
switched from pure water to acidic conditions. These findings are important to
describe casual pH hysteric behaviors reported previously.

4.6.7 NANOFIBER ELECTROSPINNING IN GENERAL

The electrospinning process is a variation of the better known and understood
electrospraying technique. In the electrospinning process, a high electric field is
provided between a highly viscous polymer solution held by its surface tension at
the end of a capillary tube and a metallic target, as shown in figure 4.83

As the intensity of the electrical field increases, the surface of the liquid hemi-
spherical drop (fig. 4.84a), suspended at equilibrium at the capillary tip, elongates
to form a conical shape, which is known as the Taylor cone. The “balancing” of the
repulsive electrostatic force with the surface force of the liquid causes this distortion.
When the electric field reaches a critical value (~0.5 kV/cm), the charge overcomes
the surface tension of the deformed drop and a jet is produced, as shown in figure
4.84b. As a result of the low surface tension in low-viscosity solutions, the jet breaks
apart into a series of droplets. This is the basis of electrospray technology. The
electrically charged jet does not break apart for high-viscosity solutions, but instead
undergoes a series of electrically induced bending instabilities (“necking”) during
its passage to the collection screen that result in hyperstretching of the jet stream.

This stretching process is accompanied by the rapid evaporation of solvent mole-
cules that reduces the diameter of the jet in a “cone-shaped” volume. This is called
the “envelope” cone (fig. 4.83). The as-spun dry fibers accumulate on the surface of
the collection screen. This process results in a porous, nonwoven mesh of nanofibers.
Polymer melts have also been processed into nanofibers and the metallic target used
to quench the as-formed molten fiber mats. Replacing the metal target with a grounded
coagulation bath target leads to instantaneous demixing of the polymer solution, which
leads to the production of continuous nanofiber filaments.

The “under-researched” area of electrostatic fiber spinning is thus a highly
versatile process that offers a potentially valuable tool for creating nanofiber struc-
tures. Since its discovery, this approach has remained little more than a laboratory
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FIGURE 4.83 Schematic of the electrospinning process.
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Taylor’s cone

Polymer jet

FIGURE 4.84 Photographs of viscous polymer solution suspended at a capillary tip with (a)
no applied potential and (b) just above the critical voltage.

curiosity because it was overshadowed by the important technological development
of synthetic textile fibers (diameter > 5 um). In electrospinning of polymers, the
polymer solution (melts or solution) is fed through a tube (glass) with a capillary
opening. By applying an electric field between the capillary and the counterelectrode
(collector), a pendant drop at the tip of the capillary is shaped into a conical
protrusion often called Taylor cone. At the critical voltage (~0.5 kV/cm), the elec-
trostatic force exerting on this cone overcomes the existing surface tension of the
drop, ejecting the jet form of the cone toward the counterelectrode. When the electric
field reaches a critical value, the charge overcomes the surface tension of the
deformed drop, and a jet is produced. In general, the long chain molecules are
oriented and entangled in the jet as the fiber solidifies. The electrically charged jet
undergoes a series of electrically induced bending instabilities during its passage to
the collection screen that results in hyperstretching of the jet stream.
Important process information and physical properties are

polymer density (p)

polymer viscosity (1)

polymer surface tension ()

polymer electric conductivity (G,)
polymer dielectric permittivity (€ = €, €,)
capillary radius (R)

applied electric voltage (E)
capillary-to-target distance (H)

current density (current/area) (/)
volumetric flow rate (Q)

According to Senador and coworkers (2001), a general relationship between the
critical voltage and other variables during jet formation can be written as

€ _ n O. /Lﬁ h 4.4
E re F[,/prc]’[se c ](7) 9

where F[ ] is an undetermined function relating to the dimensionless groups. Also,
the known expressions for the critical voltage are
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E =300~/20mor 4.5)

E=0.863 /4—6 (4.6)
e,r

Inspection of recast equations (4.4) and (4.5) reveals the dimensionless critical
voltage,

%\/eer/(s s

to be constant or a function only of the geometric ratio (h/r) with a power-law
exponent of 0.5 or 1.

4.6.8 FaBRrRICATION OF A PAN ACTUATOR SYSTEM

The configuration in figure 4.85 shows the fabricated PAN actuator system. The
dimension is provided. It can cause the PAN fiber to contract within the flexible
membrane (rubber boots). Once the polarity is changed, the PAN fiber tends to
expand and the compressed flexible membrane will help it expand in a resilient
manner. The fabrication of this unit has been completed and is now ready for
performance testing. The test results will be reported in the near future.

Note in figure 4.85 that first we measured the spring constant of the rubber boots
by applying predetermined loads. The measurement gave the spring constant of k =
0.01 kg/mm. Inside rubber boots, as can be seen, the following components are
positioned: the PAN muscle bundle, electrodes, and a solution. Applying electrical
currents through the electrodes can perform the system operation. The inner electrode
(a circular shape) surrounds the PAN muscle bundle and the other is attached to the
boots’ wall. The clearance between the boots’ wall and the inner electrode is approx-
imately 15 mm.

Y . Gas vent hole

'_ >~ PAN muscle
— Weak spring form
of electrode

> Water

> ™ Rubber boots
— Cap

FIGURE 4.85 A PAN actuator system.
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4.6.9 CONTRACTION AND ELONGATION MECHANISM

According to Schreyer and colleagues (1999), a possible explanation for the
contraction and elongation is based upon the carboxylic acid groups having the
molecular geometry of activated PAN. At high cationic concentration, all carbox-
ylic acid groups on activated PAN are likely to be protonated, thus potentially
contracting the polymer chain through neutral charge of the acid groups and
hydrogen bonding between neighboring carboxylic acid groups. At lower cationic
concentration or higher anionic concentration, protons are likely to have been
removed from the carboxylic acid groups, giving the group an overall negative
charge. Negative charge repulsion between neighboring acid groups forces the
polymer backbone to swell or expand. Other factors may affect the length of
activated PAN, such as charges on pyridine rings. However, such electrostatic
repulsions would prevail if the carboxylic ions are sole ions present but others
exist. Therefore, the effect of fixed charges is expected to reduce the electrostatic
repulsion forces significantly.

Another explanation is based upon the exchange of counter-ions and solvent
(in this case, water) into and out of activated PAN and is illustrated in figures 4.78
and 4.86. Donnan equilibrium theory may possibly describe the situation properly.
If so, the swelling force may be identified by the net osmotic pressure difference
associated with relevant ions. Also, the coulombic force could play a role. The
combination of such effects can describe the situation reasonably well. One key
finding was that the degree of ionization governs the degree of swelling. In the next
section, a mathematical model is presented for such electrochemically ion-induced
contraction and expansion of PAN fibers and C-PAN-N microfibrils.

Solution Gel

o =

0 =P
Solvent

@ Fixed charges

O Counter ions

FIGURE 4.86 The exchange of counter-ions and surrounding solvent.
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4.6.10 MATHEMATICAL MODELING OF CONTRACTION
AND ELoNGATION OF C-PAN FiBERS

A possible explanation for the contraction and elongation is based upon the carbox-
ylic acid groups having the molecular geometry of activated PAN. At low pH
concentrations, all carboxylic acid groups on activated PAN are likely to be proto-
nated. This could potentially collapse the network by polymer—polymer affinity and
contract the polymer chain through neutral charge of the acid groups and hydrogen
bonding between neighboring carboxylic acid groups.

Based upon the Donnan theory of ionic equilibrium, the important forces arise
from (1) induced osmotic pressure of free ions between activated PAN fibers and
their environment; (2) ionic interaction of fixed ionic groups; and (3) the network
itself. Among these sources, the induced osmotic pressure of free ionic groups could
be the dominating force.

Electrical activation of PAN fibers is performed in an electrochemical cell such
as shown in figures 4.77 and 4.85. Note that, at the anode, oxygen evolves via 2H,0O
= 0O, + 4H" + 4e* and the counterreaction at the cathode is 2H,0 + 2¢- = H, +
20H. Upon being hydrogenated in the vicinity of the PAN anode, the decreased pH
causes the PAN fibers to contract by the same effect as chemical activation. Also,
by reversing the polarity of DC, elongation of PAN fibers is simply obtained.

4.6.10.1 Basic Modeling

Three important working forces that drive contraction or elongation of PAN muscles
were identified: rubber elasticity, proton pressure, and polymer—polymer affinity.
Rubber elasticity can be expressed by

I, = —(pRTv,'*)IM, 4.7)

where
I1, = contraction/elongation force by rubber elasticity
v, = volume fraction
T = absolute temperature
p = density of unswollen polymer
M_ = molecular weight
R = gas constant

The proton pressure is
I1, = (pRIf I M ,)v, 4.8)

where fis a number of dissociated hydrogen ions per chain.
The polymer—polymer affinity is

I1, = (RT /V)[v? + In(1—v,) + x5 ] 4.9)

where V is the molar volume of the solvent and x is the Flory—Huggins parameter.
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The overall osmotic pressure is then
I1, =11, +I1, +I1,. (4.10)

In addition to these forces, it has been recognized that, as the diameter of fibers
and number of strands increases, the induced force also increases (dimensional
effect). Also, the temperature of the system will significantly contribute to the
performance of the PAN artificial muscle.

The polymer—polymer affinity arising from the interaction between the polymer
fibers and the solvent is believed to be an important driving force, although it is not
yet clarified to explain the exact mechanism of PAN contraction—elongation behavior.
One possible explanation is based on the carboxylic acid groups having the molecular
geometry of activated PAN. At low pH concentrations, all carboxylic acid groups
on activated PAN are likely to be protonated and contracting the polymer chain
through neutral charge of the acid groups and hydrogen bonding between neighbor-
ing carboxylic acid groups. At high pH concentrations, protons have been removed
from the carboxylic acid groups and give off negative charges. Negative charge
repulsion between neighboring acid groups likely forces the polymer backbone to
elongate. Electrical activation can be made for hydrogen and oxygen evolution. At
the anode, oxygen evolves via 2H,0 — O, + 4H* 4e* and the counter reaction at
the cathode is 2H,O + 2¢~ — H, + 20H-; the decreased pH causes the PAN fibers
contract by the same effect as chemical activation. Elongation is simply obtained
with reversing the polarity of DC while water diffuses into the PAN polymer network.

We also looked at the Donnan equilibrium carefully. If we assume that polymer
and aqueous solution are composed of three parts—A, B, and C—in turn from the
anode side, the concentration of cation is changed abruptly across the boundary but
uniform in any of A, B, and C, the transport rates of cation, A, from A to B and from
B to C are the same, and all ion—ion interactions are neglected, the cation concen-
tration in each part can be expressed by,

C,(H) = Cy(1 - ht) @.11)
Va
Cylt) = Cyl = h) + C e (1 = ) 4.12)
B
Cut) = Co+ Cy Y2t + ¢, VA 12p (4.13)
Ve Ve

where C(f) = the cation concentrations in the ith species—namely, A, B, and C,
respectively. As the osmotic pressure 7 obeys van’t Hoff’s law, Am can be given as

AT =1, -, = RT[C4(1) — Co(0)] = RTIC4(1) - Co(0)]

(4.14)
= RT[CA(1) + CB“j—Bht + CA%h%Z — C,(1 - ho)]

C C
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where m,, T, are the osmotic pressure of the anode and cathode side between gel

and solution, respectively. R is the gas constant and 7 is the absolute temperature.
In what follows a basic theory is presented for the contraction of PAN fibers in

an electric field based on electrocapillary transport and electro-osmotic dynamics.

4.6.10.2 Modeling

The objective of modeling was to understand the fundamental mechanism of PAN
actuation principle, to predict the performance, and to help the design and fabrication
of the effective PAN system. Investigation had been carried out to study the effect
of osmotic pressure when the electric field was applied between the electrodes. The
electric field created proton movement toward the cathode so as to cause the proton
concentration gradient, which could change pH conditions at the vicinity of the
electrodes and ion conjugate PAN fibers. Electrocapillary diffusion of ions within
interstitial clusters within the ionic polymer was also studied. In this endeavor, the
models described in the following sections were formulated:

4.6.10.3 More Detailed Mathematical Modeling PAN Fiber
Contraction/Expansion

A possible explanation for the contraction and elongation is based upon the carbox-
ylic acid groups having the molecular geometry of activated PAN. At low pH
concentrations, all carboxylic acid groups on activated PAN are likely to be proto-
nated, thus potentially contracting the polymer chain through neutral charge of the
acid groups and hydrogen bonding between neighboring carboxylic acid groups.

Based upon the Donnan theory of ionic equilibrium (Flory, 1953b), it is believed
that important forces arise from (1) induced osmotic pressure of free ions between
activated PAN fibers and their environment; (2) ionic interaction of fixed ionic
groups; and (3) the network itself. Among them, the induced osmotic pressure of
free ionic groups could be the dominating force.

Electrical activation of PAN fibers is performed in an electrochemical cell such
as those shown in figures 4.85 and 4.87. PAN fibers can be activated electrically by
providing a conductive medium in contact with or within the PAN fibers. Such
electrical activation can be made to have low overvoltage for hydrogen and oxygen
evolution. At the anode, oxygen evolves via 2H,0 = O, + 4H* + 4¢* and the
counterreaction at the cathode is 2H,0 + 2e- = H, + 20H~. Upon being hydrogenated
in the vicinity of the PAN anode, the decreased pH causes the PAN fibers to contract
by the same effect as chemical activation. Also, by reversing the polarity of DC,
elongation of PAN fibers is simply obtained.

A possible explanation for the contraction and elongation is based upon the
carboxylic acid groups having the molecular geometry of activated PAN. At high
cationic concentration, all carboxylic acid groups on activated PAN are likely to be
protonated, thus potentially contracting the polymer chain through neutral charge of
the acid groups and hydrogen bonding between neighboring carboxylic acid groups.
At lower cationic concentration or higher anionic concentration, protons are likely
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Solution

C-PAN muscle (NaCl)

2H,0 — O, +4H" +4e”

2H,0 +2e” — H,+ 20H"
FIGURE 4.87 Experimental setup for electrical activation of PAN fibers.

to have been removed from the carboxylic acid groups, giving the group an overall
negative charge. Negative charge repulsion between neighboring acid groups likely
forces the polymer backbone to elongate. Other factors may affect the length of
activated PAN, such as charges on pyridine rings. However, it should be pointed out
that such electrostatic repulsions would prevail if the carboxylic ions were the sole
ions present, but others do exist. Therefore, the effect of fixed charges is expected
to reduce the electrostatic repulsion forces significantly.

Another explanation is based upon the exchange of counter-ions and solvent (in
this case, water) into and out of activated PAN (illustrated in fig. 4.87). Donnan
equilibrium theory may possibly describe the situation properly. If so, the swelling
force may be identified by the net osmotic pressure difference associated with
relevant ions. Also, the columbic force could play a role. The combination of such
effects can describe the situation reasonably well. One key finding was that the
degree of ionization governs the degree of swelling. However, much study is needed
to further clarify the mechanism of PAN contraction/elongation behavior.

If the kinetics of PAN fibers is described by using the diffusion-controlled slab-
type ionic gel model, then the elongation would be

) 2
A 8 e (en+1) “.15)
Al =0 (2n+1) n’ T

where the characteristic time, T, is given by

2
. 4};) (4.16)
T
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The notation D is the overall diffusion coefficient of ions within PAN fibers.
The implication of the preceding equation is that the contraction or elongation
kinetics must be faster than that which we had observed in this study. In fact, a
proper approximation of physical properties provides a time constant of L/L = 5%/sec
or less for both contraction and elongation. Therefore, it was decided to change the
activation scheme into a much more compact form. One successful way was to deal
with individual fibers rather than strands made with 2,000 fibers.

4.6.10.4 PAN Actuator System Design and Fabrication

Figure 4.88 shows the newly fabricated PAN actuator system. The new linear contractile
PAN actuator system consisted of a much more flexible electrochemical cell membrane
electrode (bellows-type rubber boots) than that of the previous system. In this new
configuration, a softer membrane (rubber boots) than that of the previous system was
also adopted. As a result, the spring constant of these bellows-type rubber boots includ-
ing the electrode was measured at k, = 0.01 kgf/mm and turned out to be 0.004 kgf/mm
less than the previously fabricated system. The PAN fiber length was also changed from
115 to 145 mm (a 26% increase). Detailed dimensions are provided in figure 4.88.

In order to address the problem associated with the erosion and corrosion of the
electrode (on the anode side), an erosion/corrosion-resistive beryllium copper springs
(Small Parts Inc.) and a wire diameter of 0.0508 in. (1.29 mm) were chosen to serve
as the anode that was also gold-plated (fig. 4.89). By doing this, it was anticipated
that the electrodes would have long-term operation even under the action of elec-
trochemical reactions caused by the imposed electric field. The operating voltage
was lowered from 10 to 5 V so as to prevent the quick temperature rise of the
solution. The initial testing proceeded for 27 min and produced a 5-mm displacement
(producing 50 gf) (fig. 4.90). It was noted that even after 27 min, the PAN muscle

FIGURE 4.88 Previous (left) and new (right) PAN actuating systems.
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Before After

FIGURE 4.89 Erosion of the electrode used after the operation.

FIGURE 4.90 The new PAN system produced a 5-mm displacement (a generative force of 50 gf).

contraction was still in progress. The temperature of the saline electrolyte solution
was maintained at about 50°C, which was significantly lower than that of the previous
system. Nevertheless, minor erosion/corrosion of the electrode was still observed
(fig. 4.89).

The following important issues were identified and left for the upcoming period
of research and development to be addressed:

Electrode performance improvement: It is our belief that the electrode is a
key component to properly design effective PAN-based linear contractile
and electrically controllable artificial muscle systems. It was decided to
consider different shapes, materials, and manipulation of the electrode in
the future.

Development of appropriate macramé of PAN fibers: We studied how to
weave a bundle of PAN fibers for consolidation and their engineering
properties that can affect the PAN muscle system. The performance
improvement of the PAN muscle systems can be achieved by using an
appropriate macramé of PAN fibers.
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4.6.10.5 Further Modeling

Following the modeling presented in the second progress report (appendix B of this
book), three working forces seem to drive the contraction and elongation of PAN
muscles. The osmotic pressure is a sum of rubber elasticity, proton pressure, and
polymer—polymer affinity. This can be expressed as

I =11+ 1L +1I,
=—(PRTVY*)/ M, + (PRTf / M,)v, + (RT / V)[V’ + In(1-v,) + xv3] (4.17)

In this equation, the volume fraction, v,, is usually given by V{/V. Notations V,, and
V are the initial network volume and swollen volume, respectively. This volume-
fraction ratio is considered a main driving means of PAN artificial muscles. There-
fore, we attempted to measure the diameter change of the PAN muscle to estimate
the value associated with the term V,/V.

Comparing figures 4.91, 4.92, and 4.93, one can clearly observe that “chemical
induction” is extremely effective in volume changes of the activated PAN fibers. This
means that “electric activation” of PAN fibers in an electrochemical cell produces
fewer dimensional changes at the present time compared with chemical activation.
Such findings enable one to further improve the performance of the PAN system. (Note
that the dimensional changes of the PAN fibers are 28.4 um [electric activated] and
14.7 um [chemically activated], respectively.) We also obtained micrographs of PAN
fibers of “raw” and “Oxy-PAN,” for basic analysis (figs. 4.94 and 4.95).

The fiber diameter of the “raw” PAN is approximately 6 wm. It expands to 7 ~
7.5 um after heat treatment (Oxy-PAN). An activated PAN (conditioned at 1 N LiOH)
fiber expands to approximately 31 wm in diameter and shrinks approximately 3 um
in diameter upon electrical activation.

The diameter of a PAN fiber immersed in a 2-N HCI solution is approximately
15 um. We also observed that the vividness of the PAN fiber color increases as the
diameter decreases. The transport of water into and out of PAN dependent upon the
environmental conditions and resultant expanding and/or contracting volume of PAN
seemingly govern the overall properties of the PAN artificial muscle system.

Further electrical activation of the PAN linear contractile actuator system was
performed. In order to record the detailed dynamic behavior of the PAN linear
contractile actuator system, instrumentation was created with a load cell positioned
at the proximity of the PAN actuator to

conduct analytical studies on PAN fibers (NMR and DMA, or DSC)
continue to improve the modeling and simulation of artificial muscle chemo-
electrodynamics

Three-strand braided configuration of a PAN muscle bundle was also fabricated,
as strong PAN synthetic muscles fiber bundles, for testing in a newly designed
electrochemical cell. The muscle fiber bundle was easy to handle but frictional
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FIGURE 4.91 An expanded state of the PAN fiber.

FIGURE 4.92 An electrically induced, contracted state of the PAN fiber.

FIGURE 4.93 A chemically induced, contracted state of PAN fiber (at 2 N HCI).
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FIGURE 4.94 A micrograph of a PAN raw fiber.

FIGURE 4.95 A micrograph of an oxy-PAN (after heat treatment).

interferences between woven strands restricted the PAN muscle movement. Linear
contractile strains of about 17% have been achieved from woven PAN muscle fibers,
generating force density of 20 gf/g of muscle fiber bundle.

Following the extensive modeling and simulation and realizing that the changes
in volume caused by the electric activation may be the main driving factor of the
PAN fibrous muscle system, a testing module was designed, using a tensile test
machine (INSTRON 1011) to measure a pattern of force change with time variation
during the actuation.

4.6.10.6 PAN Actuator Fabrication

In order to fabricate strong fiber bundles for linear contractile electrochemical syn-
thetic muscle actuation, we embarked on making three-strand braided PAN muscle
fiber bundles with each strand having five single fibers. Figure 4.96 depicts one such
fabricated braided PAN muscle fiber bundle. In order to perform linear contractile
stress—strain tests on such fiber bundles, both ends of braided PAN fiber bundle were
solidified using epoxy glue. A minor change of the fabrication system was made for
easier experimental measurements. Detailed dimensions are provided in figure 4.97.
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FIGURE 4.96 Braided PAN bundle in an expanded state.

FIGURE 4.97 Dimensional changes of the electrochemical cell system.

The other parameter in the test environment remained the same as in the previous
test environment, as reported in the previous progress reports.

Two kinds of PAN bundle were used. One was looped while another was kept
straight, as shown in figures 4.98(a) and 4.98(b). Both PAN muscle fiber bundles
had the same number of strands (15 strands). The shape of the braided strands
was still maintained after activation (1 M LiOH). The snap of each strand during
the test manipulation was reduced. We noted that the braid restricted free movement
of each fiber string, which disturbed expansion or shrinkage of PAN muscle.
Straight PAN was tested to detect whether the looping caused negative effect on
the muscle system.

The testing proceeded for 25 min and showed 2-mm displacement (producing
a maximum of 20 gf) of PAN muscle fiber bundle system (fig. 4.99). It was observed
that the volume change, which we thought was the main driving force, had its linear
movement restricted and/or disturbed by the braided configuration. The straight
braided fiber bundle system did not show any different behavior.
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FIGURE 4.98(a) Straight PAN fiber bundle muscle with end hooks.

FIGURE 4.98(b) Looped PAN muscle.

FIGURE 4.99 Braided PAN fiber actuator test: initial (left) and after 25 min (right).

Small-scale PAN fiber bundle systems were also tested. More detailed data for
a single PAN fiber were expected. Due to the small scale of the test rigs, fabrication
was somewhat challenging compared to previously operated test rigs (fig. 4.100).

4.6.10.7 Additional Modeling

As identified in previous research, volume change is considered a main driving force
of PAN muscle. We worked on measuring the energy generated by the PAN muscle
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FIGURE 4.101 Small-scale PAN fiber test with resilient springs.

system, which helped to analyze how the volume change is converted into muscle
forces. In order to achieve data of chemically induced force and electrically induced
force, we used a tensile machine (INSTRON 1011). Figure 4.101 shows test con-
figuration. Change of force with time variation was measured.

4.6.10.8 Small-Scale PAN Actuator Fabrication

Figure 4.102 shows the fabrication of small-scale PAN muscle. A copper spring was
used as a load (purchased from Small Parts Inc.). Outer diameter of the spring was
1.8 mm, the free length of the spring was 9.4 mm, and the spring constant was 11.46
gf/mm. One single string of fiber was placed inside the spring and was glued to both
ends on the small square of plastic plate to withstand and hold the possible contrac-
tion force. The PAN muscle fiber bundle was immersed in 1-M HCI solution with
no significant displacement observed.
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FIGURE 4.102 A fabricated small-scale PAN system.

FIGURE 4.103 Initial length (left) and contracted length (right).

We also measured the length change between elongation state and contraction
state overall strain. Single-string (25-mm) fiber was taken and immersed in 1 M
HCI. The fiber contracted to 11 mm. We worked on measuring displacement at each
concentration change and generated force with varying pH levels.

Figure 4.103 depicts the change in length of the polyacrylonitrile fiber bundles
before and after contraction. Figure 4.101 depicts the conductive gold-plated helical
compression spring-loaded PAN fiber bundle synthetic muscles and electrode samples.

Three muscle samples were tested. Two of the samples had identical dimensions
and the third one had larger dimensions. Two samples (acid activated and E-activated?2,
fig. 4.104) had 25 strands and 15.5-cm length; the other (red) had 30 strands (20%
increased) and 17.5-cm length (16% increased). Electrodes of 7.5 and 10.5 cm, respec-
tively, were used. One sample was soaked in 1 M HCI to compare results with an
electric activation muscle system (the baseline). An input voltage of 5 V was used to
operate the system. In acid solution, most of the reaction was done in a very short
period of time when compared with the electrically activated fiber with the same
dimensions, and more force was achieved than for the electrical system.

When the reaction was complete, the force was converged to 150 gf. The
electrical system reached 40% of acid-activated force after 25 min of operation and
the force was still increasing.

The larger dimension sample (red) reached 180 gf and 0.06 N force per a single
string of PAN fiber and was achieved with a sharper gradient, which meant short
response time. It also converged after 25 min of operation. It should be noted that
the size of the electrodes affects the performance significantly. This finding was
investigated more carefully. As the previous observations indicated, H* ions are
created at the anode side, so a larger surface area of anode increased the possibility
to generate more H* to contact fiber with H* ion, which basically was to reduce the
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FIGURE 4.104 Force with time variations. Acid-activated: baseline condition (actuated at
pH of 1 N HCI); E-activated2: sample 1 electrically actuated; E-activated1: sample 2 electri-
cally actuated.

response time. Other than the geometric factor, fabrication is also an important
consideration. Each string in the muscle bundle should have uniform stress and
tension during the operation. The experimental setup is shown in figure 4.101.

4.6.10.9 Small-Scale PAN Actuator Fabrication and Testing

A single PAN fiber string was tested in the small-scale PAN muscle system. A 30-
mm (1.18-in.) single PAN fiber string was prepared for force measurement. After
the saponification process in 1-M LiOH solution, fiber was carefully connected to
a 30-g load cell (transducer technique). Figure 4.105 shows the single string fiber
attached to the experimental setup composed of two screw bolts and a load cell.
The PAN muscle was placed in the 1-M HCI solution to contract the fiber. A
Personal Daq/56(I0tech) data acquisition system was used to collect the force
response. Within a few seconds, the PAN fiber stopped producing force and reached
the steady state. A maximum force of 5 gf was achieved from a single PAN fiber.
The fiber was then elongated by placing it in the 1-M LiOH solution. This process
was repeated five times. The average value of the generative force was 5 gf per a
single PAN fiber. The same fiber produced 5-mm displacement without load.

4.6.10.10 PAN Actuator System Testing

The previously fabricated cylinder vessel, which held the sodium chloride solution
needed for electric activation, was modified. The cylinder diameter was changed from
31.5 to 94 mm. Distance between both electrodes also changed from 10 to 42.25 mm.
The objective of enlarging the diameter was to minimize thermal effect caused from
water temperature rising and electrode corrosion during electric activation. This new
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FIGURE 4.105 Load cell setup to measure the generative force of PAN muscle (top). Single
PAN fiber adhered to two screw bolts before test (bottom left) and after test (bottom right).

FIGURE 4.106 The modified test setup (left) and fiber bundle (right).

design helped to avoid possible cation or anion mismatches arising from the short
distance between the two electrodes without losing the electric potential significantly.

Two thermocouples were also used to keep track of the temperature changes
during the experiment. Figure 4.106 shows such a PAN actuator system. Each tested
sample had the same dimension: a 175-mm length with 30 strands in a bundle having
an approximate mass of 0.4 g.
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FIGURE 4.107 Force generation depending upon time with voltage change.

TABLE 4.9
Test Results
Applied voltage Generative force Pretension Time dependency
3V 51 gf 21 gf 0.034 gf/sec
7V 90 gf 19 gf 0.079 gf/sec

Two voltages of 3 and 7 V were applied, respectively. Figure 4.107 depicts the
forces generated. As can be seen, the generated forces increased nearly linearly as
a function of time. The result was 90 and 51 gf for 7 and 3 V, respectively.

The gradients were 0.034 gf/sec for 3 V with ignorable temperature change and
0.079 gf/sec for 7V with a 5°C temperature rising (from 25 to 30°C). Approximately
21- and 19-gf pretension was added in the 3- and 7-V experiments, respectively.
Table 4.9 summarizes the test results. The test sample was composed of a 30-PAN-
fiber bundle of 0.4 g with length of 175 mm.

Figure 4.108 shows behavior of PAN muscle when polarity is switched. The polarity
was changed two times at 10 and 18 min. The force was increased at the rate of
0.05 gf/sec, decreased at the rate of —0.04 gf/sec with delay of time from the moment
that the polarity was changed, and then resumed to increase at the rate of 0.07
gf/sec, also with time delay. We applied 5 V to the system. Temperature was changed
from 23 to 25°C. Discontinuity was observed at the moment that the polarity was
changed.

Additional force testing was performed on an electroactivated PAN fiber bundle
as depicted in figure 4.109. Dimensions and other test environments were identical
to the previous test. An aluminum foil electrode embraced a single PAN fiber. Alu-
minum foil was used because of easy fabrication. This figure shows the experimental
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FIGURE 4.108 Force changes from switching polarity.

FIGURE 4.109 Load cell sensor to measure the force of PAN muscle: front view (left) and
side view (right).

apparatus. The PAN muscle was put under a 5-V electric field for 10 min. The force
reached about 10 gf and reached steady state after 10 min of operation. The solution
temperature had been raised from 26.7 to 29°C. Figure 4.110 shows the force curve
depending upon time change.
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Three PAN muscles of 30-strand fiber bundles were further tested under 3, 5,
and 7 V. One PAN muscle bundle with the same number of strands was tested under
5 V with polarity change. The polarity was changed every 5 min. Sodium chloride
solution was stirred for 1 min in order to compensate the ion concentration difference
near both the anode and cathode sides. This is thought to delay the contraction and
elongation of the PAN muscle.

Dehydration of PAN muscle was observed on each fiber after the said operation.
It is generally believed that it affects the mechanical property of PAN muscle and
weakens the strength of the PAN fibers. The length of samples 1 and 2 was
measured, but sample 3 was damaged during such measurements. It was assumed
that the displacement of sample 3 was comparable with the displacements of
samples 1 and 2. It was further assumed that the displacement of these samples is
linearly related to force increase. Both samples contracted 5 mm after 20 min of
operation. Figures 4.111 and 4.112 show length changes of such PAN muscle
samples. Note that the electrically induced contraction was more pronounced in the
lateral dimensions than the longitudinal direction.

Single fiber force curve (5 V)
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Time (sec)

FIGURE 4.110 Single fiber force curve under 5-V electric field.

FIGURE 4.111 PAN fiber length (before test: 170 mm [left]; after test 165 mm [right]),
under 5 V.
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FIGURE 4.112 PAN fiber length (before test: 175 mm [left]; after test: 170 mm [right],
under 7 V.

Figures 4.113 through 4.115 depict the variation of force with time in electro-
active PAN muscle fibers. Note that the force increases almost linearly with time
increase and has an identical gradient, compared to all other tests.

Figures 4.116 and 4.117 show that both PAN muscle fiber bundles generate
about 17 gf/mm gradients. Also note that, up to 5V, the increase in voltage causes
the force/displacement gradient slope to increase. These phenomena were investi-
gated to see whether the variation in the slope of these curves was because of
irregular fabrication of the PAN bundle or due to other causes or sources of
manufacturing glitches.

Note that all these graphs show a time delay before any impending electrically
induced contraction or force exertion. These delays were investigated. However,
initial observations were that the process of electrolysis, which is responsible for
the production of protons H* and hydroxyl ions OH-, needed a voltage threshold
of about 1.5 V before any impending electrolysis and thus some delays were to be
expected.

Based on the experimental data and assuming that the displacement was linear,
the amount of work of the PAN muscle, samples 1 (7 V) and 2 (5 V), was calculated
to be about 200 gf/mm (2-10* kg/m) under 7 and 5 V, and 14 gf/mm under 3 V,
respectively.

Figure 4.116 shows the force curve with polarity change. Figures 4.117 and
4.118 depict the variation of force versus displacements, respectively.

4.6.11 ELECTROCAPILLARY TRANSPORT MODELING

Consider the gel fiber to be a swollen cylinder with outer radius r, and inner radius
r, and assume the electric field to be aligned with the long axis of these cylindrical
macromolecule ionic chains. Further, we assume the polyions are evenly distributed
along the macromolecular network at regular distance b. Thus, we employ the
conservation laws—namely, conservation of mass and momentum—to arrive at the
following governing differential equation for the flow of counter-ions containing
solvent into and out of the gel macromolecular network.
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FIGURE 4.113 Force, current, and temperature versus time, under 7 V.
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Force curve (under 5 V)
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FIGURE 4.114 Force, current, and temperature versus time, under 5 V.
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FIGURE 4.115 Force generation depending upon time, under 3 V.
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FIGURE 4.116 Force changes from switching polarity.
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FIGURE 4.117 Force versus displacement, under 7 V.

p%:pg+p*E+uV2v—Vp (4.18)

where

p is the density of the liquid solvent, which is assumed to be incompressible
v is the three-dimensional liquid velocity vector

V is the gradient vector operator

V2 is the Laplacian operator

g is the local gravitational acceleration vector

W is the solvent viscosity

p is a hydrostatic pressure

E is the imposed electric field vector
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FIGURE 4.118 Force versus displacement, under 5 V.
p” is the charge density governed by the following Poisson’s equation:

%

p'=—D* Vy (4.19)

where D* is the dielectric constant of the liquid phase and y is governed by the
following Poisson—-Boltzmann equation:

V’y = (47ne | D¥)exp[—ey / kT | (4.20)

where
n is the number density of counter-ions
€ is their average charge
k is the Boltzmann constant
T is the absolute temperature

The electrostatic potential in polyelectrolyte solutions for fully stretched mac-
romolecules is given by the following equation, which is an exact solution to the
Poisson—Boltzmann equation (4.20) in cylindrical coordinates:

W(r 1) = [kT/e]ln{[r2 (> =) Jsinh® [Bn(r / 1, )~ tan™ [3]} @.21)

where B is related to A = (oe?4nD*bkT), where o is the degree of ionization (i.e.,
o = n/Z, where n is the number of polyions and Z is the number of ionizable groups)
and b is the distance between polyions in the network. Furthermore, n =
[0e*/4nD*bkT] and Ps are found from the following equation:

A= s
1+Beoth| Bin(r; /7;)]

4.22)
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Let us further assume that, due to cylindrical symmetry, the velocity vector v =
(v,,vg,v.) is such that only v, depends on r and further that vy = 0. Thus, the governing
equations for v, = v reduce to:

v v lov)| op
Y=t gy i 423
p[at) fr t)+p[ar2 +r arj or (423)

Let us assume a negligible radial pressure gradient and assume the following
boundary and initial conditions:

Att=0,r,<r<r

0?

Vi, (avlar) =0.

r=r,

v=0;atr=r, Vty(r)=0;and at r = r,

0’

Furthermore, the function f(r¢) is given by:

f(r.t)= nsE(r,t){[k2r2 /2% |Sinh® | Bén(r/1,)—tan™ ﬁ]}" (4.24)

where k? = (ne*/DkT).
An exact solution to the given set of equations can be shown to be:

V(r,t)= ze‘(“’P)ﬁzm’kﬂ (er)J. WP (B, E)dE (4.25)
m=1 0

where B,,,s are the positive roots of the following transcendental equations:

JoBr) _ %HBr _,
JoBr) Y, Br)

(4.26)

where J,, Yo, J'y, Y, are the Bessel functions of zero order of first and second kind
and their derivatives evaluated at r,, respectively, and

- J (Br) YO(B”) —(1/2
ko(B,,,r)= N30 - =N"YR,B,., 427
oBr) {BmJa(B ) BmYo'(Bm} oBor) - 427)

where

N =, 2)R:PB,,.1)— (17 1 2)RZB,,. 1)), (4.28)

0]

AB,.E) = (1/up) j ¢ k(B0 f (G BN, (4.29)

T
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Having found an explicit equation for v(rf), we can now carry out numerical
simulations to compare the theoretical dynamic contraction of ionic polymeric gels
in an electric field with those of experiments. In order to compare the experimental
results and observations with the proposed dynamic model, a number of assumptions,
simplifications, and definitions are first made. Consider the ratio W(¢)/W(0), where
W(r) is the weight of the entire gel at time 7, and W, = W(0) is the weight of the gel
at time ¢ = 0, just before the electrical activation. Thus,

W@ =W, - jJ.2npv(r, tyrdrdt (4.30)

0 r

This can be simplified to
tper,
(W@ 1w, = 1—W(;1_[ j 21pv(r, rdrdt (4.31)
07

The initial weight of the gel is related to the initial degree of swelling g = V(0)/V,
where V(0) is the volume of the gel sample at ¢ = 0 and V,, is the volume of the dry
polymer sample. Numerical simulations were carried out based on the assumptions
that the cross-section of the gel remains constant during contraction of the gel sample,
and that

g=e=16x101C (4.32)

T=300K, 0=1,D=80,=08x 103 Pas (4.33)

p = 1000 kg/m?, b = 2.55 x 10-° m (4.34)

k = 1.3807 x 103 J/K, r, = 6.08 X 100 m, r, = r,g("? (4.35)
q = 25,70, 100, 200, 256, 512, 750 (4.36)

The initial length and cross-section of the sample are, respectively, /, = 1 cm
and S = 1 um?, and the electric field is E = 5.7 V/cm.

The results of numerical simulation and experimental data are depicted in figure
4.119 and show reasonable agreement with our experimental results, as well as the
experimental results of Gong et al. (1994a, 1994b) and Gong and Osada (1994)
shown in figure 4.120.

4.6.12 OTHER AspecTs OF PAN MuscLE BEHAVIOR

The behavior of the PAN fibers may also be explained based on the molecular inter-
action forces. The main interaction forces may be considered as the long-range elec-
trostatic (Coulomb) forces as well as the short-range van der Waals and double-layer
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FIGURE 4.119 Computer simulation (solid lines) and experimental results (scattered points)
for the time profiles of relative weight of the gel sample for various degrees of swelling g.
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FIGURE 4.120 Experimental result taken from direct measurement of a sample PAMPS
muscle. (Gong, J. P. and Y. Osada. 1994. In preprints of the Sapporo symposium on intelligent
polymer gels, 21-22; Gong, J. et al. 1994. In Proceedings of the international conference on
intelligent materials, 556-564.)
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F

FIGURE 4.121 Woven fabric forms of PAN muscles.

forces. The combination of the van der Waals and double-layer interactions acting
together is usually called the DLVO forces.

Figure 4.121 shows that PAN fibers can be woven into fabric forms and then
activated as sheet-like or smart fabric-like artificial muscles. In this case the PAN
fibers were suitably annealed, cross-linked, and hydrolyzed to become “active.” A
cation-modification process was performed using KOH, NaOH, and LiOH, respec-
tively, for the boiling and alkaline-soaking media. It was found that the PAN fibers,
regardless of whether activated in KOH, NaOH, or LiOH, increased from their initial
length after being activated and soaked in distilled water. Lengths then decreased
after the fibers were soaked in the bases.

Fibers treated with LiOH had the largest increase in length following immersion
in distilled water. Fibers soaked in all three media generally had the same decrease
in length following immersion in the alkaline solutions as also occurred following
immersion in HCI. Especially noticeable with the fibers treated with LiOH was that
greater displacement in the lengths occurred using the 2-N solutions. It should be
noted that the maximum displacement could be determined when conditions were
switched between pure water to acidic conditions. The experimental observation
reveals that the osmotic pressure is of great importance for the contraction/elongation
behavior of PAN. It should be noted that PAN fibers have their capability of changing
effective longitudinal strain more than 100% and their comparable strength to human
muscle. Single microfibers of PAN of 10 um in diameter have shown contrac-
tion/expansion linear strain of over 500% in our laboratories.

4.6.13 Force GENERATION WITH PH DIFFERENCE

In this experiment, we were interested in the amount of ions sufficient to shrink the
PAN muscle fiber. A single string of PAN fiber with 6.0-cm length before saponifi-
cation was tested. After each force measurement, the fiber was saturated with 1 M
LiOH and rinsed by a sufficient amount of distilled water. When the fiber reached
equilibrium condition, different concentrations of HCI solution were sprayed on the
fiber for the next measurement until the fiber reached steady state. For force mea-
surement, a 30-g load cell (transducer techniques) was used.
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FIGURE 4.122 Electrochemical test setup.

Figure 4.122 shows the experiment’s apparatus. In the first experiment, there is
a step in force generation because of discontinuation of HCI supply. The maximum
forces of PAN fiber in response to each concentration of HCI solution, which were
2.15 g for 0.01 M, 2.66 g for 0.1 M, 2.71 g for 0.5 M, 3.1 g for 1 M, and 2 M =
2.84 g, were measured. There was 1-g force gap between 0.01- and 0.1-M solution,
and when the concentration of solution was low, there was a time delay to reach the
peak point. In high-concentration solution, such as 1 and 2 M, the force reached the
maximum value almost immediately. Even in 0.01-M concentration of HCI, 72% of
force, compared with the force generated in 1-M solution whose concentration is
100 times stronger, was observed.

Another force variation measurement along with pH difference using other acids
such as sulfuric acid and nitric acid was ongoing in order to investigate whether the
anion of acid solution affects the test result. The results of these experiments are
depicted in figures 4.123a and 4.123b, as well as figures 4.124a, 4.124b, and 4.125.

In order to achieve kinetic energy, a PAN actuating system or a PAN muscle system
depends on pH change of its environment. In an electrically controlled PAN muscle
system, localized pH difference during the water electrolysis is the key parameter that
actually makes the movement of PAN fiber. To reduce the response time, applying a
diaphragm (ion-separation materials) between anode and cathode electrode was con-
sidered. Ionic diaphragms prevent ion transportation, which will increase concentration
of ions rapidly and reduce the response remarkably. Furthermore, note that corrosion
of anode electrodes occurs because H* ions chemically react with copper. The copper
surface has been plated with gold to block direct contact between copper surface and
H* ions. However, the plating is not dense enough to prevent chemical reaction. The
ions penetrate, crack, and corrode copper under the gold layer. To make a denser layer
on the copper surface, use of appropriate plating material such as hexachloroplatinate
(H,PtCl,) was also considered and tested.
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FIGURE 4.123(a) Force versus time curve with 0.01 M HCL.
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FIGURE 4.123(b) Force versus time curve with 00.1 M HCI.
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FIGURE 4.124(a) Force versus time curve with 0.5 M HCI.
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FIGURE 4.124(b) Force versus time curve with 1 M HCI.
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FIGURE 4.125 Force versus time curve with 2 M HCI.

In order to investigate the anion distribution for force production of PAN muscle,
two kinds of acid were prepared: sulfuric acid and nitric acid. Force generation was
measured under the same condition as the previous experiment. Normality was used
to give equal amounts of hydrogen ion to the muscle system: 0.01, 0.1, 0.5, and 1 N
of each solution was applied to the single PAN fiber. Like the previous experiment,
a single fiber covered the whole experiment and, after tensile work, 1-M LiOH solution
was applied to release the muscle, followed by rinsing the fiber with distilled water.

Table 4.10 shows the maximum force of each concentration of acid. Force curves
by acid concentration higher than 0.1 N had similar values and patterns. Under 0.01-
N concentration, the force curve had a step increase due to discontinuous supply of
acid solution (a 5-mL pipette was used to spray the solutions). The ion diffusion
took longer than with a higher concentration because of the limited amount of ions
carried within the 0.01-N solution. To confirm the differences between HCI and other
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acid solutions, 0.5 and 1 N of HCI were tested after two acid experiments were
already completed. Maximum force of each concentration was 5.97 and 6.12 gf,
respectively. This is approximately 1 gf less than that of sulfuric acid and nitric acid.
However, the following experiments using 1 N nitric acid showed that the maximum
of 5.0-gf fatigue or deterioration of PAN structure due to iteration load could affect
the force produced. If the fatigue of the muscle system is taken into account, the
effect of anion on the system would be small. These results are depicted in figures
4.126 through 4.130.

TABLE 4.10
Maximum Force of Each Concentration

Maximum force of each concentration (gram force)

0.01 N 01N 0.5 N 1N
HNO, 6.17 7.45 7.63 7.28
H,SO, 5.1 7.06 7.13 6.92
Force curve (0.01 N, HNOj3) p Force curve (0.01 N, H,SO,)
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FIGURE 4.126 Force curve under 0.01 N of HNO; (left) and H,SO, (right).
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FIGURE 4.127 Force curve under 0.1 N of HNO, (left) and H,SO, (right).
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FIGURE 4.128 Force curve under 0.5 N of HNO, (left) and H,SO, (right).
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FIGURE 4.129 Force curve under 0.5 N of HNO; (left) and H,SO, (right).

Force curve (1N, HCI) Fatigue confirmation test (1IN, HNOj;)
6

o
f

IS
[ ]

w

Force (gram force)
L ]

Force (gram force)
w

ovo—tr—r— 0 =
0 5 10 15 20 25 30 35 0 10 20 30 40 50
Time (sec) Time (sec)

FIGURE 4.130 Fatigue confirmation test with 1 N HCI (left) and 1 N HNO; (right) after
sulfuric and nitric acid test.

4.6.13.1 Mechanical Property of Single PAN Fiber

A tensile testing machine to measure a single PAN fiber, as shown in figure 4.131,
was designed and built. A stand holds a load cell from the top and a single PAN
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Single PAN fiber
Load cell

T Linear
[ motor

FIGURE 4.131 Single PAN fiber tensile machine setup.

fiber is slowly pulled downward by a linear motor (Razel™). This experiment was
useful to achieve reliable mechanical property data of a single PAN fiber. Note that
a test with a bundle of PAN fibers is very tricky and depends on the fabrication and
assembly of fibers in the bundle.

4.6.14 Errects OF ELECTRODE DETERIORATION ON FORCE GENERATION

The corrosion of electrodes has made significant impurities in the electrolytic solu-
tion and obstructed the process. Since these could be the cause of slow response
time of PAN muscles, the material of electrodes was changed for the anode and the
cathode sides. Electrodes were made of titanium (99.7%). Ruthenium dioxide and
iridium dioxide were coated for the anode electrode with the sol-gel method. Both
electrodes have mesh structure to increase contact surface and effectiveness. On top
of that an ion diaphragm is selected to prevent direct contact between hydrogen ions
and hydroxide ions and enhance local pH concentration. Dimensions are shown in
figure 4.132. As shown in figures 4.133 and 4.134, anode and cathode sides are
isolated by the ion diaphragm. Figure 4.135 depicts the results of force generation
by pH and voltage.

$30 x 110 mm

FIGURE 4.132 New electrodes for anode (left) and cathode (right).
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FIGURE 4.133 Test apparatus for new electrodes.

FIGURE 4.134 New electrodes for anode (left) and cathode (right).

From HCI 2-M solution, 150 gmf was obtained and, under 5-V electric field, it
reached 100 gf for 20 min of operation. A 6 gf was obtained, which was more than
the ones obtained in previous experiments. After the experiments, decolorization of
some PAN fibers was found. This was caused by hypochlorite (HOCI) produced
during the electrolysis of sodium chloride solution.

In general, HOCI can cause appalling effects on a polymer structure that may
retard or weaken the PAN muscle during the operation. In searching for other
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FIGURE 4.135 Force generation by HCl 2 M (left) versus 5-V electric field (right).

electrolytes to substitute, sodium chloride was examined to eliminate the sodium
hypochlorite effect. Smaller diameter (V14 mm) titanium tubes with platinum coating
for anode electrodes were also prepared and tested.

4.7 FIVE-FINGERED HAND DESIGN AND FABRICATION
USING PAN FIBER BUNDLE MUSCLES

A robot hand using PAN muscle was fabricated. The skeletal bone of the hand was
made of acrylic and grab-and-release motion was performed by a combination of
PAN muscles and springs. When PAN fiber is shrunk, the counter part extension
spring stores energy, which makes the finger move back to its original position.
Dimensions of one of the fingers are shown in figure 4.136. Each finger section
makes a circular motion about the pivot point until the cylinder of supporting muscle
force meets the stopper of other finger section. Figure 4.137 depicts the solid design
of the PAN five-fingered hand.
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FIGURE 4.136 Dimensions of the robotic finger.

FIGURE 4.137 Schematics of PAN muscle hand, original position (upper) and in grab motion
(bottom).
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4.7.1 FaBrICATION OF Five-FINGERED HAND EQuIPPED WITH FIBER
BunbpLe PAN MuscLEs

A prototype of a PAN muscle finger was made and shake-up was tested. PAN fingers
in initial and grab motion are shown in figures 4.138 and 4.139. Three different
kinds of springs were prepared to practice turn-back motion. Detailed spring spec-
ification is provided in table 4.11. The specific dimensions and spring combinations
were optimized for better performance.

Each PAN finger except for the thumb consists of three knuckles, four PAN fiber
muscles, two return springs, and two tubes that deliver acid and basic solution used
to shrink and elongate the fiber. The thumb consists of three knuckles, two PAN

F=113N(K=0.033 N/mm -

5 e

-

K= 0.021,/ :

N/mm /25°

$
e
4

K =0.033 N/mm

FIGURE 4.138 Initial position of a single PAN finger.

FIGURE 4.139 Grab position performance of a single PAN finger.



214 Artificial Muscles

TABLE 4.11
Spring Specification

Outside Wire Max Free Max Initial

diameter diameter load length Rate length tension

(mm) (mm) (N) (mm) (N/mm) (mm) (N) Material

4.775 0.355 2.962 25.400 0.033 109.219 0.146 SS
4.775 0.355 2962 34925  0.021 163.703  0.146 SS
4.775 0.355 2.962 57.150 0.012 298.450 0.146 SS

FIGURE 4.140 PAN fiber bundle muscles in action as a single finger.

muscles, one return spring, and two tubes. The finger body is made of acrylic with
thickness of 3 mm. Figure 4.140 shows one PAN finger in a contracted state. Detailed
dimensions of finger joint and assembly drawings are included.

The final configuration of a five-fingered hand equipped with five pairs of PAN
fiber bundle muscles is shown in figures 4.141a, 4.141b, 4.142a, and 4.142b. Figure
4.143 depicts the detailed line drawings pertaining to the designed and fabricated
five-fingered hand equipped with contractile PAN fiber bundle ionic polymeric
muscle design.

4.7.2 ADDITIONAL MECHANICAL PROPERTY MEASUREMENT
of SINGLE PAN FiBer

Mechanical properties of PAN fiber muscle were measured. PAN fibers were
oxidized at 220°C and then saponified in 1 M LiOH at 75°C for 30 min. Ten
samples were tested for both elongated and contracted states. A typical stress—strain
curve is shown in figure 4.144. It was found that, above 80°C saponification
temperature, fibers were completely transformed to a gel-like substance and
mechanical properties became hard to measure. The contracted state and elongated
state exhibited different mechanical properties. Table 4.12 summarizes the mechan-
ical properties of each status.
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FIGURE 4.141(a) Frontal view of PAN five-fingered hand.

FIGURE 4.141(b) Back view of PAN five-fingered hand.

FIGURE 4.142(a) Left side view of PAN five-fingered hand.
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FIGURE 4.142(b) Right side view of PAN five-fingered hand.

PAN fiber bundles’ (of 50 fibers) typical contraction of more than 100% is shown
in figures 4.145a, 4.145b, and 4.145c.

4.8 MICRO-PAN FIBER OBSERVATION

Figure 4.146 shows the volume change of minute PAN fibers. Marked fibers in the
circle mean the same fiber, which elongates and contracts under basic and acidic
solution. In elongation status, the length and the diameter of the fiber were 350 and
40 um, respectively. In contraction status, they were constricted to 120 and 14 um,
respectively.

After simple calculation, the volume of the minute PAN fibers was measured to
be 4.0 x 10* mm? in swelling state and 1.8 X 10 mm? in contracting state. The
volume change ratio (swelling status/contracting status) is about 2380%.

It was determined from a previous experiment that a single fiber can generate 5
gf under 1 M HCI solution. If we assume that a single fiber has about 2,000 ~ 2,500
minute fibers and each fiber equally contributes to force generation, a minute fiber
generates 2.0 ~ 2.5 x 10 gf. Observing volume change of the minute PAN fiber
under applied electric field is also under consideration.

4.9 CONCLUSIONS

Described in this chapter are results obtained over a period of eight years on
electroactive polyacrylonitrile (PAN) as well as a model and experimental results
that allow one to electrically control the actuation of active conductive PAN fiber
bundles, or C-PAN. Increasing the conductivity of PAN fibers by making a composite
of them with a conductive medium such as platinum, gold, graphite, or carbon
nanotubes and conductive polymers such as polyaniline or polypyrrole has allowed
for electric activation of PAN fibers when a (C-PAN) fiber bundle is placed in an



lonic PAN Chemoelectromechanical Muscles

217

30.0 mm f—g——————— 90.0 mm _———————p-—
11
10.0 mm (50 mm)
39 mm 5.0 mm
g g 3.2 mm b —— R1.6 mm t
* R 1.6 mm x3 i A — \rroem
! R 1.6 mm X2 .
mlr | nT to=1 l 182
* (‘)’ { 4 15.0 mm * o mm
5.0 mm | | 10.0mm i i T
.0 mm| 1.5 mm -—| |t
30.0 mm 5.0 mm
——l 10.0 mm
10.0 mml‘s mm 1 I First articulation l 11 | First articulation (thumb)
5.0 mm 5.0 mm
- — | — g
5.0 mm
2 I Second articulation i 8.0 mm
= R
2] RLOmmMx2 240mmt * 5.0 mm
<
40.0 mm E ‘ 50mm (9 ——F— ' 2.0 mm
= 20.0 mm i [
—— 5.0 mm = ‘ L 5.0 mm/!
R1.6 x2 S
i i R 5.0 mm x2 £ ’ 35.0 mm *
_IR 1.6 mmx2 —/ 43.0 mm 1.5 mm
15.0 mm 10.0 mm <
4 1.5 mm Active material and processing laboratory
10.0 mm Title PAN muscle finger joint
15.0 mm
Designed by |Kiyoung Choe| Sheet 1of2
3 l Third articulation
Scale 1/2 Date 11/17/03
} 80.00 mm 95.00 mm ——————————af
mog! &
(o] ' O
Q o]
Side view
| o P o
T = T T
30.00mm 1T [ 1 1
e e e — T T
I Il Ll o
Top view
Material Acrylic Active material and processing laboratory
Thickness 3 mm Title PAN muscle finger joint
Thumb assembly 11+2+3+4 Designed by | Kiyoung Choe | Sheet 20f2
Finger assembly 1+2+3+4 Scale 11 Date 11/17/03

FIGURE 4.143 Five-fingered hand drawings.

electrochemical cell as an electrode. A change in concentration of cations in the
vicinity of a C-PAN fiber electrode leads to contraction and expansion of C-PAN
fibers depending upon the applied electric field polarity.

Typically, pH-activated PAN fibers exhibit more than 100% contraction or expan-
sion in a few seconds. However, in cases of electrochemically activated PAN fibers,
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FIGURE 4.144 Stress—strain curve of elongation and contraction state of single PAN fiber.

TABLE 4.12
Mechanical Properties of Single PAN Fiber

E (Young’s modulus) Yield strength
Contracted state 107 MPa 25.0 MPa
Elongated state 40 MPa 6.5 MPa

more than a 50% change in C-PAN length in a few seconds is observed in a weak
electrolyte solution with tens of VDC power supply. Furthermore, conductive poly-
acrylonitrile (C-PAN) nanofibers (C-PAN-N) have been fabricated first by the elec-
trospinning method and then ionically activated to have fixed-charge carboxylic
groups. The use of such C-PAN-N is promising for fabricating fast response PAN
artificial muscles. PAN-N fibers were suitably annealed, cross-linked, and hydrolyzed
to become “active.” Active PAN fibers are contractile synthetic muscles with strength
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FIGURE 4.145 (a) A typical setup for a PAN fiber bundle; (b) Oxidation or contracted mode
of a PAN fiber bundle; (c) Reduction or expanded mode of a PAN fiber bundle.

FIGURE 4.146 Minute PAN fiber change before (left) and after (right) applying 1 M HCl
solution.

comparable to biological muscles. These results provide a great potential in developing
fast activating C-PAN-N nanomuscles and linear actuators, as well as integrated pairs
of antagonistic muscles and muscle sarcomere and myosin/actin-like assemblies.

Electrical activation of C-PAN artificial muscles is demonstrated by increasing
the conductivity of PAN artificial muscles. The conductivity of PAN is increased by
depositing a coat of metal on the fibers or interweaving it with conductive fibers
such as graphite fibers. Electrochemical reactions are used to generate hydrogen ions
or hydroxyl ions for the contraction and elongation, respectively, of these C-PAN
muscles. Therefore, by increasing the conductivity of activated PAN, a PAN-based
linear actuator can be electrically activated in an antagonistic manner suitable for
industrial and medical applications. Increasing the conductivity of PAN fibers by
making a composite of them with a conductive medium such as platinum, gold,
graphite, or carbon nanotubes and conductive polymers such as polyaniline or poly-
pyrrole was shown to allow for electric activation of PAN fibers when a C-PAN fiber
bundle is placed in a chemical electrolysis cell as an electrode. Typically, close to
50% change in C-PAN fiber length in a few seconds is observed in a weak electrolyte
solution with tens of VDC power supply.

In order to decrease the response time of C-PAN, polyacrylonitrile-nanofibers
(PAN-Ns) were also successfully fabricated by the electrospinning method. As



220 Artificial Muscles

expected, the response time of C-PAN is governed by the diffusional processes of
ion—solvent interaction; the use of such PAN-Ns is promising for fabricating fast-
response PAN artificial muscles.

Experimental results provided a great potential in developing fast activating C-
PAN-N muscles and linear actuators, as well as integrated pairs of antagonistic
muscles and muscle sarcomere and myosin/actin-like assembly.



5 PAMPS Gel Artificial
Muscles

5.1 INTRODUCTION

Ionic polymeric gels are three-dimensional networks of cross-linked macromolec-
ular polyelectrolytes that swell or shrink in aqueous solutions upon addition of
alkali or acids, respectively. Reversible dilation and contraction of the order of more
than 800% have been observed in our laboratory for polyacrylonitrile (PAN) gel
fibers. Furthermore, it has been experimentally observed that swelling and shrinking
of ionic gels can be induced electrically. Thus, direct computer control of large
expansions and contractions of ionic polymeric gels by means of a voltage controller
is possible.

Swelling and contraction of ionic polymeric gels by pH variations have been
historically discovered and reported by Kuhn et al. (1948) and Katchalsky (1949),
followed by a wealth of additional papers on pH activation of ionic gels by them
and their students to the late 1960s. Such investigation on pH response of ionic gels
is still going strong, as can witnessed by the recent works of Aluru and his coworkers
(De et al., 2002).

The first paper in connection with electrically controllable response of polymer
gels was that of Hamlen and coworkers on electrolytically active polymers published
in Nature in 1965. In modern times De Rossi et al. (1986) reported for the first time
on contractile behavior of electrically activated mechanochemical polymer actuators.
Segalman et al. (1991, 1992a, 1992b, 1992c) reported their investigation on electrically
controlled polymeric gels as active materials in adaptive structures. The first papers
on the use of electrically controllable ionic polymeric gel actuators and artificial
muscles in connection with swimming robotic structures were produced by Shahinpoor
(1991, 1992, 1993a). The first patent (U.S. patent 5,250,167) in the world on electrically
controllable polymeric gel actuators was reported in 1993 by Adolf et al.

These electrically controllable gel actuators possess an ionic structure in the
sense that they are generally composed of a number of fixed ions (polyions) per-
taining to sites of various polymer cross-links and segments and mobile ions
(counter-ions or unbound ions) due to the presence of an electrolytic solvent. Elec-
trically induced dynamic deformation of ionic polymeric gels, such as polyacrylic
acid plus sodium acrylate cross-linked with bisacrylamide (PAAM), or poly (2-
acrylamido-2-methylpropanesulfonic acid), or PAMPS, or various combinations of
chemically doped polyacrylic acid plus polyvinyl alcohol (PAA-PVA), can be easily
observed in the laboratory. Such deformations give rise to an internal molecular
network structure with bound ions (polyions) and unbound or mobile ions (counter-
ions) when submerged in an electrolytic liquid phase. In the presence of an electric
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field, these ionic polymeric networks undergo substantial contraction accompanied
by exudation of the liquid phase contained within the network.

Under these circumstances, there are generally four competing forces acting on
such ionic networks: rubber elasticity, polymer-liquid viscous interactions due to
the motion of the liquid phase, inertial effects due to the motion of the liquid through
the ionic network, and electrophoretic interactions. These forces collectively give
rise to dynamic osmotic pressure and network deformation and subsequently deter-
mine the dynamic equilibrium of such charged networks.

On the other hand, there are situations in which a strip of such ionic polymeric
gels undergoes bending in the presence of a transverse electric field with hardly any
water exudation. Under these circumstances, there are generally three competing
forces acting on the gel polymer network: rubber elasticity, polymer—polymer affin-
ity, and the ion pressure. These forces collectively create the osmotic pressure, which
determines the equilibrium state of the gel. The competition between these forces
changes the osmotic pressure and produces the volume change or deformation.
Rubber elasticity tends to shrink the gel under tension and expand it under compres-
sion. Polymer—polymer affinity depends on the electrical attraction between the
polymer and the solvent. Ion pressure is the force exerted by the motion of the
cations or anions within the gel network. Ions enter the gel attracted by the opposite
charges on the polymer chain while their random motions tend to expand the gel
like an ionic (fermionic) gas.

Kuhn et al. (1948) originally reported on the possibility that certain copolymers
can be chemically contracted or swollen like a synthetic muscle (pH muscle) by
changing the pH of the solution containing them. As originally reported by Kuhn et
al. (1950), a three-dimensional network consisting of polyacrylic acid can be
obtained by heating a foil of polyacrylic acid containing a polyvalent alcohol such
as glycerol or polyvinyl alcohol. The resulting three-dimensional networks are insol-
uble in water but swell enormously in water on addition of alkali and contract
enormously on addition of acids. Reversible dilations and contractions of the order
of more than 1000% have been observed for ionic gel muscles made with polyacry-
lonitrile (PAN) fibers (Shahinpoor and Mojarrad, 1996). Chemically stimulated
pseudomuscular actuation has also been discussed recently by Li and Tanaka (1989),
De Rossi et al. (1986), and Caldwell and Taylor (1990). Hamlen et al. (1965) were
the first to report that contraction and swelling of these gels can also be obtained
electrically by placing fibrous samples of PAA-PVA in an electric field.

One of the earlier mathematical modelings of deformation of ionic gels in an
electric field was presented by Tanaka and coworkers at MIT as early as 1978,
proposing a phase transformation phenomenon responsible for such electrically
induced contraction. Other experimental and theoretical investigations addressing
the electrically induced contractile behavior of ionic polymeric gels have been
presented by Osada and Hasebe (1985), De Rossi et al. (1986), Osada and Kishi
(1989), Grodzinsky and Melcher (1974), Grimshaw, Nussbaum, Grodzinsky, et al.
(1990), Shiga and Kurauchi (1990), and Kishi et al. (1990). Applications of electri-
cally activated ionic polymeric gel muscles to swimming robotic structures have
been discussed by Shahinpoor.
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These findings clearly indicated that the short-time response of the gel to the
electric field is due to electrophoretic migration of unbound counter-ions in the gel
and to impingement of solvent ions on the surfaces of the gel samples. It is the
surplus or deficiency of such ions that determines the osmotic pressure and free
volume and, therefore, deformation of such gels. In the next section, the case of
electrically induced nonhomogeneous deformation of transparent PAMPS and
PAAM cylindrical lenses have been experimentally and theoretically described.
Exact expressions are given relating the deformation characteristics of the gel to the
electric field strength or voltage gradient, gel dimensions, and other physical param-
eters such as the resistance and the capacitance of the gel samples.

5.2 PAMPS GELS

This chapter briefly concentrates on and describes the characteristics and application
of poly2-acrylamido-2-methyl-1-propane sulfonic acid (PAMPS) gel as electroactive
artificial muscles. Although many experiments have been performed in the application
of this polyelectrolyte in swimming structures, emphasis is placed on other applications,
such as electrically controllable and active optical lenses. The reason is that, in simple
engineering actuation configuration such as swimming robotic structures in which
PAMPS gel actuators are used as caudal fin structure (Shahinpoor, 1991, 1992), there
is simply not enough structural strength in these materials in gel form. There exist a
number of papers on the applications of PAMPS to robotic structures and, in particular,
gel star fish by Osada et al. (1992); Shahinpoor (1992, 1993); Shiga et al. (1993); Osada,
Okuzaki, Gong, et al. (1994); Gong et al. (1994); Okuzaki and Osada (1994b); Ueoka
et al. (1997); Narita et al. (1998); and Otake et al. (2000, 2001, 2002).

These papers basically deal with weakly cross-linked PAMPS gel. The principle
of this behavior is based upon an electrokinetic molecular assembly reaction of
surfactant molecules on the polymer gel caused by electrostatic and hydrophobic
interactions. Under an electric field, PAMPS gel undergoes significant and quick
bending and the response could be controlled effectively by changing the alkyl chain
length of the surfactant molecule, the salt concentration, and the current applied.

The results allow us to consider that cooperative complex formation between
PAMPS gel and CnPyCl is responsible for this effective chemomechanical behavior.

This copolymer is clear in color when synthesized and, similarly to other polyelec-
trolyte gels, it swelled in water several times its original volume. When placed in an
electric field, strips of the PAMPS bent within a few seconds. Depending on the
thickness of the gel synthesized, the response time for bending actuation varied. Thinner
and smaller actuators had faster response, whereas thicker samples were slower.

5.3 GEL PREPARATION

Here we present a very simple procedure to prepare an electroactive version of
PAMPS gels. Electrically active PAMPS gels can be prepared by free radical copo-
lymerization. A 15 wt% aqueous solution (deionized [DI] water) of a reaction mixture
with a desired molar ratio of a common monomer and a cross-linker density of about
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1 mol% (of total monomers) should be bubbled with nitrogen for about 20 min to
remove any oxygen in the reaction mixture. Then 35 u L of a 10 wt% ammonium
persulfate (APS) solution should be added to the mixture. The final solutions should
be filtered through a fine filter.

One portion of the resulting gels should be washed in deionized water to remove
the unreacted monomers and should be titrated with aqueous sodium hydroxide
solution to determine the composition of the copolymer. Another portion of the gels
should be washed in a large amount of dilute sodium hydroxide solution for 20 days
in order to neutralize the poly(methacrylic acid) and to remove the unreacted mono-
mers. The dilute sodium hydroxide solution should be changed every two days, and
the final pH value should be kept above the neutral pH of 7.

Specifically, in order to make an electroactive PAMPS gel, make two mixtures
and mix them quickly to form the gel. First, mix 0.5 g of tannish sodium acrylate
powder with 2.13 g of whitish acrylamide powder in the presence of 0.08 g of a
cross-linker N,N’-methylene-bisacrylamide [(H2C = CHCONH)2CH2] in 30 mL of
DI water reaction mixture. Then, mix 0.156 g of N,N,N’,N’-tetramethyl-ethylene-
diamine (TMEDA) [(CH2)2NCH2CH2N(CH3)2] with 0.02 g of APS. Put these two
into 20 mL of DI water, shake well, and then add to the 30-mL reaction mixture
immediately within few seconds. Otherwise, APS decomposes and never forms a
gel of PAMPS. The mixture will take a few minutes to gel up. The resulting PAMPS
gel is then highly electroactive.

5.4 PAMPS GEL APPLICATION

Since PAMPS gel appears colorless and is soft and compliant, there are many areas
of adaptive smart materials into which it can be incorporated. The following sections
describe one application of PAMPS ionic gels that was investigated in our Artificial
Muscle Research Institute. This particular hydrophilic gel has also been investigated
extensively for use in drug delivery systems (DDS) by Osada et al. (1985, 1989,
1991, 1992, 1993, 1994, 1995, 2005). For example, Okuzaki and Osada (1994) have
described the electro-driven chemomechanical polymer gel as an intelligent soft
material. In their work, weakly cross-linked PAMPS gel was synthesized and the
chemomechanical behaviors in the presence of N-alkylpyridinium chloride (CnPyCl
n =4, 12, 16) were studied.

The principle of this behavior is based upon an electrokinetic molecular assembly
reaction of surfactant molecules on the polymer gel caused by electrostatic and
hydrophobic interactions. Under an electric field, PAMPS gel underwent significant
and quick bending and the response could be controlled effectively by changing the
alkyl chain length of the surfactant molecule, the salt concentration, and the current
applied. The results allow us to consider that cooperative complex formation between
PAMPS gel and CnPyCl is responsible for this effective chemomechanical behavior.

5.4.1 Apbar1ive OpPTICAL LENSES

Reversible change in optical properties of ionic polymeric gels, PAMPS, under the
effect of an electric field is reported. The shape of a cylindrical piece of the gel,
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with flat top and bottom surfaces, changed when affected by an electric field. The
top surface became curved and the sense of the curvature (whether concave or
convex) depended on the polarity of the applied electric field. The curvature of the
surface changed from concave to convex and vice versa by changing the polarity of
the electric field. By the use of an optical apparatus, focusing capability of the curved
surface was verified and the focal length of the deformed gel was measured.

The effect of the intensity of the applied electric field on the surface curvature
and thus on the focal length of the gel is tested. Different mechanisms are discussed;
either of them or their combination may explain the surface deformation and cur-
vature. Practical difficulties in the test procedure and the potential of the electrically
adaptive and active optical lenses are also discussed. These adaptive lenses may be
considered as smart adaptive lenses for contact lenses or other optical applications
requiring focal point undulation. This area of research has only recently been
explored and is projected to be a major driver in future biotechnology as well as
industrial optics applications.

5.4.2 THEORETICAL MODEL

In order to describe the electrically induced deformation of ionic polymeric gels,
we consider the process of symmetrical deformation of a cylindrical segment of
ionic polymeric gels in a transverse electric field. Suppose a cylindrical sample of
an ionic gel of radius r and thickness #* = 2C is deformed into a convex lens (fig.
5.1) by an imposed voltage gradient across its radius 7. It is assumed that initially
the gel is in a natural stress-free state equilibrated with a pH = 7.

Due to the presence of an electrical voltage gradient across the radius r of the
gel, the gel cylindrical sample is deformed nonhomogeneously into a convex (fig.
5.2a) or a concave (fig. 5.2b) lens by a nonuniform distribution of fixed as well as

FIGURE 5.1 PAMPS muscle shown in bent state after applying a 30-V DC field. There are
two gold-plated electrodes at each side of the Teflon (polytetrafluoroethylene, PTFE) container.
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FIGURE 5.2 Deformation of PAMPS ionic gel cylinder due to an imposed radial voltage gradient.

mobile ions in the gel. Note that an electric field gradient may be imposed across
the body of the gel by charged surfactant molecules.

If the gel possesses a specific capacitance C, and a specific resistance R,, the
Kirchhoff’s law can be written in the following form:

v=C,'Q+R,0 , where Q=i (5.1)

where v is the voltage across the thickness of the gel and Q is the specific charge
(charge per unit mass) accumulated in the gel, Q being the current density i through
the gel cylindrical sample across its radius. Equation (5.1) can be readily solved to yield

Q=C,v[1-exp(-1/R,C,)]. (5.2)

assuming that at r =0, Q = 0.

Equation (5.2) relates the voltage drop across the radius of the gel to the charge
accumulated, which eventually causes the gel to deform. Thus, equation (5.2) will
serve as a basis for the electrical control of gel deformations.

The imposed voltage gradient across the radius of the gel forces the internal
fixed and mobile ions to redistribute. A possible charge distribution of the gel is
shown in figure 5.3. In order to mathematically model the nonhomogeneous defor-
mation or bending forces at work in an ionic polyelectrolyte gel strip, a number of
simplifying assumptions are made.

The first assumption is that the polymer segments carrying fixed charges are
cylindrically distributed along a given polymer chain and independent of the cylin-
drical angle 0. This assumption is not essential but greatly simplifies the analysis.
Consider the field of attraction and repulsion among neighboring rows of fixed or
mobile charges in an ionic gel. Let r; and Z, be the cylindrical polar coordinates with
the ith row as an axis such that the origin is at a given polymer segment.

Let the spacing in the ith row be b,, and let the forces exerted by the atoms be
central and of the form cr such that the particular cases of s =2, s =7, and s = 10
represent the Coulomb, van der Waals, and short-range repulsive forces, respectively.
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FIGURE 5.3 A possible charge redistribution configuration in ionic gels.

Then it can be shown that the component of the electric potential field per unit charge
at the point (7, Z;) perpendicular to the row is represented in a series such that:

N n

n=—oco

This function is periodic in Z, of period b,, and is symmetrical about the origin.
It may therefore be represented in a Fourier series in the form

R(3,Z)=(1/2)Cy; + D C,yc0S2mmZ, | b) (5.4)

m=1

where

O [ r,cos(2rmZ, / b;)
Cm,-=(2/b,-)z J.O [( )2 REET dz, (5.5)
n=e Z;—nb;) +r; }

Evaluating the coefficients C

mi>

m=0, 1, 2,...e0 in equation (5.5), for m = 0, then

_ T/ 2)rQ) 5.6
” b[l‘(3/2)
and for m > 0
Cyi = (41, 1b)Tum; [ b)) " [T(1/2) /T (1/2)(s +1)] 5.7)

K1/2)sQRmm;r; | b;)cos(Qrnm;Z; I b;)
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where I" and K are modified Bessel functions. In order to simplify these expressions,
in the remainder of this section, only the Coulomb types of attraction and repulsion
forces will be considered. With this assumption, the expression for R(r;, Zi) becomes:

R(1,Z) = (2r, /b»[rf +4Y mK, [2’;’”" ]cosanmz,- /b»} (5:8)
m=1 i

i

Now recall that in an ionic polymer network, many molecular strands are gen-
erally cross-linked, oriented, and entangled. Assuming that in the presence of an
imposed voltage gradient across the thickness of the gel cylindrical sample, the rows
of fixed and mobile ions line up, the mean field can be obtained by superimposing
the field corresponding to positive charges, namely:

R.(1,Z)="2r, /bl.)[r,z +4) mK, (

m=1

Z’Zmrf jcos(anZ, / b,.)} (5.9)

and corresponding to negative charges, namely:

R (r,Z:)=Q2r1b)

. (5.10)
_ 2nmy;
{rl. 2*“2’"1{1( ’Z’” )cos[(znmz,./b,)(zi+(1/2)bi)]}

i

m=1

The resulting field for a pair of rows is:

R(r,Z,) = (1615/[9,,2)[ 2 mK, (27;'%6 jcos(anZi /b,.)] (5.11)

m=13.5,... i

The total field due to the presence of N strands per unit length of the sample is
then given by:

N o
R*(r,Z)=216nbi2[ D mKl[ZT;mrf]cos(znmz,/bi)] (5.12)

i=1 m=13.5.... i

For simplicity, let us assume that all b, Z, and r, are equal to b, Z, and r,
respectively, where b is defined as the mean interior ionic distance in the gel so that,
on the average, N = 2/b. With this assumption, equation (5.12) reduces to:

R*(r,Z):32ch3[ D mKl(zT;)W)cos@an/b)} (5.13)

m=1,2,5,...
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The mean Coulomb attraction or repulsion force associated with the mean field
R*(r, Z) is given by F(r, Z) such that:

F(r,Z)=k¢*r' R (r,2Z) (5.14)

where k is a constant of proportionality, r* is the mean radius of the gel strip, and
q corresponds to total charge between a pair of adjacent ionic surfaces in the gel
sample.

Thus, g = (4/3)b~" prnr® Q, where p is the average density of the gel sample.
This force is repulsive (positive) or attractive (negative) according to whether like
or unlike charges lie in the adjacent rows of charges. Experimental observations on
bending of ionic gels in the presence of a voltage gradient generally indicate no
gross motion in the direction of the field, suggesting that the force field F(r, Z) along
the long axis of the gel may be nonuniformly distributed. In fact, the nature of F(r,
Z), namely:

F(r,Z)=32nkr*q2b{ 2 mKl[zn];chos(anZ/b)} (5.15)

m=1,3,5,...

suggests that even a one-term series solution gives rise to a possible solution, namely:

F(r,2)= [32nkr*qzb—3 ]{ K, (T)cos(%‘cz / b)} (5.16)

This implies that one possible force configuration is when ions are located at
the outskirts of the sample with mobile ions located in the middle.

The solution for the force field given by equation (5.16) is quite capable of
creating a nonhomogeneous deformation field is the cylindrical sample. This then
allows the designer to robotically control such deformations in ionic gels by means
of a voltage controller or, conversely, to measure the mechanical deformation of gels
by the voltage produced due to such deformations. In this sense, the gel body
becomes a large strain or deformation sensor.

5.4.3 ELectricALLY CONTROLLABLE loNIC POLYMERIC GELS
AS ADAPTIVE OPTICAL LENSES

Reversible change in optical properties of ionic polymeric gels, PAMPS, and poly-
acrylic acid plus sodium acrylate cross-linked with bisacrylamide (PAAM), under
the effect of an electric field is reported. The shape of a cylindrical piece of the gel,
with flat top and bottom surfaces, changed when affected by an electric field. The
top surface became curved and the sense of the curvature (whether concave or
convex) depended on the polarity of the applied electric field. The curvature of the
surface changed from concave to convex and vice versa by changing the polarity of
the electric field.
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By the use of an optical apparatus, focusing capability of the curved surface is
verified and the focal length of the deformed gel is measured. A more exact method
(thermal) to measure the focal length of the gel is also discussed. The effect of the
intensity of the applied electric field on the surface curvature and thus on the focal
length of the gel are tested. Two different mechanisms, based on ion mobility and
interaction forces, are discussed; either of them or their combination may explain
the surface deformation and curvature. Practical difficulties in the test procedure and
the future potential of the electrically adaptive and active optical lenses are also
discussed. These adaptive lenses may be considered as smart adaptive lenses for
contact lenses or other optical applications requiring focal point undulation.

5.4.4 ExperIMENTAL Resurts: PAMPS

Experimental gel was cut in a cylindrical piece with a height of about 7 mm and a
diameter of about 25 mm. It was placed in the middle of a copper ring with a diameter
of about 40 mm. NaCl solution was added such that the gel and the copper ring
were partially immersed in the electrolyte solution. A platinum wire of 1 mm in
diameter was inserted into the center of the cylindrical gel. The copper ring and the
platinum wire were connected to the positive and negative terminals of a power
source, respectively. A schematic of this setup is shown in figure 5.4.

When the electric voltage was applied, liquid exudation started from the upper
surface of the gel accompanied by swelling at the center. The swelling zone stretched
towards the edges of the gel. The speed at which the swollen zone stretched towards
the edges of the gel varied with the applied electric voltage. A higher applied electric
voltage caused a higher speed of stretching out of the swollen zone towards the outer
edges of the cylindrical gel. Figure 5.5 indicates the stretching of the swollen zone
as it was observed.

At all the applied electric voltages (10, 15, 20, 25, and 30 V), the swollen zone
eventually reached the outer edge. However, this was achieved at different stretching
speeds. The gel also was deformed at its circumferential wall, where it was immersed
in the electrolyte. The gel was photographed before (cylindrical sample with flat top
surface) and after (deformed with the convex top surface) applying the electric
voltage. These two configurations are indicated in figures 5.5 and 5.6.

The polarity of the electric field was reversed in a different test by connecting
the platinum wire and the copper ring to the positive and negative terminals, respec-
tively. This resulted in a concave upper surface. These observations were noticed
for PAMPS and PAAM gels. The convex gel was placed on a stationary glass below
which a screen was attached to a laboratory jack.

Figures 5.7a and 5.7b clearly depict an experimental set showing how PAMPS
optical lenses can be electrically controlled in terms of their power and focal length
under the action of a small electric field.

The distance between the stationary glass and the screen could be adjusted. A
light source was placed on top of the glass. With the light on and the convex gel on
the stationary glass, the distance between the screen and the glass was adjusted to
place the screen at the focal length of the convex PAMPS gel. This distance was
measured as about 65 mm for both PAAM and PAMPS lenses.
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FIGURE 5.4 Experimental setup for electrically activated optical lens.
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FIGURE 5.5 Stretching of the swollen zone due to electric field.
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FIGURE 5.6 Observed deformation of the gel lens under the influence of the electric field.
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FIGURE 5.7 Actual experimental observation on the deformation of adaptive optical lens
under electrical control. (From Salehpoor, M. et al. 1996. In Proceedings of the SPIE con-
ference on intelligent structures and materials, 2716:36-45.)

Curved gel M\

Stationary glass

Screen

FIGURE 5.8 Experimental setup for measuring the focal length of the gel lens.

The setup for measuring the gel focal length is shown in figure 5.8.

5.5 ELECTROACTIVE PAMPS GEL ROBOTIC
STRUCTURES

As discussed before, the first use of electrically controllable ionic polymeric gel
actuators and artificial muscles was in connection with swimming robotic structures
and was reported by Shahinpoor (1991, 1992, 1993a) and Shahinpoor and Mojarrad
(1996). Figure 5.9 depicts such concepts. On the other hand, Mihoko Otake should
be given credit for making a starfish robot from electroactive PAMPS. These results
can be found in her University of Tokyo doctoral dissertation and subsequent trail
of papers from her. Her dissertation studies the modeling, design, and control of
deformable machines consisting of actively deformable materials, which are referred
to as artificial muscles. The main focus is to propose methods for deriving a variety
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[N

FIGURE 5.9 Robotic swimming structure (top) and swimmer with muscle undulation fre-
quency of 3 Hz (bottom). The scale shown is in centimeters.

of shapes and motions of such machines, using PAMPS gel and its copolymer gel.
However, Osada and coworkers (1992) should be given credit for the first crawling
robot made with electroactive PAMPS gel.

In her dissertation, Otake described the mechanisms using the PAMPS gel, or
“gel robots,” and how to control them. Her dissertation includes:

a mathematical model of the gel to be applied for design and control of
distributed mechanisms

gel robot manufacturing and their driving systems

control of gel robots for dynamic deformations

The results are demonstrated for beam-shaped gels curling around an object and
starfish-shaped gel robots turning over (Otake et al., 1999-2002).

5.6 ENGINEERING STRENGTH CONSIDERATIONS
ON PAMPS GELS
It is worthwhile to mention a few works on engineering strength of PAMPS gel for

practical applications. It is certainly true that PAMPS gels are rather soft gels and
can easily break apart under tension or even compression or shear loadings. Whiting



234 Artificial Muscles

et al. (2001) have studied the shear strength and moduli of PAMPS for reasonable
soft engineering applications. In their study, the shear modulus of two polyelectrolyte
gels—namely, poly(acrylic acid), a weak acid with small side groups, and PAMPS
gel, a strong acid with large side groups—has been measured with and without
application of an electric field across gel samples fully swollen with water.

In the absence of an electric field, the shear modulus of PAMPS gels is shown to
be inversely proportional to the swelling degree, in accord with their theoretical pre-
dictions. Under a steady electric field, the measured modulus of these gels was observed
to reduce with time. They explain that this is due to migration of the free counter-ions
and associated hydration and added mass water towards the cathode, resulting in
reduced contact between gel and rheometer due to exuded water. Theoretical prediction
of G" and G” in the presence of a thin slip layer is in good quantitative agreement with
experimental observations. Preliminary measurements of the reduction of shear mod-
ulus under pulsed electric field have also been obtained and they observed an unex-
pected recovery of the initial modulus on all subsequent applications of the field before
the continued reduction to successively lower values. When roughened platens were
used, a stepwise variation in measured modulus was observed, with a slightly lower
modulus being recorded in the presence of an applied electric field.

Yasuda et al. (2005) have studied the biomechanical properties of high-toughness
double-network (DN) hydrogels. Using pin-on-flat wear testing, they have evaluated
the wear property of four novel DN hydrogels composed of two kinds of hydrophilic
polymers. The gels involved PAMPS-PAAm gel, which consists of poly(2-acryla-
mide-2-metyl-propane sulfonic acid) and polyacrylamide; PAMPS—-PDAAAm gel,
which consists of poly(2-acrylamide-2-metyl-propane sulfonic acid) and poly(N,N’-
dimetyl acrylamide); cellulose-PDMAAm gel, which consists of bacterial cellulose
and polydimetyl-acrylamide; and cellulose—gelatin gel, which consists of bacterial
cellulose and gelatin. Ultrahigh molecular weight polyethylene (UHMWPE) was
used as a control of a clinically available material.

Using a reciprocating apparatus, a million cycles of friction between a flat spec-
imen and ceramic pin were repeated in water under a contact pressure of 0.1 MPa.
To determine the depth and the roughness of the concave lesion created by wear, a
confocal laser microscope was used. As a result, the maximum wear depth of the
PAMPS-PDMAAm gel (3.20 um) was minimal in the five materials, while there was
no significant difference compared to UHMWPE. There were significant differences
between UHMWPE and one of the other three gels, namely the PAMPS-PAAm gel
(9.50 um), the cellulose-PDMAAm gel (7.80 um), and the cellulose—gelatin gel
(1302.40 um). This study demonstrated that the PAMPS-PDMAAm DN gel has an
amazing wear property as a hydrogel that is comparable to the UHMWPE. In addition,
the PAMPS—PAAm and cellulose-PDMAAm DN gels are also resistant to wear to
greater degrees than conventionally reported hydrogels. On the other hand, this study
showed that the cellulose—gelatin DN gel was not resistant to wear.

5.7 GEL ROBOTICS

There has been some development on gel robotics by the University of Tokyo and
Hokkhaido University researchers (Otake, et al., 1999, 2000a, 2000b, 2002, 2002a,
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2002b), who have proposed a framework for describing the behaviors of mollusk-
type elastic robots made of electroactive PAMPS polymer gel. Their numerical
simulation and experimental results show that large deformations can be obtained
with multiple electrodes in a planar configuration. They have designed a starfish-
shaped gel robot that can flip over using a spatially varying electric field.






6 Modeling and Simulation
of IPMNC:s as Distributed
Biomimetic Nanosensors,
Nanoactuators,
Nanotransducers,
and Artificial Muscles

6.1 INTRODUCTION

A number of earlier attempts have been made to analytically understand the sensing
and actuation mechanisms at work in ionic polymer—metal composites (IPMNCs), or
ionic polymer conductor composites (IPCNCs), and ionic gels. Kuhn (1949), Katchalsky
(1949), and Kuhn et al. (1950) originally reported that certain ion-containing copolymers
may be chemically contracted or expanded like a synthetic muscle. According to their
results, a three-dimensional ion-containing network or a polyelectrolyte, consisting of
polyacrylic acid and polyvinyl alcohol, could be obtained by heating a foil of polyacrylic
acid (PAA) containing a polyvalent alcohol such as glycerol or polyvinyl alcohol (PVA).
The resulting three-dimensional networks were insoluble in water, but swelled enor-
mously (more than 400%) in water upon addition of alkali and contracted enormously
(more than 400%) on addition of acids. However, the processes of swelling and con-
traction took days to complete and were very slow. The early attempts were made by
Kuhn, his student, Katchalsky, and coworkers starting in 1948 and continuing to the
mid-1960s. Their strategy was based on the degree of ionization of the network and the
effect it had on the swelling or contraction of the network.

Grodzinsky, Melcher, Yannas and coworkers out of MIT were the first to present
coherent theories on the electromechanics of deformable, charged polyelectrolyte
biomembranes as early as 1973 and their efforts have continued to the present time
through the works of Grimshaw et al. (1989, 1990). Their approach has been based
on the effect of movement of charged species, electrodiffusion phenomena, dissoci-
ation of membrane charge groups, intramembrane fluid flow, electro-osmotic drag,
and mechanical deformation of membrane matrix—all due to charge redistribution
within the polymeric network.

In early the early 1980s another MIT researcher, Toshio Tanaka, and his cowork-
ers started a flurry of research publications on the collapse of polymer gels in an

237
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electric field. They essentially treated the mechanism of collapse as a phase transition
phenomenon.

In the mid-1980s another pioneer, Danilo De Rossi, and coworkers out of
University of Pisa in Italy presented a series of papers on the determination of
mechanical parameters related to the kinetics of swelling of electroactive polymeric
gels. They were the first to discuss the analogs of biological tissues for mechano-
electrical transduction: tactile sensors and muscle-like actuators. Their contribution
has continued to the present time.

As early as the mid-1980s, another pioneer in this area from Japan, Yoshihito
Osada, and coworkers also presented possible theories of electrically activated mech-
anochemical devices using polyelectrolyte gels as well as mechanism and process
of chemomechanical contraction of polyelectrolyte gels under an electric field. Their
contributions have continued to the present time.

By the late 1980s and early 1990s new contributors to the mechanisms of
actuation and sensing of polyelectrolytes and ionic polymers had appeared. Shahin-
poor (1991, 1992) discussed conceptual design, kinematics, and dynamics of swim-
ming robotic structures using active polymer gels. He presented a set of ion transport
equations as well as continuity, conservation of momentum, and conservation of
energy equations involving the effect of an imposed electric field. Segalman et al.
(1991, 1992, 1993, 1994) presented a series of papers on modeling and numerical
simulation of electrically controlled polymeric muscles as active materials used in
adaptive structures and further presented a finite element simulation of the two-
dimensional collapse of a polyelectrolyte gel disk considering neo-Hookean consti-
tutive equations for the polymer network elasticity.

Shahinpoor (1993b) further presented a nonhomogeneous, large-deformation
theory of ionic polymeric gels in electric and pH fields. Attempts to formulate a
microelectromechanical theory for ionic polymeric gels as artificial muscles for
robotic applications were initiated in a series of papers by Shahinpoor (1993b, 1993c,
1993d, 1994a, 1994b, 1994c, 1994d, 1994e, 1994f, 1995d, 1995e, 1999b, 2000b,
2002e). Shahinpoor also presented a continuum electromechanics theory of ionic
polymeric gels as artificial muscles for robotic applications. Shahinpoor and Osada
(1995a) presented a theory on electrically induced dynamic contraction of ionic
polymeric gels based on electrocapillary and electro-osmotic forces.

Shahinpoor, Bar-Cohen, Simpson, et al. (1998) presented the first review paper
on IPMNCs as biomimetic sensors and robotic actuators and artificial muscles. de
Gennes and coworkers (2000) presented the first phenomenological theory for sens-
ing and actuation in ionic polymer—metal nanocomposites (IPMNCs). Asaka and
Oguro (2000) discussed the bending of polyelectrolyte membrane—platinum com-
posites by electric stimuli and presented a theory on actuation mechanisms in
IPMNCs by considering the electro-osmotic drag term in transport equations.

Nemat-Nasser and Li (2000) presented modeling on the electromechanical
response of IPMNCs based on the electrostatic attraction/repulsion forces in them.
Later, Nemat-Nasser (2002) presented a revised version of their earlier paper and
stressed the role of hydrated cation transport within the clusters and polymeric net-
works in IPMNCs. Nemat-Nasser and Wu (2003) have presented a discussion on the
role of backbone ionic polymer and, in particular, sulfonic versus carboxylic ionic
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polymers, as well as the effect of different cations such as K+, Na+, Li+, and Cs+ and
some organometalic cations on the actuation and sensing performance of IPMNCs.

Tadokoro (2000) and Tadokoro et al. (2000, 2001) have presented an actuator
model of IPMNC for robotic applications on the basis of physicochemical phenomena.

On the characterization front, to understand the underlying mechanisms of sens-
ing and actuation, Mojarrad and Shahinpoor (1997a) presented plots of blocked force
versus time for an ionic polymer bender subjected to sinusoidal, triangular, square,
and sawtooth waveforms. Shahinpoor and Mojarrad (1997b) showed displacement
versus frequency for a 2-V periodic input.

The first report of ionic polymer transducer sensing was published by Sade-
ghipour and colleagues (1992), who created a Nafion™-based accelerometer. They
fabricated a wafer-like cell that applied pressure across Nafion the thickness of a
piece of Pt-plated Nafion (an ion-exchange membrane product of DuPont), and they
measured the voltage output. The cell was approximately 2 in. in diameter, and its
sensitivity was on the order of 10 mV/g. An interesting feature of their work is that
the Nafion was not hydrated. Prior to use, it was saturated with hydrogen under high
pressure. Also, the load was applied across the polymer’s thickness, while most other
ionic polymer transducer research has been performed using cantilevered benders.

Shahinpoor (1995a, 1996c) and Shahinpoor and Mojarrad (1997, 2002) reported
the discovery of a new effect in ionic polymeric gels—namely, the ionic flexogelectric
effect in which flexing or loading of IPMNC strips created an output voltage like a
dynamic sensor or a transducer converting mechanical energy to electrical energy.
Consequently, Mojarrad and Shahinpoor (1997b) investigated displacement sensing by
measuring the output voltage versus the applied tip displacement for a cantilevered ionic
polymer transducer and observed that the output was dependent on the orientation of
the transducer with respect to the electrodes.

Motivated by the idea of measuring pressure in the human spine, Ferrara et al. (1999)
applied pressure across the thickness of an IPMNC strip while measuring the output
voltage. Their experiment was repeated with a maximum stress of almost 900 kPa, and
the results were similar. More recently, Henderson and colleagues (2001) performed an
experimental frequency-domain analysis of the output voltage with a tip displacement
input for a cantilevered bender. Their purpose was to evaluate the suitability of ionic
polymer transducers for use in near-DC accelerometers. The transducer used in the
experiment was allowed to dry in typical atmospheric conditions for approximately one
month before testing. They observed a sensitivity of approximately 50 mV/m for an 11-
X 29-mm cantilever and concluded that ionic polymer transducers might be a useful
technology for low-frequency accelerometer applications. Recent studies of Aluru and
coworkers on ionic polymer gels (De et al., 2002) are also of relevance to this book.

With regard to the modeling of IPMNC biomimetic sensing and actuation, it must
be emphasized that most of the models proposed for IPMNCs can be placed in one
of three categories: physical models, black box models, and gray box models. For the
physical models, researchers select and model the set of underlying mechanisms they
believe to be responsible for the electromechanical response and subsequent deforma-
tion (actuation) or electrical output (sensing). For the black box models (also called
empirical models and phenomenological models), the physics are only a minor con-
sideration, and the model parameters are based solely on system identification. The
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gray box models employ a combination of well-established physical laws and empir-
ically determined parameters that have a number of physical interpretations.

In the following section, we first present a general continuum model for ionic
polymeric gels swelling and deswelling. We then embark on presenting a number
of theoretical models for the deformation, flexing, and bending behavior of IPMNCs
(and IPCNCs).

6.2 CONTINUUM ELECTRODYNAMICS OF IONIC
POLYMERIC GELS’ SWELLING AND DESWELLING

6.2.1 Basic FORMULATION

Theoretical models describing the dynamic behavior of the expansion and contrac-
tion of ionic polymeric gels present challenging problems. This section describes
how a method of weighted residuals can be a good approach to solve the two-
dimensional governing system of equations by finite element analysis. The modu-
lation of the imbibition/expulsion of solvent by an ionic gel disk is studied as an
example. Formulation of a continuum mathematical model that accurately describes
the dynamic behavior of the gel requires properly accounting for the swelling or
deswelling of the charged ionic polymeric network, fluid transfer into and out of the
substructures and nanoclusters, and the coupled effects between the two phenomena.
Also, large deformation kinematics must be used.

The initial modeling of Tanaka and coworkers (1982) as well as more recent mod-
eling of De Rossi et al. (1986) considers only infinitesimal elasticity, which is only
appropriate for small deformation of gels in quasistatic equilibrium situations. The inter-
action between solvent and actuator requires the use of two internal state variables to
describe the system completely. Complete dynamic model descriptions have been offered
by Grimshaw, Nussbaum, Grodzinsky, et al. (1990), Segalman et al. (1991, 1992a, 1992b,
1992c¢, 1993), Segalman and Witkowski (1994), and Brock et al. (1994a, 1994b).

Theoretical predictions based on a finite element analysis solution scheme were first
investigated by Segalman and colleagues (the SWAS theory) (1991, 1992, 1993). They
solved the one-dimensional, dynamic analysis problem of a gel sphere imbibing solvent.
A slightly modified form of the theoretical model presented in Segalman et al. (1991,
1992a, 1992b, 1992c¢, 1993) and Segalman and Witkowski (1994) is used in this analysis.
Modifications include representing the solvent concentration in terms of a mass fraction
instead of a density value. In this formulation, the mass transport relationships and the
elasticity equations are derived in a Lagrangian, or convected, framework.

The swell of the gel is determined by the rate of solvent absorbed. Assuming
no volume change of mixing, this condition becomes:

Do’ o’ Dc
Dt (p;—c) Dt

6.1)

where c is the solvent concentration (mass of solvent per unit volume of swollen
polymer); o is the volumetric swell of the gel relative to some reference state; and
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p, is the density of the pure solvent. The time derivative here is the “material
derivative”—the derivative of states associated with particles rather than position.

The velocity of the solvent is that of the gel plus the differential velocity due to
diffusion. The diffusion is driven by osmotic pressures, which are functions of two
internal coordinates or states: solvent concentration, ¢, and the mass of H* ions per
unit volume of swollen polymer, H. Equivalent measures of these quantities are the
mass fractions of gel, which are solvent and hydrogen ions, respectively. These two
quantities as well as the displacement components of the gel are used as primary
variables in this exposition. The solvent concentration can be represented in terms
of a mass fraction by:

c= —P,,é (6.2)

S
(1-=(p,~p,)
Ps PP

where p, is the density of pure polymer and ; is the solvent mass fraction.

For a system of three components (polymer, solvent, and protons), there are two
independent diffusion equations, each depending on the gradients of, at most, two
of the components. The isothermal diffusion equation describing the evolution of
the solvent mass fraction &, is

. DE,
P VD, E a0 G EVE ] 6

where the terms D; are diffusivities, &, is the mass fraction of the H* ions, and V
represents spatial gradient. Because the preceding evolution equation is written in a
frame moving with the gel, the convective term appears differently than it would in
a Eulerian formulation. Derivation of this equation requires exploitations of the
continuity equation (6.1). The transport of H* is similar to that of solvent, but also
involves a source term:

Do = V-[ D (6,80 Ve J+ 28 L0 (64

where &NH accounts for the rate of creation or neutralization of H. Note that E_,;, isa
tunable parameter that may be varied through electrical or chemical means. Also
note the modification to the convective terms resulting from formulation of the
equations in a frame that convects with the gel.

The diffusion relationships are taken from Flory—Huggins theory. The hydrogen
diffusion coefficient is represented as

1 & 1/2
Dy =Dj| 2| =107&:
H H[Hépj €. (6.5)
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The diffusion coefficient for the solvent in the polymer is given as

2/3
L, 1 (& K,
D, ==2|(1-2y —(] TR (6.6)
roEy [( ) 3N E, Ka+53§,l

The hydrogen diffusion coefficient through solvent is formulated as

-L, K-a§,
e

el (H+K,) D
The nomenclature for material parameters used here is that of Flory (1953a, 1953b)
and Grimshaw, Nussbaum, Grodzinsky, et al. (1990).

The stress relationships for large deformation elasticity require the use of large
deformation strain quantities. The deformation gradient F' (¢) is defined as F () =
axg/E)Xg, where X,, X, are the locations of the particle in the deformed and unstrained
states, respectively. In this problem, it is useful to factor the deformation gradient
into its unimodular part and a part representing isotropic swell:

F(t)=Fos(1)-(0) (6.8)

where a(t) = (det[F(1)])'® and o is the volumetric swell of the gel.
For a solvent concentration-dependent neo-Hookean type solid, the Cauchy
stress, S, resulting from a given deformation is

S(t)=G(c)| Z-E(t) -E(t)]- p7 (6.9)

where

E(t)=F ()", (6.10)

Note that G is the shear modulus and p is a Lagrange multiplier dual to the incom-
pressibility constraint on the swollen polymer. Because of the assumed incompressibility
of the gel/solvent system, the preceding equation presents stress only up to an unknown
pressure. Constitutive modeling of rubber-like materials is discussed with good clarity
in Segalman et al. (1992a, 1992b, 1992c, 1993) and Segalman and Witkowski (1994).

The incompressibility condition on the swollen polymer is simply a statement
that the volume of the material is not a function of the imposed pressure.

The conservation of momentum for the gel is

PeXe =V -S+p,fp (6.11)

where f, contains all local body forces, such as gravitational or electromagnetic forces.
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6.2.2 COMPUTER SIMULATION OF SYMMETRIC SWELLING
AND CONTRACTION OF POLYELECTROLYTE GELS

The numerical problem is solved in a fully Lagrangian sense: All field variables are
expressed as functions of time, ¢, and of the original particle location, X,. The vector
quantity X, effectively labels the particles of gel. This approach is natural for
problems of large deformation, for which the finite element mesh will undergo
significant deflection.

The governing differential equations are transformed into a system of algebraic
equations through a standard Galerkin finite element formalism (Segalman et al.,
1993, and Segalman and Witkowski, 1994, for instance). However, because of the
Lagrangian formulation, all interpolation is over a material manifold rather than over
space. For instance, the configuration field of the gel is interpolated:

Nodes

b(r.x,)= Y, x, ()0 (x,) 6.12)

where x,,(7) is the location of particle X,; (attached to node i) at time ¢. The other
fields are also represented as linear combinations of appropriate basis functions:

& (X )=30" 8, (00! (x,)
éH (t’Xg)ZZ,I-\:m&H,i (t)q),-H(Xg) (6.13)

Nodes

p(tX.)= p(t)o!(x,)

i=1

The preceding approximations are substituted into the governing equations and
the residuals are integrated with respect to the appropriate basis function over the
current volume of the gel. This process is reasonably standard. However, care should
be taken to use the chain rule in evaluating spatial derivatives:

a -1
V()= a(.){ al } (6.14)

- 0X, | 9X,

The basis functions for pressure must be one order lower than the basis functions
for displacement such that the LBB condition is satisfied or else some additional
constraints must be imposed on the pressure field. (Both methods have been
employed successfully in the computer code.) Integration by parts must be done in
those equations involving second derivatives in the basis fields to accommodate low-
order basis functions.

A sequential solution strategy was chosen to solve the system of equations. First,
the mass transport equations were solved and then these results were piped into the
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elasticity relationships to calculate the resulting expansion/contraction. The follow-
ing are the resulting weak forms of the governing equations:

I¢, J)Edv = jvq;, [DSPVF:ﬁDHSV&AH}dV—

6.15)
J"” £, AdV
—C
Jv¢ﬁ<xg>éﬂdv=—fvvwxg)-[mvéﬂ}dv—
- ) (6.16)
01 (X,)8,&, 9/ s 1y 4 [, o (X,)&, dv
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As mentioned in the previous section, the convective term in the preceding two
equations is of modified form, reflecting the convection implicit in the Lagrangian
finite element formulation. Boundary integrals associated with natural boundary
conditions have been neglected in the preceding where their contributions would be
overridden by specified boundary conditions. The continuity equation is dual to the
pressure field and the resulting discretization is:

~3
J-q)p ai ~3 @% dvV =0 (6.17)
pr—é

The discretized form of the momentum equation also requires integration by
parts because the stress equation is substituted:

uk J¢ (X, 0k (X, )pedV = jqf‘SdA _[Vq) -SdV +
(6.18)

j 0! i (X, )pedV

This equation is used to derive the pressure field.

6.2.3 GeL CONTRACTION/SHRINKAGE EXAMPLE BASED ON THE
CoNTINUUM-DIFFusiON MODEL

The numerical analysis solution scheme is demonstrated in a gel disk example (see
fig. 6.1). An equilibrated gel is subjected to changes in its environmental conditions
so that it must shrink by discharging solvent to attain its new equilibrium. Because
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FIGURE 6.1 Gel disk swelling problem.
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FIGURE 6.2 Finite element mesh on gel geometry.

of symmetry, only a quarter of the gel disk is modeled. The finite element mesh
having 11 elements is shown in figure 6.2.

In the problem presented, the physical parameters and state variables are chosen
to resemble typical values for a polyacrylamide gel system. Initially, the gel is
assumed to be equilibrated at a pH of 8 with a corresponding equilibrium solvent
mass fraction equal to 0.989. Then the gel’s pH is changed to 3 (with a corresponding
solvent mass fraction equal to 0.775). This will cause the gel to expel solvent and
shrink. Physical model parameters were derived from experimental observations
(K,=6x107°,x=0.2,L,=1x107, and N=4).

Figure 6.3 shows the displacement of the outer edge of the disk as a function
of time. As expected, the initial shrinkage is the fastest and then it slows until the
new equilibrium dimension is reached. The solvent concentration gradients for three
different time values (20, 200, and 500 sec) are shown in figures 6.4, 6.5, and 6.6.
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FIGURE 6.3 Outer edge radial displacement as a function of time.
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FIGURE 6.4 Solvent mass fraction at time = 20 sec.

The change in equilibrium conditions causes the gel to expel solvent through its
outer edge. Therefore, solvent leaves first from the outer edge region and also moves
from the inner region to the outside edge, causing concentration gradient rings. These
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FIGURE 6.6 Solvent mass fraction at time = 500 sec.
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rings cause internal stresses, producing tension and compression fields within the
gel. As the gel nears equilibrium, these mechanical forces dissipate and the gel
becomes “stress free” (see figs. 6.7, 6.8, and 6.9).
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6.3 CONTINUUM-DIFFUSION ELECTROMECHANICAL
MODEL FOR ASYMMETRIC BENDING OF IONIC
POLYMERIC GELS

6.3.1 ANALYTICAL MODELING

A continuum electromechanical theory is presented for the dynamic deformation
and, in particular, ionic polymeric gels in the presence of an imposed electric field.
The proposed theory is based on some recent experimental results obtained in our
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FIGURE 6.9 Pressure at time = 500 sec.

laboratory for the deformation of ionic polymeric gels—in particular, polyacrylic
acid plus sodium acrylate cross-linked with bisacrylamide.

The proposed model takes into account the electro-osmosis, elctrophoresis, and
ionic diffusion of various species. It further considers the spatial distributions of
cations and anions within the gel network before and after the application of an
electric field. The model will then derive exact expressions relating the deformation
characteristics of the gel as a function of electric field strength or voltage gradient;
gel dimensions and gel physical parameters such as diffusivities of cations D,, and
anions D,;; elastic modulus E; temperature T charge concentration of cations, Cg,,;
charge concentration of anions, Cgp; resistance R,; and capacitance C, of the gel.
Thus, direct electrical and computer control of the expansion and contraction of
these polymeric ionic gels is possible because ionic polymeric gels are electrome-
chanical in nature. Because they can convert electrical and chemical energy to
mechanical energy, they may become of particular importance to some unique
applications in engineering and medical professions.

In order to be able to control the large deformation behavior of ionic polymeric
gels electrically by a computer, it is necessary to develop a model to microelectro-
dynamically simulate the large deformations of ionic polymeric gels and subse-
quently be able to computer-control such large deformations for design of practical
devices and applications. The technical objectives of the proposed model are to
provide a computational tool to design, simulate, and computer-control the electri-
cally induced large expansion and contraction of ionic polymeric gels as smart
materials and artificial muscles for various engineering applications. These novel
applications will include smart or adaptive structures, bionic robots, artificial mus-
cles, drug-delivery systems, large motion actuators, and smart material systems. The
modeling is based on formulating a macroscopic theory for large deformation of
ionic polymeric gels in the presence of an electric field.
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FIGURE 6.10 Bending of an ionic gel strip due to an imposed electric field gradient.

The proposed theoretical development considers the spatial distributions of cat-
ions and anions within the gel network before and after the application of an electric
field. The model will then derive exact expressions relating the deformation charac-
teristics of the gel as a function of electric field strength or voltage gradient; gel
dimensions and physical parameters, such as diffusivities of cations D,, and anion
Dgp; elastic modulus E; temperature 7; charge concentration of cations Cg,, and
anions Cgp; resistance R,; and capacitance C, of the gel.

In the following sections, a model is presented for the deformation of a hydrated
and swollen ionic gel strip chemically plated by a conductive medium and placed
in a transverse electric field gradient.

Suppose a long, thin, straight strip of an ionic gel of length [, width w,, and
thickness 7, is bent into a curve strip by the presence of a transverse electric field across
its thickness 7,. Figure 6.10 clearly depicts the schematics of large bending deformation
of a strip of IPMNC and the basic actuation configuration under an electric field.

This load can easily be applied by redistribution of fixed and mobile charges in
an ionic gel due to the presence of an electric field. It is further assumed that, initially,
the gel is in a natural bending-stress-free state equilibrated with a pH = 7.

For a discussion on the effect of pH on swelling of gels or the relationship
between the strain in a gel and the pH of its environment, see Shahinpoor (1993c),
Tanaka et al. (1982), and Umemoto et al. (1991). Now, referring to figure 6.11, note
that the strain € (defined as the ratio of the actual incremental deformation (&) to
the initial length (/) is given by:

e=g.+KM=A—1, (6.19)

where
€, is the strain along the neutral central line (line going through the centers of
areas of all cross-sections)
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K is the curvature of the strip due to an electric field
A is the stretch
7 is a cross-section variable (fig. 6.11)

Let us now assume that there exists an electrical field across the thickness 7 of
the gel strip such that on the positive side or the anode side the strain is €, and on
the negative or the cathode side the strain is € .

Assuming that the IPMNC strip is cationic and bends towards the anode elec-
trode, it is obvious from equation (6.19) and symmetry that:

g, =€ —K,C* (6.20)

e_=¢.+KzC¥, (6.21)

where C* = (1/2)1,, such that -C* < < C*, and 1, is the thickness of the gel strip.
Now, from equations (6.19), (6.20), and (6.21), it is clear that

€, —&_ =2KgC*, (6.22)

Note that € = A — 1, where A or stretch is defined as the ratio of current length
of an element of the gel to the length of the same element in its natural undeformed
state. Thus, it is clear that

A, —A=-2K,C* (6.23)

where K, is the total curvature of the gel strip due to pressure of a voltage gradient
across the thickness of the gel strip.

01
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FIGURE 6.11 Geometry of microbending for an elastic strip of ionic gels.
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It is well known that the axial stress ¢ in polymers is well modeled by the
following (neo-Hookean constitutive model) equation (Truesdell and Noll, 1965;
Beatty, 1987):

o=[v(c,pH.T)/3](A-27), (6.24)

where Y is the Young’s modulus of elasticity of the ionic gel and is a function of the
concentrations of solvent C, and pH of the gel as well as the absolute temperature 7.

Assume that, due to the presence of an electrical voltage gradient across the
thickness ¢, of the gel, the gel strip is bent into a curved strip by a nonuniform
distribution of fixed as well as mobile ions (cations) in the gel. Accordingly, an electric
field gradient may be imposed across the thickness of the gel by charged molecules.
Note from figure 6.11 that the gel acts like an electrical circuit with resident capacitors
and resistors. No inductive properties may be attributed to ionic gels at this stage of
investigation. However, it is well established experimentally (Shahinpoor and Kim,
2000, 2001g, 2002d, 2002h) that an ionic gel possesses a cross-capacitance, C,, and
a cross resistance, R,. Note that the Kirchhoff’s law can be written for a gel strip in
the following form:

V=C'Q+R,0.©0=i (6.25)

where V'is the voltage across the thickness of the gel, and Q is the charge accumulated
in the gel, O being the current i through the gel strip across its thickness. Equation
(6.25) can be readily solved to yield:

0=cy[1-exp.((-1/RC,))]. (6.26)

assuming that, at r = 0, Q = 0. Equation (6.26) relates the voltage drop across the thick-
ness of the gel to the charge accumulated, which eventually contributes to the
deformation of the gel strip. Thus, equation (6.26) will serve as a basis for the
electrical control of gel deformations. The imposed voltage gradient across the thick-
ness of the gel forces the internal fixed and mobile ions to redistribute, as shown in
figure 6.12.

The deformation characteristics of ionic polymer gels by electric fields have
been theoretically modeled by Shiga and Kurauchi (1990), Shiga (1997), and Doi
et al. (1992). Both formulations relate the change in osmotic pressure to the change
of volume of the gel samples. In their experiments, the gel sample is not chemically
plated but rather placed in an electrolyte solution in the presence of a pair of
cathode/anode electrodes.

In particular, since the deformation of an ionic gel because of the influence of
an imposed electric field is due to redistribution and shift of ions in the ionic gel,
the change in osmotic pressure, I, associated with ion redistribution and concentra-
tion gradients should be considered. The bending deformation of an ionic polymer
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FIGURE 6.12 A possible charge redistribution configuration in ionic gels.

gel strip in electric field can be described by Flory’s theory of osmotic pressure
(1953a, 1953b, 1969). According to Flory’s theory, the equilibrium volume V, of an
ionic gel is determined by:

Mo (Ve )+ RT Y (C, =€y ) =0, 6.27)

where

My,nore (V) is the osmotic pressure of a neutral gel

R is the universal gas constant

T is the absolute temperature

C, . C,, determine the ionic concentrations of species i in the gel and the outer
solution, respectively

subscript i stands for mobile cations M*, anions P-, hydrogen ion H*, and hydroxyl
ion OH-

Equation (6.27) implies that if the gel has no charge, its equilibrium volume is
determined by the competition between the attractive forces due to polymer—polymer
affinity and the network elasticity.

If the gel also has electrical charges, there will be strong ionic concentration
gradients on the boundaries of the gel and the aqueous solution. These contribute
to the osmotic pressure and thus cause the ionic gel to swell or shrink accordingly.

Let us assume that the osmotic pressure in the gel on the anode side is I, and
that of the cathode side is denoted by I1,. The difference AIl = (IT, — I'l,) causes the
strip to bend such that the amount of bending is dependent on the difference between
the stretches A, and A_ on the anode side and the cathode side, respectively. Then,
based on equation (6.24), the stretches A, and A_ are related to the state of uniaxial
stresses ¢, = I, and 6_ = I1,, such that one has

M, = (v, /3)(A, -277) (6.28)

I, =(v./3)(x_-27) (6:29)
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where Y, and Y_ are the corresponding elastic Young’s moduli at the anode and the
cathode sides of the gel strip, respectively. The idea here is to find explicit relations
for I, and I1, so that A, and A_can be found from equations (6.28) and (6.29).
One can then relate the resulting bending curvature ¥, to the difference A, — A_ by
equation (6.23).

It is assumed that the spatial correlation in ionic redistribution or ion—ion inter-
action is negligible such that the Donnan type of equilibrium holds in the presence
of an electric field. In fact, as discussed by Doi and coworkers (1992), the magnitude
of the perturbation due to ion—ion interaction compared to diffusional interaction is
of the order of 103 for usual strength (10 V/cm) of the imposed field. The polymer
gel and the surrounding aqueous solution are divided into three regions: the anode
side A, the gel G, and the cathode side C. We further consider systems with only
one kind of mobile cation M*. The imposed electric field forces the cations to move
toward the cathode, causing abrupt concentration gradients across the boundaries.
These cation concentrations are then given by:

Cant (1)=Cap (0)(1= hgypt). (6.30)

Com (t) =Coum (0)(1— hGC,mt)+ Cam (0)(VA /VG)hGAyMt - 6.31)

Cam (0) (VA Vg ) hGA,MhGC,MtZ

CC,M (t) = CC,M (O) + CG,M (0)(VG /VC)hGC,Mt +

Cam (O)(VA /VC)hGA.MhGC,MtZ»

(6.32)

where A4y, Bgey are the cation transport rates across the G-A, G—C boundaries,
respectively; V,, Vi, and V. are the volumes of A, G, and C parts; and ¢ is the time of
exposure to the electric field. For complete derivations of such ionic transport equations
and the appearance of quadratic terms due to the Donnan equilibrium assumption, see
Shiga and Kurauchi (1990), Shiga et al. (1993), and Shahinpoor (1993b, 1993c, 1993d,
1994a, 1994b, 1994d, 1994e, 1994f). The corresponding osmotic pressures II, ,, and
I, ,, on the anode and the cathode boundaries of the gel strip due to redistribution of
cations are then given by

M,y = RT[Cgy (t) = Cau (1) ], (6.33)

M,y = RT[Cop (1)~ Ceu (1)] (6.34)

Similarly, the anions P- will be redistributed by migrating toward the anode.
Since the whole system is neutral, some water resolves into H* and OH- to satisfy
these redistributions of cations and anions by migrating toward the cathode and the
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anode electrodes, respectively. Some water will be riding with the cations and anions
as hydrated water and cause a corresponding stress on the cathode and anode sides.
Therefore, the contribution to the total pressures on the anode and the cathode sides
due to these charge redistributions can similarly be calculated such that

Hl = HI,M + HI,P + Hl,H + HI,OH - th’ (6.35)

I1, = HZ,M + Hz,P + Hz,H + H2,0H + th (6.36)

where IT,, is the stress magnitude due to migration of hydrated water riding on the
cations as they migrate towards the cathode. It is assumed that, due to symmetry,
the magnitude of this stress, because it is compressive and negative in the anode
side and tensile and positive in the cathode side, is the same in the anode and the
cathode sides. In summation form, equations (6.35) and (6.36) can be written as:

M, =RT Y [Co, ()~ Cp ()]~ i=M.P.H" OB (6.37)
M, =RT Y [Co,(t)~Ce, (1) |+ . i=M.P.H" ,OH (6.38)

where
Cai(1)=Ca; (0) (1= hrgast). (6.39)

Co,i(t)=C6:(0)(1=hge )+ Cai (0)(Va / Vi ) hgait —

(6.40)
Ch.i (0) (VA 1V ) hev ihgeit®
CC,[ ([) = CC,i (O)(l - CGJ (O))(VG /V(;)]’l(;c’,'f + CAJ (0)(VA /Vc)hGA,,'hGCYil’z, (6 41)
i=M,P,H"OH"
Due to neutrality, the following relations also hold:
Cou (t)=Cron(t).k=A.G.C, (6.42)
Copr(1)=Cin (1)K =A,G.C, (6.43)

Thus, equations (6.37) and (6.38) simplify to
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M =RTY [Co, (1)~ Cas (1) |- Ty j=M,P, (6.44)
J

M, =RT Y [ Co, (1)~ Ce, (1) [+, j=M.P, (6.45)
J

As discussed before, these stresses will be related to the induced stretches A,
and A_ on the anode and the cathode sides, respectively, by equations (6.28) and
(6.29). The resulting cubic equations are then solved for A, and A_ to calculate the
induced curvature K such that:

ke =[ (A =A2) /1, ], (6.46)
where £, is the thickness of the gel strip. The resulting cubic equations are

A2 +((3m, /Y+))xi ~1=0, (6.47)

A +((3M, /Y. ))A2 —1=0. (6.48)

Let us convert the cubic equations (6.47) and (6.48) to a reduced form by
substituting A, = x, — (I1,/Y,) and A_= x_— (I1,/Y), respectively, in equation (6.47)
and (6.48) to obtain:

¥ 43p,x, +2q, =0, (6.49)
x> +3p_x_+2q_ =0, (6.50)

where
p=(M) Y2 g =(1,) v2 —(1/2), (6.51)
po=(m,) v2, ¢ =(m,) v= ~(1/2), (6.52)

The discriminants for equations (6.49) and (6.50) are, respectively,

D, =-p}-q¢}=-(1,) ¥;° —[(Hl 1v,) - (1/ 2)}3, (6.53)
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3

D.=-p’-¢=—(I,) v* —[(H2 A —(1/2)} : (6.54)

In order for equations (6.49) and (6.50) to have all three real solutions, D, and
D_ have to be positive definitive. If D, and D_ are negative, then there exists only
one real root and two complex conjugate roots, which will be unacceptable. Applying
the Tartaglia—Cardan formula to equations (6.49) and (6.50) yields

Xy =U, V., Xp =€U, +&V,, X5 =&u, +EV,, (6.55)
and
X =U_+V_ X, =€U_+EV_ X 3=8EU +EV_, (6.56)
where
£, = _(1/z)i(ﬁ /2), (6.57)
113
U, = [—q+ + (qf + pf )1/2:| , (6.58)
1/3
v, = [—q+ —(q2+ pi)m] : (6.59)
1273
w=|-a+(¢+p)"] . (6.60)
1/3
v=|a-(e+0)" ] 6.61)

The possible curvatures with a real value are then calculated as

xp =((r. -2)/20%)=(1/2¢ *)[(x —x)=((m 1v,) = (1, /Y_))J, (6.62)
where

x,—x=(u, - )+ (v, —v) (6.63)



258 Artificial Muscles

Now, from equations (6.26), (6.39), (6.40), (6.41), (6.44), (6.45), (6.62), and
(6.63), it is clear that the nonhomogeneous force field and the curvature in bending
of ionic gels can be electrically controlled by means of an imposed voltage V across
the gel. Note that in case of complete symmetry in bending of a strip of length /,,
width W, and thickness les and only one kind of cation and fixed anions, Y, =Y =Y,

=(1/2vC #) (11, -11,) (6.64)
( )

or

=(1/2YC*){RTZ[CC’J-(t)—CA’j(t)]JrZH,,w}, j=M,P,  (6.65)

J

where C,; (1) and C,; (¢) are the average molal charge concentrations in gram-moles
per cubic meters on the cathode side and the anode side of the gel strip, respectively.
Note that, due to migration of cations towards the cathode side, the difference
between the average total charges on the cathode side and the anode side is simply
the accumulated charge Q given by equation (6.26) and is also given by

0= %n eA (lgwgtg)Z[CC A1) =Ca, (1) j=m.P (6.66)
or
20/ (n*eA,(w,t,) = Z[CC’ Jt)=Cui (e j=M.P (6.67)

where n* is the valence of the cations, e = 1.602192E-19 C is the charge of an
electron, and A, = 6.022E23 is the Avogadro’s number. Thus, from equations (6.26),
(6.65), and (6.67), a simple expression for the voltage-induced local curvature in
gels (also in IPMNCs) can be found

¢ =(1/2YC*){RT[2Q / (n* eA, (w1, )] + 211, } (6.68)

8§88

Note that IT,,, is the pressure generated due to the migration of hydrated water
with the cations and can be obtained by noting that

,, = /3N, —Ai) (6.68a)

where A, is the contribution to the stretch on the cathode side by the migrated
hydrated water. Furthermore, it is related to the displaced volume V,,, of the migrated
hydrated water such that
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Vo =L/ 2Lt w My, (6.68b)

888

or simply

M = @V, 1Lt w,) (6.68¢)

888

Furthermore, V,,, is the volume of migrated hydrated water of mass M,,, given by

M,, =(18/A,)N,,(Q/n*e) (6.68d)

where (Q/n*e) is estimated to be the total number of migrated cations and N,, is the
hydration number of the cations. Note that V,,, can now be related to V,, by the
water density p,, such that V, = (M, /p,,). From equations (6.68b), (6.68c), and
(6.68d), one obtains the following equation for A, :

A, = 36N, 0/ (n*p,.eAltw,) (6.68¢)

w Vg8 s

Note that in equation (6.68e), the unit of density p,,, is grams per cubic meter
and the units of /,, #,, and w, are in centimeters. Thus, the additional stress due to
migrated hydrated water is given by

M, =¥ /3)A,, —A2) (6.68f)

Based on equations (6.26), (6.65), (6.68e), and (6.68f), the equation for the total
curvature of ionic polymer strip becomes

ke = (1/2YC*) (RT12C,V [ 1-exp.((~1/ R.C, )) |/ (6.69)

(n * eAv(lgWgtg ))] + 2th }

Note that units in equation (6.68) are consistent—namely, that [20/(n*eA (I, w,1,))]
has the unit of gram-moles per cubic meter. Thus, that unit times RT gives the units
of pressure in pascals, which are then multiplied by (1/2YC*), which leaves the units
of (1/m) because Y also has the units of pascals.

Note that the electric field, E, is given by E = V/2C* and thus equation (6.69)
further simplifies to

Ky = E(2C,RT / n* eA, (Lw,t )Y)[l— exp.((~1/ Rgcg)ﬂ +(I,, /YC*) (6.70a)

888
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If the curvature at time ¢ = 0 is denoted by ¥,, then equation (6.70a) is further
generalized to

K —Ko = E(2CgRT /n *eAV(lgwgtg)Y)[l - eXP~((" /RgCg))]Jf (6.70b)

L, 1YC¥)

Equations (6.70a) and (6.70b) are simple expressions for the time-dependent
curvature of the strip in an average and approximate fashion and clearly indicate
that the induced curvature is directly proportional to the imposed electric field, E ;
is a nonlinear function of the capacitance of the gel strip, C, and cross-resistance,
R,; and is inversely proportional to the strip volume V, = ([,w,t,) and the Young
modulus of elasticity of the strip Y.

These observations are in complete harmony with experimental results on the
bending of IPMNC strips. Figures 6.13, 6.14, and 6.15 display a number of simulations
for curvature K, versus capacitance C,, electric field E, resistance R, and time ¢.

Note that in figure 6.13 and subsequently in figures 6.14 and 6.15, the following
values were used for the parameters:

8 tg

E = 20,000 {electric field imposed, V/m = J/C-m}
C, = 1000E-6 {capacitance, C/V, F = C/V, 200 uF}
R = 8.314 {gas constant, Pa-m*/g-mol-K}

T = 300 {absolute temperature, K}

V, = (l,w,t,) = 2E-8 {sample volume, m’}

lg =2cm
w, = 0.5 cm
t,=0.2 mm

Y = 100E6 {modulus of the sample, Pa}
n = +1 {valance charge}
e = 1.602192E-19 {an electron charge, C}
A, = 6.022E23 {Avogadro’s number, 1/mol}
R, = 100 {resistance, 100 = V/A; also C = A*sec}

In a cantilever mode, the maximum tip deflection J,,, can be shown to be
approximately related to the absolute value of the curvature%g E‘ by

28,
= Omax (6.71)

Ke

When combined with equation (6.70a), this results in the following equation
relating the maximum tip deflection of an IPMNC bending strip to the imposed
electric field, the time ¢, the strip cross-capacitance, the strip cross-resistance, the
strip volume, and the strip modulus of elasticity Y:
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28max

P E(2C,RT I n*eA,(wet, )Y )| 1-exp.((~/ R.C, )) |+

(6.72)
(th /YC*)
Figures 6.16, 6.17, and 6.18 depict the variations of maximum deflection versus

the electric field £, the average cross-capacitance C,, and the average cross resistance
R, for the same values of the parameters used in figures 6.13, 6.14, and 6.15.
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FIGURE 6.13 Variation of curvature versus cross-capacitance C, and time t.
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FIGURE 6.14 Variation of curvature versus cross-resistance R, and time ¢.
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FIGURE 6.15 Variation of curvature versus cross-electric field £ and time ¢.

5 T T T T
45}
Al C, = 1000 uF
35}
g 3f
g
= 25l
< 0 C, = 500 UF
15}
1k
05 C, = 100 uF
0 \ \ : :
0 01 0.2 0.3 0.4 0.5
Time (sec)

FIGURE 6.16 Variation of maximum tip deflection §,,, versus average cross-capacitance C,
and time 7.

6.4 CONTINUUM MICROELECTROMECHANICAL
MODELS

6.4.1 THEORETICAL MODELING

Following Shahinpoor (1994f) and Shahinpoor and Osada (1995b), we consider gel
fiber bundles whose strands are in the form of a swollen cylinder with outer radius
r, and inner radius r,. We assume the electric field is aligned with the long axis of
these cylindrical macromolecular ionic chains. Further, we assume the ions are
evenly distributed along the macromolecular network at a regular distance of b. We
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FIGURE 6.17 Variation of maximum tip deflection §,,, versus the average electric field E
and time 7.
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FIGURE 6.18 Variation of maximum tip deflection §,,, versus average cross-resistance R,
and time 7.

concentrate on the flow of liquid solvent containing counter-ions into and out of the
gel network resembling electrocapillary flows. Thus, we employ the conservation
laws—namely, conservation of mass and momentum—to arrive at the following
governing differential equation for the flow of counter-ions containing solvent into
and out of the gel macromolecular network:

p%:pg+p*E+uV2v—Vp (6.73)
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where
p is the density of the liquid solvent, which is assumed to be incompressible
v is the three-dimensional liquid velocity vector
V is the gradient vector operator
V2 is the Laplacian operator
g is the local gravitational acceleration
W is the solvent viscosity
p is the hydrostatic pressure
E is the imposed electric field vector
p* is the charge density governed by the following Poisson’s equation
(Lifson and Katchalsky, 1954):

0* = —DV?y (6.74)

where D is the dielectric constant of the liquid phase and y is the local electrostatic
potential. Furthermore, y is governed by the following Poisson—Boltzmann equation
(see Lifson and Katchalsky, 1954):

Vv =(4nne / D )exp[ —ey / kT | (6.75)

where
n is the number density of counter-ions
€ is their average charge
k is the Boltzmann constant
T is the absolute temperature

According to Lifson and Katchalsky (1954), the electrostatic potential in polyelec-

trolyte solutions for fully stretched macromolecules is given by the following equation,
which is an exact solution to the Poisson—Boltzmann equation in cylindrical coordinates:

lp(r,t) = |:kT / 8] In {[rz /(ro2 -7’ )} Sinh* [Bfn(r / 1y, tan™" B]} (6.76)

where B is related to A, which is a dimensionless parameter given by
A=(o'e? / 4TDBAT ), 6.77)
where o* is the degree of ionization (i.e., 0* = a = n/Z, where n is the number of ions
and Z is the number of ionizable groups) and b is the distance between polyions in

the network. Furthermore, n = [o*/n(r,? — r?)b] and betas are found from the following
equation:

1-B*
A= .
1+ BCoth [Bﬂn(ro / r,)] ©79)
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Let us further assume that, due to cylindrical symmetry, the velocity vector v =
(v,, vg, v,) is such that only v, depends on r and, furthermore, vy = 0. Thus, the
governing equations for v, = v reduce to

| v, ov| op
p(at]—f(r,t)+p{az +r ar} > (6.79)

r

Let us assume a negligible radial pressure gradient and assume the following
boundary and initial conditions:

Att=0,r<r<r,v=0;atr=r, Vty(r)=0;and r=r, Vt,(avlar) =0.

0> L
=ty

Furthermore, the function f(r,f) is given by:

£ (rt) = nek (r.e) [ 123 st [Ben(r 17, ) ~tan” BT} (6.80)

where k% = (ne?/DkT).
An exact solution to the given set of equations can be shown:

v(ri)= i e WP (B,r) J PR A (B, E)dE (6.81)
0

m=1

where f3,,,s are the positive roots of the following transcendental equation:

m>

Jo(Br) Yo (Br) (6.82)
To(Bn)  ¥i(Br)

where J,, Y, J, Y, are the Bessel functions of zero order of first and second kind
and their derivatives evaluated at r,, respectively, and

_ ar-(12) JO{B”} _ YO(Br) _ a-(112) ,
o(Bnr)=N {B,,Js(ﬁro) BxiBn) "N RBer) 6830

N =(ri 12) R} (Buro)— (1 12) R (Burt) (6.83b)

A(B.E)=(1/1p) [ "ok, (Bus) (.8 s (683
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6.4.2 NUMERICAL SIMULATION

Having found an explicit equation for v(r,f), we can now carry out numerical sim-
ulations to compare the theoretical dynamic contraction of ionic polymeric gels in
an electric field with those of experiments. In order to compare the experimental
results and observations with the proposed dynamic model, a number of assumptions,
simplifications, and definitions is first made. Consider the ratio W(#)/W(0), where
W(¢) is the weight of the entire gel at time ¢, and W, = W(0) is the weight of the gel
at time ¢ = 0, just before the electrical activation. Thus,

w(0)-w ()= J' tJ”OZva(r,t)rdrdt (6.84)
0y
This can be simplified to

[w(r)/w(0)]= 1—W0"J.t J' " 2mpv (r,)rdrdt (6.85)

The initial weight of the gel is related to the initial degree of swelling g = V(0)/V,,
where V(0) is the volume of the gel sample at # = 0 and V,, is the volume of the dry
polymer sample. Numerical simulations were carried out based on the assumptions
that the cross-section of the gel remains constant during contraction of the gel sample,
and that

€=e=16x10"C, T=300K
oa=1,D=280

w=0.8x 1073 Pa.s

p = 1000 kg/m?
b=255%x10""m

k= 13807 x 102 J/K

r;=6.08 x 10719 m

ro=rgq"?

q = 25,70, 100, 200, 256, 512, 750

The initial length and cross section of the sample are, respectively, /, = 1 cm and
S = 1 mm?. Electric field strength, E, = 5.8 V/mm.

The results of numerical simulation have been compared with the experimental
results of Gong and coworkers (1994a, 1994b) and Gong and Osada (1994) for
comparable cases and good agreement is observed, as depicted in figure 6.19.

Also, Asaka and Oguro (2000) present a model for the kinetics of bending of
IPMNC strips that closely resembles the preceding formulation. In brief, they con-
sider the water flux, J, of hydrated cations and cationic migration towards the cathode
side. Note that the imposition of an electric field causes the hydrated cations to
migrate by electrophoresis, electro-osmosis, and capacitive or ionic current. Thus,
a material flux can be defined such that
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oP, o¢Kj
J=-k oyl 6.86
" ox * F (6.86)

where
k,, is the water permeability constant, according to them
P, is the fluid pressure
K is the water transference coefficient in the gel network
¢ is the water molar volume
Jj is the current density
F is the Faraday constant (96,500 C/kg-mol)

They, then, consider a linear stress—strain law—rather than hyperelastic neo-
Hookean, as was proposed in our formulation—for the bending deformation of the
strip in the form of p,, = E, €, where p,, is the swelling or osmotic stress, E,, is the
elastic modulus, and € is the linear strain. They relate the strain € to the hydration
H and equilibrium hydration H,, by

H-H,
€= ——— (6.87)
1+H,

This appears to have an unnecessary factor of 3. They consider inertial effect to
be absent (slow motion) and assume a conservation of momentum in the form of

oP, dp
—n = 6.88
ox ox ( )

0 T T T T
0 2 4 6 8 10

Time/min

FIGURE 6.19 Computer simulation (solid lines) and experimental results (scattered points)
for the time profiles of relative weight of the gel sample for various degrees of swelling, g.
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They solve the preceding equations to arrive at an expression for the curvature
(1/R) such that

2 1 oK

2
— E,|1-exp|— i1t D,
9 1+H, FD, 2d

RRC o (6.89)

where 2d is the thickness of the strip, D,, = k,E,/[3(1 + H,)] is the diffusion
coefficient (~4.5 x 106 cm?S-!), and Q is the stiffness (i.e., the product of the elastic
modulus and the area moment of inertia of the bending strip).

Their presentation further gets more empirical and unclear. However, it is inter-
esting to note that expression (6.89) for the curvature is similar to our expression but
involves the current density j, which is unknown. The reader is referred to their paper
for further explanation and graphical representation of their solutions. Figure 6.20
depicts numerical simulation of these equations according to Asaka and Oguro (2000).
As can be seen, the trends that they observe are very similar to the trends observed
experimentally and simulated theoretically by the proposed model in this chapter.

10 30
Experiment Experimental
8 —Eq6) .-0-"97 70"
- —f1 Eq. (26) - 20 - _e_aq o
/5 6 —e-z E -%-b L
_%(__ M 7
= x| 3 104 4
g 47 g
= 2 o4 !
g 24 g “Xe
o Z S
0 - © _10 Xl
X~s
s
-2 T T T T T -20 T T T T T
1 6
4 -
< 0.5 4 P
£ E 7]
g 04 g 01
[ [
g g
5 § 21
—-0.5
4 4
_1 T T T T T _6 T T T T T
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5
Time, t/s Time, t/s

(a) (b)

FIGURE 6.20 Numerical simulation of equation 6.89 by Asaka and Oguro (Asaka, K. and
K. Oguro. 2000. J. Electroanalytical Chem. 480:186—198.)
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6.5 MICROELECTROMECHANICAL MODELING
OF ASYMMETRIC DEFORMATION OF IONIC GELS

In order to describe electrically induced deformation of ionic polymeric gels with
no water exudation, we consider the process of bending strips of ionic polymeric
gels in a transverse electric field.

Suppose a long, thin, straight strip of an ionic gel of length [,L, thickness 7,, and
width w,, is bent into a curve-strip (fig. 6.10) by an imposed voltage gradient across
its thickness t. It is assumed that, initially, the gel is in a natural bending-stress-free
state equilibrated at pH = 7. Now, referring to figure 6.11, note that the strain €
(defined as the ratio of the actual incremental deformation (8/) to the initial length
(1, is given by equation (6.19). In fact, equations (6.19) through (6.26) are still valid
in the present approach.

Due to the presence of an electrical voltage gradient across the thickness #* of
the gel, the gel strip is bent into a curved strip by a nonuniform distribution of fixed
as well as mobile ions in the gel. Note that an electric field gradient may be imposed
across the thickness of the gel by charged molecules.

In order to mathematically model the nonhomogeneous deformation or bending
forces at work in an ionic polyelectolyte gel strip, a number of simplifying assump-
tions are made. The first assumption is that the polymer segments carrying fixed
charges are cylindrically distributed along a given polymer chain and independent
of the cylindrical angle 0 (fig. 6.20).

This assumption is not essential but greatly simplifies the analysis. Consider the
field of attraction and repulsion among neighboring rows of fixed or mobile charges
in an ionic gel. Let r; and Z; be the cylindrical polar coordinates with the ith row as
an axis such that the origin is at a given polymer segment. Let the spacing in the
ith row be b,, and let the forces exerted by the atoms be central and of the form cr
such that the particular cases of s =2, s =7, and s = 10 represent, respectively, the
Coulomb, van der Waals, and repulsive forces. Then it can be shown that the
component of the field per unit charge at the point (r,, Z;) perpendicular to the row
is represented in a series such that

oo

R(r.Z.)= L — (6.90)
;o |:(Zi —nb,-)z +r? J(uz)( +1)

This function is periodic in Z, of period b,, and is symmetrical about the origin.
It may therefore be represented in a Fourier series in the form:

R(r,Z)=(1/2)Coi+ D Cuicos(2mmZ, /by), 6.91)

m=1

where
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rCos 2nmZ,; /b)
Co =(210) 2'[) - 2](1,2)(”1) dz,, (6.92)

Evaluating the coefficients C,,;, m = 0, 1, 2,.... e, in equation (6.92), it is found
that, for m = 0,

C()i = M9 (693)

and for m > 0,

(1/2)s

C,i = (45 /b)) (om; 1 b7, [r (172)/T(172)(5+1) | K1)

(6.94)
(2mm,r; /1 b;)cos(2mm,Z; 1b;),

where I" and K are modified Bessel functions. In order to simplify these expressions,
in the remainder of this section, only the Coulomb types of attraction and repulsion
forces will be considered. With this assumption, the expression for R(r, Z;) becomes

) 2mr,
R(r.z)=(2r /b,.){r,. + 4;m1<1( b jCos(21thi /b,.)}, (6.95)
Now recall that, in an ionic polymer network, many molecular strands are
occasionally cross-linked, oriented, and entangled. Assuming that, in the presence
of an imposed voltage gradient across the thickness of the gel strip the rows of fixed
and mobile ions line up as shown in figure 6.21, the mean field can be obtained by
superimposing the field corresponding to positive charges, namely:

FIGURE 6.21 Spatial geometry of a local polymer segment with fixed charges.
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R, (r,«,Z,») = (2};» /b,-)|‘r,»"2 + 42 mK, (ZTtbmr,- jcos(2an,~ /b,-):l, (6.96)
m=1 i

and corresponding to negative charges, namely:

R (n.2:)=
(6.97)

i

(2 /bi){ri2 + 42 mK, ( ZTani )cos[(anZ,- /bi)(Zl» +(1/2)bi)]},

The resulting field for a pair of rows is

oo

R(nZ)=(16m/b2) Y mk, ( 2’2’"’" )cos[(anZi /b)) (699

m=1,3,5,... .

The total field due to the presence of N strands is then given by

oo

D mKl(zTan" )cos(znmz,-/b,-)], (6.99)

m=1,3,5,... i

N
R (n.Z)= Zlénb{z
i=1

where 1 is the cross-section variable defined before.

For simplicity, let us assume that all o, Z, and r are equal to o, Z, and n,
respectively, where o is defined as the mean interior ionic distance in the gel. With
this assumption, equation (6.99) reduces to

oo

R (wZ)=16zNb> Y mK, ( 2”;”“ )cos(2an/b)], (6.100)

m=1,3,5....

The mean Coulomb’s attraction or repulsion force associated with the mean field
R*(M, Z) is then given by F(n, Z) such that

F(n.z)=QR" (n.2). (6.101)

where Q corresponds to total charge between a pair of adjacent ionic surfaces in the
gel strip. This force is repulsive (positive) or attractive (negative) according to
whether like or unlike charges lie in the adjacent rows of charges.

Experimental observations (Shahinpoor and Kim, 2001g) on bending of ionic
gels in the presence of a voltage gradient generally indicated no gross motion in the
direction of the field, suggesting that the force field F(n, Z) along the long axis of
the gel may be nonuniformly distributed. These facts are also suggested in figures
6.22, 6.23, and 6.24. In fact, the nature of F (n, Z), namely:
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oo

F(n,2)=16N7Q> Y mKl(zanjcos(anZ/b)], (6.102)

m=1,35,...

suggests that even one term series solution gives rise to a possible solution, namely:
2,2 2mn
F(n.z)=[16NmQ’b |K, = cos(2nZ /b)), (6.103)

Equation (6.103) clearly implies that one possible force configuration is when a
few fixed ions are located at the ends of the strip with the mobile ions located in the
middle, as shown in figure 6.23 (before actuation) and figure 6.24 (after actuation).

Clearly, the situation shown in figure 6.21 can be generalized to produce local
bending towards, say, the anode, as shown in figure 6.22. Thus, the solution for the
force field given by equation (6.102) is quite capable of creating a bending or a
series of bendings in the gel in the presence of an electric field gradient. Furthermore,

FIGURE 6.22 Nonuniform distribution of Coulomb’s forces along the gel axis.

FIGURE 6.23 The simplest solution for a configuration with a few cations before activation.
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FIGURE 6.24 The simplest solution for a configuration with a few cations after activation.

since the net force along the length of the gel strip is a distributed force and should
give rise to a net Coulomb force of zero, the following equation holds:

L2
J F(nzJdz =0, (6.104)

-L/2

This implies that the spacing between the fixed charges (i.e., b) obeys the equation

b=m"'L

0

(6.105)

If equation (6.104) does not hold for a given strip of ionic gel, then some overall
movement of the gel strip occurs in addition to the bending. In fact, recent experimental
results (Shahinpoor and Kim, 2001) confirm this observation. Note that, from equation
(6.103), an average stress over the cross-section of the gel strip (width =w,; thickness
= 1,) may be defined as

6(n.2)=[-16NmQ’b™ I, |K, ( 27;“

jcos(2nZ/b)], (6.106)

where the negative sign ensures that the stress is negative when the gel is in a
contracted state.

Now, in order to find the curvature K in equation (6.46), the difference A, — A_
should be calculated. Assuming a neo-Hookean type of constitutive equation for
polymer elasticity, it is concluded that
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G, :—(E+/3)(l+—k§2), (6.107)

o_=—(E_/3)(r.-22), (6.108)

where E, and E_ are elastic moduli and functions of the pH or local ionic concen-
tration and temperature and A, and A_ refer to the stretches in the most remote fibers
in the gel under bending. From equation (6.106), it is calculated that

0.=0(C,2)= [-161\11:Q21f2 /wgtg]K1 ( 2ZC )cos(ZnZ/b)], (6.109)

=2nC

o =0(-C,Z)= [—16NnQ2b-2 /wgtg]Kl( jcos(ZnZ/b)], (6.110)

Thus, equations (6.107), (6.108), (6.109), and (6.110) give rise to the following
set of cubic equations for A, — A.:

7&+((3o+/E+))xi—1=0, 6.111)

A3 +((3c, /E,))xi —1=0, (6.112)

The possible curvature with a real value is then calculated as
ke =((h -2) 72 %), (6.113)

Now, from equations (6.101) through (6.113), it is clear that the nonhomoge-
neous force field and the curvature in bending of ionic gels can be electrically
controlled by means of an imposed voltage V across the gel. In this context, the
difference A, —A_ is related through equations (6.107) and (6.108) to the stresses
o, — 6_. These stresses are in turn related to the charge QO and other physical param-
eters by equations (6.109) and (6.110). The total charge Q is then related to the
voltage V and other electrical parameters C, and R, by equation (6.26) as described
before. This then allows the designer to control such deformations in ionic gels
robotically by means of a voltage controller.

Thus, it turns out that the effect of a coulombic type of ionic interaction tends
to be the opposite of the cationic electro-osmotic drag. This means that the migration
of hydrated cations towards the cathode tends to swell the cathode side of the IPMNC
strip and increase the osmotic pressure while, at the same time, decreasing the
osmotic pressure on the anode side and thus giving rise to bending towards the anode
side for a cationic IPMNC.
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On the other hand, the redistribution of cations causes more negatively charged
SO;~ pendant groups and branches in the network on the anode side to repel each other
more strongly and give rise to induced tensile strain on the anode side; the abundance
of cations on the cathode side tends to cause stronger attraction between them and the
SO, groups and clusters near the cathode side and cause induced compressive strain
near the cathode side. The overall effect is then bending towards the cathode side, which
is opposite to the action of migrating hydrated cations. However, experimental obser-
vations (Shahinpoor and Kim, 2000c, 2001b, 2001g, 2002h, 2002j; Kim and Shahinpoor,
2003b) consistently establish that the migration of hydrated cations and the induced
swelling on the cathode side have a predominant effect. Thus, it will be illuminating to
present another discussion on coulombic types of long-range collective ionic interactions
in connection with the bending of IPMNC strips in a transverse electric field. However,
it must be mentioned that the electric field-induced bending of IPMINC strips has another
complication due to the presence of nonhydrated (loose) water in the network.

Nonhydrated water tends to be dragged towards the cathode by the hydrated
cations moving in a DC (step-voltage) electric field and thus initially quickly creates
more swelling on the cathode side and more deswelling on the anode side. However,
once the strip has come to a stop under the step voltage, the back diffusion of
nonhydrated water causes some small relaxation of bending in the opposite direction.

If the IPMNC strip is partially dry in the sense of nonhydrated water, then no
back relaxation is observed.

6.6 TIME-DEPENDENT PHENOMENOLOGICAL MODEL
6.6.1 Two-CoMPONENT TRANSPORT MODEL

The most plausible mode of actuation and sensing is expected to be the following:
Under the field E, the cations drift, and they carry with them a certain number of
water molecules depending on the hydration number, n, of the cation M®. When
these hydrated molecules of water carried by cations pile up near the cathode, they
create a local overpressure (see fig. 6.24), which tends to deform the material. A
thin membrane, which was originally flat, then tends to acquire a certain spontaneous
curvature C(E) = 1/p,, where p, is the radius of curvature.

The role of the hydrated water migration becomes clear if we compare the
response of an IPMNC strip with Na® and Li®, as well as other cations. It turns
out that, for example, for similar IPMNC strips under the same voltage, the defor-
mation and maximum generated force almost double (Shahinpoor and Kim, 2000c)
with Li® compared to K® because the hydration number of Li® is about 6 while
that of K® is about 3. Note that the response would have been very similar from
the point of view of ionic redistribution and in connection with osmotic pressures,
but it is not, as shown in figures 6.25 and 6.26.

These observations clearly establish that the main mechanism of actuation is
water migration in the form of cationic hydrated water as well as loose water dragged
by the migration of hydrated cations; the coulombic type of ionic redistribution and
forces may play a minor role.
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FIGURE 6.25 Force improvement by chemical tweaking showing the effect of changing
cations from H+ to Na+ to Li+.
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FIGURE 6.26 Experimental evidence for the effect of different ions and their hydration
numbers on the tip force and thus deformation of an IPMNC strip.

Application of an electric field creates a potential according to the Poisson’s
equation, such that

_ PRy,
€

V2o(x,y,2.1) = (6.114)
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where 0(x,y,z,f) is an electric potential, p*(x,y,z,7) is an electric charge density, and
¢ is the dielectric constant of the composite. p*(x,y,z,f) is determined by the equiv-
alent weight of the precursor ion-containing polymer and, in particular, the molar
concentration of cations (lithium) and the charge groups in the polymer (sulfonic or
carboxylic), such that

p * (x’y’ Z’ t) = (pM+(x’y7 Z’t) - ps03('x’y’ Z’ t))Ne (61 15)
where
Pm(x,),2,1) and p,;(x,y,2,f) are, respectively, the molal density of cations and
sulfons

N is the Avogadro’s number (6.023 x 10? molecules per kilogram-mole in meter-
kilogram-second units)
e is the elementary charge of an electron (-1.602 x 10 C)

The electric field within the ionic polymeric structure is
E(x,y,2,t) ==Vo(x,y,2,1) (6.116)

Balance of forces on individual cations hydrated with » molecules of water inside
the molecular network, clusters, and channels based on the diffusion-drift model of
ionic media due to Nernst and Plank (Nernst—Plank equation) can be stated as:

NepM+E (x ¥, 2, t) N(pM+MM++nprw)( )+NPM+an
) (6.117)

a ]n(pM+ + npw)) ( aP
ox ox

NpM+kT(

NepM+E (x,y,2,t)= N(pM+MM++nprw)( )+NPM+T|VV
oln(pys. +npw)] (apj (6.118)

Npy kT
P ( dy dy

NepM+E ()C y’Z’t) N(pM+MM++nprw)( )+NPM+T]V +

(6.119)

NPM+kT(81n(pM+ +npw)) (BP)
0z oz

where M,,, and M,, are the molecular weight of cations and water, respectively; P

is the local osmotic fluid pressure, P;, minus the local swelling pressure or stress,

o*, such that P = P;-c



278 Artificial Muscles

eE(x,y,z0) = [eE(x,0.2,0),, eE(X,y,2,0),, eE(x,y,2,0),]", (6.120)

is the force vector on an individual cation due to electro-osmotic motion of an ion
in an electric field, k is the Boltzmann’s constant,

V(Y20 = [V, (62,0, Vy(x.0.2.0, V.(6,2,0]" (6.121)
is the velocity vector of the hydrated cations,
NV@EY,2H) = [NV(6L0,2.0), NV,(60:2.0), MV, (x,,2,0]" (6.122)

is the force vector of the viscous resistance to the motion of individual hydrated
cations in the presence of a viscous fluid medium with a viscosity of 1, and

KTVIN(Pyy, (X, ,2,1) + np,, (%, Y, 2,1)] (6.123)

is the force vector due to diffusion of individual cations and accompanying molecules
of hydrated water in the polymer network with the following x, y, and z components,
respectively:

kT(aln[pM+(-x’y’Z’t)+npw(x’y’z’t)])’ (6124)

ox

kT( aln[pM+(x9y’ Z’t)+ ”Pw(x,y,z,t)] j’ (6125)
dy

kT( aln[pM+(xay’Z’;)+ npw(x’y9z9t)] j’ (6126)
Z

The force vector due to inertial effects on an individual hydrated cation is

(Mo + nwa%) 6.127)

such that, in a compact vector form, the force balance equation reads:

dv
NepM+E = N(pM+MM+ +nprw)( =)+ NPM+11Y+
dt (6.128)

NPy kTVin(py. +np,)+ VP —V.o*

where the stress tensor ¢ * can be expressed in terms of the deformation gradients in
a nonlinear manner such as in neo-Hookean or Mooney-Rivlin types of constitutive



Modeling and Simulation of IPMNCs 279

equations as suggested by Segalman and coworkers (1991, 1992a, 1992b, 1992c,
1993). The flux of hydrated cations is given by

0 = [Pus(Xy,2,041p, (x,y,2.0] V (x,,2,1) (6.129)

Thus, the equation of continuity becomes

(a[PM+(x,y,ZJ)+”Pw(x,y’z’t)]):_V.Q (6130)

ot

Equations 6.114 through 6.130 are the governing equations for the dynamics of
IPMNCs. Clearly, they are highly nonlinear and require careful numerical simula-
tions, which are currently under way and will be reported later.

Next, a linear steady-state version of the formulation is presented to obtain some
preliminary understanding of the complex ionic diffusion and drift in these electronic
materials.

6.6.2 LINEAR IRREVERSIBLE THERMODYNAMIC MODELING
6.6.2.1 Introduction

Figure 6.27 depicts the general structure of the IPMNCs after chemical plating and
composite manufacturing. The structure bends towards the anode. The nature of
water and hydrated ions transport within the IPMNC can affect the moduli at different
frequencies.

6.6.2.2 Steady-State Solutions

Let us now summarize the underlying principle of the IPMNCs’ actuation and
sensing capabilities, which can be described by the standard Onsager formulation
using linear irreversible thermodynamics. When static conditions are imposed, a
simple description of mechanoelectric effect is possible based upon two forms of
transport: ion transport (with a current density, J, normal to the material) and solvent

FIGURE 6.27 General structures of an IPMNC or IPCNC film with near-boundary function-
ally graded electrodes and surface electrodes.
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transport (with a flux, Q, we can assume that this term is water flux). The conjugate
forces include the electric field, E, and the pressure gradient, —Vp. The resulting
equation has the concise form of

*l(x’y’z’t)z GE(X»)”ZJ)_LIZYP(L)’,ZJ) (6131)
Q(-x’y’zt)= LZIE(x’y9Z’t)_ KYp(x’y9Z9t) (6132)

where 6 and K are the material electric conductance and the Darcy permeability,
respectively. A cross-coefficient is usually L = L,, = L,,. The simplicity of the
preceding equations provides a compact view of the underlying principles of actu-
ation, transduction, and sensing of the IPMNCs, as also shown in figure 6.28.

When we measure the direct effect (actuation mode, fig. 6.29), we work (ideally)
with electrodes impermeable to water, and thus we have Q = 0. This gives:

L
Vp(x,y,2,t) = EE(X’ Vs 21) (6.133)

This Vp(x,y,z 1) will, in turn, induce a curvature ¥ proportional to Vp(x,y,z,1).
The relationships between the curvature ¥ and pressure gradient Vp(x,y,z,t) are
fully derived and described in de Gennes et al. (2000). Let us just mention that (1/p,)
= M(E)/YI, where M(E) is the locally induced bending moment and is a function

— & 4 e o

Side chain Hydrated cation- Water Fixed anion ~ Mobile cation
Na(H,0)4*

FIGURE 6.28 Schematics of the electro-osmotic migration of hydrated counter-ions within
the IPMNC network.
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FIGURE 6.29 Dynamic sensing of the ionic polymer due to imposed deformation.

of the imposed electric field E, Y is the Young’s modulus (elastic stiffness) of the
strip, which is a function of the hydration H of the IPMNC, and I is the moment of
inertia of the strip. Note that, locally, M(E) is related to the pressure gradient such
that, in a simplified scalar format:

Vp(x,y,21) = QP/t¥) = (M) =Y/p, =YK (6.134)

Now, from equation (6.134), it is clear that the vector form of curvature ¥ is
related to the imposed electric field E by

K, = (LKY)E (6.135)

Based on this simplified model, the tip bending deflection §,,, of an IPMNC
strip of length /, should be almost linearly related to the imposed electric field because

Kp = (28, /(1 + 80,0128, /1,7 = (LIKY)E (6.136)

The experimental deformation characteristics depicted in figure 6.30 are clearly
consistent with the preceding predictions obtained by the previous linear irreversible
thermodynamics formulation. This is also consistent with equations (6.133) and
(6.134) in the steady-state conditions and has been used to estimate the value of the
Onsager coefficient, L, to be of the order of 10-® m?/V-s. Here, we have used a low-
frequency electric field in order to minimize the effect of loose water back diffusion
under a step voltage or a DC electric field.
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FIGURE 6.30 Actuation under a low-frequency electric field to minimize the effect of loose
water back diffusion.

Other parameters have been experimentally measured to be K ~ 10-1® m?/CP,
6 ~ 1 A/mV or S/m. Figure 6.31 depicts a more detailed set of data pertaining to
Onsager coefficient L.

The role of loose water (nonhydrated on the cations) is also of interest to our
experimental and theoretical investigations. In the presence of loose water in the
network and within and in the vicinity of ionic clusters under a step-voltage activa-
tion, there is a clear final deformation or tip deflection accompanied by a small
relaxation due to back diffusion of such loose water back towards the anode. In other
words, the loose water is dragged by the hydrated cations, similar to the added mass
effect in the fluid mechanics of moving objects in a viscous fluid. Thus, once the
step voltage causes all cations to move towards the cathode and accumulate there
and finally come to osmotic equilibrium, the loose water simply diffuses back due
to the local pressure gradient. This causes a slight back relaxation of the bending
deformation of the IPMNC strip (see fig. 6.32a). If the strip is dry enough to be just
devoid of loose water, no such back relaxation occurs (see fig. 6.32b). In order to
achieve this, the IPMNC strip needs to be dried partially in order to remove any
loose water in the network. This objective has been successfully achieved using a
controlled-humidity environmental chamber.
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FIGURE 6.31 Experimental determination of Onsager coefficient L using three different
samples.

Figure 6.35 depicts a typical spectacular steady-state deformation mode of a
strip of such ionic polymers under a step voltage.

When we study the inverse effect (transduction mode, fig. 6.28), we apply a
bending moment M to the cantilever membrane, and we impose two conditions:

No current is produced (J = 0).
The strip stays bent with a curvature x.

Then, as fully derived and described in de Gennes et al. (2000), the water pressure
gradient Vp(x,y,z,t) turns out to be proportional to M.
The condition J = 0 gives, from equation (6.131),

L
E(x,y,z,t)= gYp(x, V.2, (6.137)
Since
Vpo(x,y,z.t) =M /T) (6.138)

the electric field E(x,y,z,f) generated is thus proportional to M according to

Eoynan =My =x, () (6.139)
ol o
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Step voltage response of new hydrated IPMC cantilever
strip (20 mm x 5 mm x 0.2 mm, 1.5 volts, 126 mA)
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Step voltage response of new semi-dry IPMC cantilever
strip (20 mm x 5 mm x 0.2 mm, 1.5 volts, 104 mA)

14
12 4
10 4

Displacement (mm)
o
1

4 .
2 .
—e— PVP treated
07 -9 - PVP nontreated
T T T T T
0 20 40 60 80 100
Time (sec)

(b)
FIGURE 6.32 Deflection under a step voltage for fully hydrated and semidry samples. Note

a small back relaxation due to presence of loose water (a) and virtually no back relaxation
due to absence of loose water (b).

It clearly establishes that, for any imposed curvature, K, by the application of
a bending moment, M, an electric field E(x,y,z,f) is generated.

It must, however, be noted that the value of L/G is considerably smaller, by
almost two orders of magnitude, than the corresponding one in the actuation mode
in the presence of an imposed electric field. This is because, in actuation mode, the
imposition of an external electric field changes the values of L and 6. Thus, imposing
the same deformation creates an electric field almost two orders of magnitude smaller
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FIGURE 6.33 Displacement characteristics of an IPMNC, Tokuyama Neosepta CMX (sty-
rene/divinylbenzene-based polymer). &: arc length; L : effective beam length; L, = 1.0 in.
(top) and 1.5 in. (bottom).

than the electric field necessary to generate the same deformation. The reader is
referred to Shahinpoor and Kim (2000c, 2001b, 2001g, 2002h, 2002j) and Kim and
Shahinpoor (2003b) for further discussion on these issues.

This completes our coverage of mechnoelectrical phenomena in ionic polymers.
More extensive modeling is under way and will be reported later. For other formu-
lations of micromechanics of IPMNC actuations and sensing, the reader is referred
to Asaka et al. (2000), Asaka and Oguro (2000), Nemat-Nasser and Li (2000), and
Tadokoro (2000).
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FIGURE 6.34 Displacement characteristics of an IPMNC, ERI-S1. &: arc length; L,: effective
beam length; L, = 1.0 in. (top) and 1.5 in. (bottom).
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FIGURE 6.35 Typical deformation of strips (10 x 80 x 0.34 mm) of ionic polymers under
a step voltage of 4 V.
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6.6.3 ExpANDED ION TRANSPORT MODELING FOR COMPLEX
MULTICOMPONENT AND MULTICATIONIC SYSTEMS
AND loNIc NETWORKS

This section introduces the reader to ionic polymer networks that are copolymers
and contain multiple components and multiple cationic and anionic clusters and
systems within the copolymerized charged network. In these charged networks, only
water and hydrated cations are transported and each of these two species is assumed
to be incompressible and governed by the mass conservation principle:

V.N, =0, (6.140)

v.

12.

0, (6.141)

1
¢

where N, and N/ are the molar flux of water and the ith cation, respectively.
The molar flux of water in the membrane is determined by three processes—
diffusion, pressure gradient, and electro-osmotic drag—that lead to

IYW = _DWYCW - nglv?:' (kh /ul)Ypl +(nd£/F)9 (6142)

where
C,, is the molar concentration of water, which is the variable of our interest
D,, is the diffusion coefficient
€, is the volume fraction of the water in the membrane
k, is the permeability of the membrane
W, is the viscosity
p, is the pressure of liquid water
n, is the electro-osmotic drag coefficient, which will be discussed later

i is the current density flux
Taking into account the current conservation law:
V.i =0, (6.143)
equations (6.140), (6.141), and (6.142) now result in:
-D,V°C, - C.&(ky W)V pr =€ (ky I W)V .VC, )+ (Vng i/ F)=0, (6.144)

The determination of the electro-osmotic drag coefficient is based on the work
of Springer and colleagues (1991, 1993), who propose a functional relationship
between this coefficient and the membrane water content:

ng=2.5/22)\, (6.145)
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where A is the hydration index (defined as the number of moles of water per
equivalent sulfonic or carboxylic acid groups SO;~ or COOH- in the membrane)
and the numerical values of 2.5 and 22 correspond to the number of water molecules
dragged per migration of cations (Li+, Na+, H+, etc.), ion, and the possible maximum
hydration index, respectively. Springer et al. also present an empirical formula
relating C,, to A as follows:

_eh
CfA+T

(6.146)

w

Here, f is an experimentally determined swelling coefficient for the membrane,
and e is expressed as

dry

pm
¢ Em ( )

with p, @ corresponding to the density of the dry membrane, and E,, the equivalent
weight of the membrane. Rearranging equations (6.144) through (6.147) yields:

_DWYZCW - Cwsﬁ(kh /Ml)szl - SXI (kh /Hl)(YPl -YCW)+
(6.148)

3¢ (VC,.ilF)=0
d4(e—-fC,)" =

Given distributions of pressure p, and current density i, we can solve equation
(6.148) to obtain C,. To investigate a given case with a specific partial hydration
level, C,, can be prescribed at the anode-side membrane border, while prescribing
the water content at the cathode—-membrane interface such that water balance con-
ditions described by equations (6.140) and (6.141) are satisfied on a point-by-point
basis along the length of the membrane.

The flux of protons through the membrane is described by the Nernst—Planck
equation:

N.=-Z.(F/RT)D:C:N¢—-DNC.+CU,, (6.149)

where
the terms on the right-hand side represent migration due to the electric field,
diffusion, and convection of the dissolved protons
Z,is the charge number of the ith cation
D! is the diffusion coefficient pertaining to the ith cation
C.is the molar concentration of the ith cation
¢ is the electrical potential
U, is the convective velocity of the liquid water
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The velocity of the liquid water in the membrane is modeled by the Schlogl
equation (Verbrugge and Hill, 1993; Singh et al.,, 1999), which states that the
convection is caused by the electric potential and the pressure gradient:

U, = ell(ky /10,)Z,C,FVO— (K 11,)Vp, 1. (6.150)
where
ky is the electric permeability
k. is the hydraulic permeability of the ith cation

Z,is the charge number of the fixed charges
Cis the fixed-charge concentration

The flow of charged species is related to the current density by
i=FY ZIN., (6.151)
The membrane conductivity is defined as
2 . .
K= (;)Z(z;)zugc;, (6.152)
Also, the electroneutrality holds
Z,C+ Y 7iCi=0, (6.153)

Here, we note that the only mobile ions in the membrane are the monovalent cations,
and for them we have Z/ = 1.

Equations (6.148) through (6.153) and equation (6.140) can be recombined,
yielding

A0 =—x""[(VInC)).il+(RT | F)V.[V(/nC))] (6.154)
Since the membrane swells due to internal hydration, p c is a function of hydration
rather than a constant.

Similarly to equation (6.146), the proton concentration can be described by:

i e

T+l

(6.155)

Combining equations (6.146) and (6.155) yields

Ci=e-fC, (6.156)
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Equations 6.145 through 6.156 should be substituted in equation 6.144 to obtain
the governing equations for the ion transport and deformation dynamics. However,
such sophisticated detail will not be expanded in this chapter and will be left for
future work.

6.6.4 EQUIVALENT CIRCUIT MODELING

Newbury and Leo (2002) present a gray box model in the form of an equivalent
circuit. The model is based on the assumption of linear electromechanical coupling
among electric field, charge, strain, and applied stress. Under this assumption, an
impedance model of a cantilever transducer is derived and applied to the analysis
of transducer performance. This model enables simultaneous modeling of sensing
and actuation in the material. Furthermore, the model demonstrates the existence of
reciprocity between sensing and actuation.

The model is validated experimentally for changes in transducer length and
width. Experimental results demonstrate the improved tracking capability through
the use of model-based feedback. Recent publications by Newbury (2002) and
Newbury and Leo (2002) have produced a model of electromechanical coupling in
ionic polymer materials. The fundamental assumption in the model is that the
electromechanical coupling is a linear relationship among strain, stress, electric field,
and charge. Thus, they assume

S=T/Y+dE
(6.157)
D=dT +¢E

where
S is the strain in the material
T is the stress (Pa)
E is the electric field (V/m)
D is the charge density (C/m?)

The three material properties of the model are the elastic modulus Y (Pa), the electric
permitivity (F/m), and the linear coupling coefficient (m/V or C/N).

For a cantilevered sample of ionic polymer material, equation (6.157) can be
integrated over the volume of the transducer to produce a relationship among tip
displacement, tip force, voltage, and charge (Newbury, 2002). The only limiting
assumption in this derivation is that the stress acts at the surface of the bender
element. This assumption is consistent with other models of actuation in ionic
polymers (Nemat-Nasser and Li, 2000). Transforming the integrated equations into
the frequency domain produces an impedance relationship among voltage, force,
velocity, and current of the form:

[VJ=|:ZH(]:UJ) ZIZ(](D):KZ) (6.158)
f Z,(jo)  Zy(jo)|\u
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The impedance terms are determined from curve fit of experimental data. As
discussed in Newbury (2002), these parameters can be determined from a set of three
measurements of the polymer response. The measurements incorporate step-response
and frequency-response data to produce a model that is accurate over a broad fre-
quency range. The frequency ranges tested in Newbury (2002) are 0-20 Hz. Unlike
an ideal transformer, though, this model incorporates a frequency-dependent trans-
former coefficient that produces a frequency-dependent coupling parameter. The
terms in the equivalent circuit are derived in Newbury (2002).

The impedance model shown in equation (6.158) was utilized as a basis for
modeling the coupled system. The model was rewritten with voltage and velocity
as the inputs and force and current as outputs:

[ij:[gll g12:|[‘f] (6.159)
Ja 8n 8n |\U

The force at the actuator tip was then written as a combination of the inertial force
of the motor and the resistance force of the sensor.

Several other models of electromechanical coupling have been presented in the
literature. Models based on measured data have been presented by Kanno et al.
(1994, 1996). Models developed from first principles have been proposed by Nemat-
Nasser and Li (2000), Nemat-Nasser (2002), Asaka et al. (1995), Asaka and Oguro
(2000), de Gennes et al. (2000), and Tadokoro (2000). Surveying these models, we
see a number of explanations for the electromechanical coupling in ionic polymer
materials. Most of the debate centers around the relative importance of electrostatic
effects and hydraulic effects within the material. When this chapter was written, it
was not clear which model accurately represented the micromechanics of ionic
polymer materials.

6.7 CONCLUSIONS

This chapter presented a detailed description of various modeling and simulation
techniques and the associated experimental results in connection with ionic poly-
mer—metal composites (IPMNCs) as soft biomimetic sensors, actuators, transducers,
and artificial muscles. These techniques included the continuum electrodynamics of
ionic polymeric gels swelling and deswelling, continuum-diffusion electromechan-
ical model for asymmetric bending of ionic polymeric gels, continuum microelec-
tromechanical models, microelectromechanical modeling of asymmetric deforma-
tion of ionic gels, time dependent phenomenological modeling, steady-state solutions
based on linear irreversible thermodynamics, expanded ion transport modeling, and,
finally, equivalent circuit modeling. An exact expression for the curvature and max-
imum tip deflection of an IPMNC strip in an imposed electric field was also derived.






7 Sensing, Transduction,
Feedback Control, and
Robotic Applications
of Polymeric Artificial
Muscles

7.1 INTRODUCTION

This chapter covers sensing, transduction, feedback control, and robotic actuation
capabilities and issues related to these topics. Ionic polymer—metal nanocomposites
(IPMNCs) and ionic polymer conductor nanocomposites (IPCNCs) are amazing
tools for soft robotic actuation and built-in sensing and transduction in a distributed
manner. One can even see the distributed biomimetic, noiseless nanosensing, nano-
transduction, and nanoactuation capabilities of [IPMNCs and IPCNC:s.

7.2 SENSING CAPABILITIES OF IPMNCS

This section presents a brief description and testing results of ionic polymer—metal
composites (IPMNCs) as dynamic sensors. As previously noted, a strip of IPMNC
can exhibit large dynamic deformation if placed in a time-varying electric field.
Conversely, dynamic deformation of such ionic polymers produces dynamic electric
fields. The underlying principle of such a mechanoelectric effect in [IPMNCs can be
explained by the linear irreversible thermodynamics in which ion and solvent trans-
port are the fluxes and electric field and solvent pressure gradient are the forces, as
described in chapter 6. Important parameters include the material capacitance, con-
ductance, and stiffness, which are related to material permeability.

The dynamic sensing response of a strip of [IPMNC under an impact type of
loading is also discussed. A damped electric response is observed that is highly
repeatable with a broad bandwidth to megahertz frequencies. Such direct mechano-
electric behaviors are related to the endo-ionic mobility due to imposed stresses.
This means that, if one imposes a finite solvent flux without allowing a current flux,
the material creates a certain conjugate electric field that can be dynamically mon-
itored. IPMNCs are observed to be highly capacitive at low frequencies and highly
resistive under high-frequency excitations. Current efforts are to study the low- and
the high-frequency responses and sensitivity of IPMNCs that might conceivably

293
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replace piezoresistive and piezoelectric sensors with just one sensor for broad fre-
quency range sensing and transduction capabilities.

7.2.1 Basics ofF SENSING AND TraNsDUCTION OF IPMNCs
AND IPCNCs

It is so far established that ionic polymers (such as a perfluorinated sulfonic acid
polymer, i.e., Nafion™) in a composite form with a conductive metallic medium (here
called IPMNCs) can exhibit large dynamic deformation if placed in a time-varying
electric field (see fig. 7.1). Conversely, dynamic deformation of such ionic polymers
produces dynamic electric fields (see fig. 7.2). A recently presented model by de Gennes
et al. (2000) presents a plausible description of the underlying principle of electrother-
modynamics in ionic polymers based on internal ion and solvent transport and electro-
phoresis. It is evident that IPMNCs show great potential as dynamic sensors, soft robotic
actuators, and artificial muscles in a broad size range of nano- to micro- to macroscales.

A recent study by de Gennes and coworkers (2000) has presented the standard
Onsager formulation on the underlining principle of IPMNC actuation/sensing phe-
nomena using linear irreversible thermodynamics: When static conditions are
imposed, a simple description of mechanoelectric effect is possible based upon two
forms of transport: ion transport (with a current density, J, normal to the material)
and electrophoretic solvent transport. (With a flux Q, one can assume that this term
is the water flux.) The conjugate forces include the electric field E and the pressure
gradient —Vp. The resulting equation has the concise form of

J=0E—-L,Vp (7.1)

Q=L,E-KVp (7.2)

where ¢ and K are the membrane conductance and the Darcy permeability, respectively.
A cross-coefficient is usually L,, = L,, = L, estimated to be on the order of 10-®
(ms™1)/(volt-meters™') (Shahinpoor and Kim, 2000a, 2001g). The simplicity of the

FIGURE 7.1 Successive photographs of an IPMNC strip that shows very large deformation
(up to 4 cm) in the presence of low voltage. The sample is 1 cm wide, 4 cm long, and 0.2
mm thick. The time interval is 1 sec. The actuation voltage is 2 V DC.
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FIGURE 7.2 A typical sensing response of an IPMNC. The IPMNC (5 x 20 X 0.2 mm) in a
cantilever mode as depicted in figure 7.1 is connected to an oscilloscope and is manually
flipped to vibrate and come to rest by vibrational damping.

preceding equations provides a compact view of underlining principles of actuation
and sensing of IPMNC:s.

Figure 7.2 shows dynamic sensing response of a strip of an IPMNC (thickness
of 0.2 mm) subject to a dynamic impact loading in a cantilever configuration. A
damped electric response is observed that is highly repeatable with a high bandwidth
of up to 100 Hz. Such direct mechanoelectric behaviors are related to the endo-ionic
mobility due to imposed stresses. This implies that, if we impose a finite solvent (=
water) flux, lol —not allowing a current flux, J = 0—a certain conjugate electric
field E is produced that can be dynamically monitored.

From equations (7.1) and (7.2), one imposes a finite solvent flux Q while having
zero current (J = 0) and nonzero bending curvature. This situation certainly creates
an intrinsic electric field £, which has a form of

_Lg _12(1-v,) L
o (1-2v,) {Ghs} 73)

Note that notations Vs h, and T are, respectively, the Poisson ratio, the strip thickness,
and an imposed torque at the built-in end produced by a force F applied to the free
end multiplied by the free length of the strip /.

7.2.2 ELECTRICAL PROPERTIES

In order to assess the electrical properties of the IPMNC, the standard AC impedance
method that can reveal the equivalent electric circuit has been adopted. A typical
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FIGURE 7.3 The measured AC impedance characteristics of an [IPMNC sample (dimension
= 5-mm width, 20-mm length, and 0.2-mm thickness).

measured impedance plot, provided in figure 7.3, shows the frequency dependency
of impedance of the IPMNC.

Overall, it is interesting to note that the IPMNC is nearly resistive (>50 Q) in
the high-frequency range and fairly capacitive (>100 UF) in the low-frequency range.
IPMNC:s generally have a surface resistance, R, of about a few ohms per centimeter,
near-boundary resistance, R, of a few tens of ohms per centimeter, and cross-
resistance, R, of a few hundreds of ohms per millimeter; typical cross capacitance,
C,, is a few hundreds of microfarads per millimeter.

Based upon these findings, we consider a simplified equivalent electric circuit
of the typical IPMNC such as the one shown in figure 7.4 (de Gennes et al., 2000).
In this approach, each single unit circuit (i) is assumed to be connected in a series
of arbitrary surface resistance (R) on the surface.

This approach is based upon the experimental observation of the considerable
surface electrode resistance (see fig. 7.4). We assume that there are four components
to each single unit circuit: the surface electrode resistance (R,), the polymer resis-
tance (R,), the capacitance related to the ionic polymer and the double layer at the
surface—electrode/electrolyte interface (C,), and an intricate impedance (Z,) due to a
charge transfer resistance near the surface electrode. For the typical IPMNC, the
importance of R relative to R, may be interpreted from XR /R, = L/t >> 1, where
notations L and ¢ are the length and thickness of the electrode. Note that the problem
now becomes a two-dimensional one; the fact that the typical value of ¢ is ~1-10 pm
makes the previous assumption.

Thus, a significant overpotential is required to maintain the effective voltage
condition along the surface of the typical IPMNC. An effective technique to solve
this problem is to overlay a thin layer of a highly conductive metal (such as gold)
on top of the platinum surface electrode (de Gennes et al., 2000).

Note that figure 7.4 depicts a digitized rendition of the equivalent circuit for
IPMNC, which is a continuous material. Figure 7.5 depicts the measured surface
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FIGURE 7.4 An equivalent electronic circuit for a typical IPMNC strip obtained by an
impedance analyzer.
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FIGURE 7.5 Measured surface resistance, R, of a typical IPMNC strip, as a function of
platinum particle penetration depth.

resistance, R, of a typical IPMNC strip as a function of platinum particle penetration
depth. Note that SEM was used to estimate the penetration depth of platinum into
the membrane.

The four-probe method was used to measure the surface resistance, R, of the
IPMNCs. Obviously, the deeper the penetration of metallic particles is, the lower
the surface resistance is.

Figure 7.6 depicts measured chronoamperometry responses of a typical IPMNC
sample in which the current response is recorded after a step potential is applied. It
should be noted that the important physical phenomena occurring in the vicinity of
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FIGURE 7.6 The current, i(f), versus > (chronoamperometry data). Note that A = 6.45 cm?
and E=-3 V.

the electrodes and the associated processes, particularly within a few micron depth,
play an important role in the sensing characteristics of IPMNCs.

Mass transfer of cations and their hydrated water molecules involved as they
move into and out of the bulk material and through the porous electrodes is another
important feature of the sensor. Diffusion can be considered as the sole transport
process of electroactive species (cations and hydrated water). The plausible treatment
of diffusion is to use the Cottrell equation having a form of

nFAD"*C

(Tct)l/z

where (1), n, A, D, C, and F are the current at time ¢ and the number of electrons
involved in the process, the surface area, diffusivity, concentration, and Faraday
constant, respectively. Equation (7.4) states that the current is inversely proportional
to the square root of time.

Figure 7.6 shows the overall current versus the square root of time. Also, it states
that the product i(f) X ¢ should be a constant K for a diffusional electrode. Deviation
from this constancy could be caused by a number of factors, including slow capacitive
charging of the electrode during the step voltage input and coupled chemical reactions
(hydrolysis). This figure is constructed under a step potential of -3 V for a typical
IPMNC. As can be seen, the characteristics clearly follow the simple Cottrell equation
that confirms the fact that the electrochemical process is diffusion controlled.

A more recent equivalent circuit proposed by Paquette and Kim (2002) is shown
in figure 7.7. The two loops that include R1, Cl1, R3, and C2 represent the two
composited effective electrodes of the IPMNC. R2 represents the effective resistance
of the polymer matrix. The value of E is the electric field applied across the material
for actuation: E = V/h, where V is the voltage applied and 4 is the membrane thickness.

i(t)= = Kt'"? (7.4)
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FIGURE 7.7 Equivalent circuit model representing an IPMNC.

The effective capacitance values are C1 = C2 and R1 = R3. Upon examination
of the proposed circuit, the current for the equivalent circuit is

t

exp| (R, +2-R) ——
1 Rl p|: ( ’ 1) Rz'Rl'Cl

+2- .
(R, +2R, (R, +2R) R,

i6)=V,- } (75)

where V, is the applied step voltage (at time ¢ > 0 sec). The resulting voltage across
either capacitive loop is

1 R,
+2- :
(R,+2R) ~ (R,+2-R)
V,-V,‘R,-
A A 2 exp _(R2+2Rl); (7.6)
Rz'Rl'Cl
RZ
Ve()= - 2 =

7.2.3 EXPERIMENT AND DiscussiON

As discussed extensively before and to refresh the reader’s memory, the manufacturing
of an IPMNC starts with an ionic polymer subjected to a chemical transformation
(REDOX), which creates a functionally graded composite of the ionic polymer with
a conductive phase. lonic polymeric material selectively passes through ions of a single
charge (cations or anions). They are often manufactured from polymers that consist
of fixed covalent ionic groups. The currently available ionic polymers are
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1. perfluorinated alkenes with short side-chains terminated by ionic groups
(typically sulfonate or carboxylate [SO;~ or COO-] for cation exchange)
2. styrene/divinylbenzene-based polymers in which the ionic groups have

been substituted from the phenyl rings where the nitrogen atoms are fixed
to ionic groups

Figure 7.8 is an SEM micrograph showing the cross section of a typical IPMNC
used in this study. In figure 7.9, a preliminary quasistatic DC sensing data is provided

SE/BSE, 8184000 ®
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FIGURE 7.8 An SEM micrograph shows the cross-section of an IPMNC sensor. It depicts
a cross-section (top) of an IPMNC strip, its close-up (middle), and the x-ray line scan (bottom).
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FIGURE 7.9 DC sensing data in terms of produced voltages, AE, versus displacement. Note
that the displacement is shown in terms of the deformed angle relative to standing position
in degree. The dimension of the sample sensor is 5 x 25 X 0.12 mm.

in terms of the voltage produced at different displacement. Note that the displacement
is shown in terms of the deformed angle relative to standing position in degree. The
dimension of the IPMNC sample sensor is 5 X 25 X 0.12 mm. Such direct mecha-
noelectric effect is convenient in that the produced voltage is large and applicable
displacement is large.

Comparing such unique features of IPMNCs as sensing devices relative to other
current state-of-the-art sensing technologies such as piezoresistive or piezoelectric
devices, one can find more flexibility in connection with IPMNCs.

The slow current leakage due to redistribution of ions is often observable.
Additional investigations of the current leakage are necessary to stabilize the voltage
output of the IPMNCs in a sensing mode.

7.3 EVALUATION OF IPMNCS FOR USE AS NEAR-DC
MECHANICAL SENSORS

7.3.1 INTRODUCTION

Henderson and coworkers (2001) and Shahinpoor et al. (2001) offer information on
using IPMNC:s as near-DC mechanical sensors. IPMNC active elements enable near-
DC acceleration measurement devices with modest power, volume, mass, and com-
plexity requirements, provided their unique properties are accounted for in the
design. Advantages over conventional piezoelectric elements are documented for
some applications.

Acceleration measurements are necessary for various dynamics experiments and
often serve as sensing inputs in structural control systems. In conventional practice,
a piezoelectric element, as part of a single degree-of-freedom harmonic system, is
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FIGURE 7.10 Accelerometer implementations using PZT in (a) 3-3 mode and (b) 3—1 mode.

often used to sense acceleration. Figures 7.10(a) and 7.10(b) are representations of
two approaches. Figure 7.10(a) depicts the most basic embodiment, a piezoelectric
ceramic element, such as lead zirconium titanate (PZT), in line with a mass. When
the base is accelerated vertically, the inertia of the mass causes strain in the active
element that, when electroded, generates a charge proportional to the strain. Damping
of the first-order system may be tuned to provide a nearly flat mechanical response
over a desirable range below the system resonance frequency. Since piezoceramic
materials are brittle and cannot support significant tension loads, a mechanical or
electrical preload must be applied in this embodiment to avoid such a situation.

Figure 7.10(b) shows a slightly more common approach for an acceleration
sensor. A mass is suspended from three sides by piezoelectric elements that are
affixed to the boundary of the accelerometer enclosure. In this case, as the enclosure
is vibrated, the active elements undergo a shear strain, which also generates a
proportional voltage. The piezoceramic material can support shear loads in either
direction, so in this embodiment no vertical preload is necessary.

In either of the conventional embodiments with realistic active element sizes,
low-frequency response (<1 Hz) is generally poor without the use of additional
electronics. Piezoelectric elements are largely capacitive and, when connected
directly to an oscilloscope (=1 MQ input impedance), charge tends to bleed off
quickly at low frequencies in the effective RC circuit. Voltage followers or charge
amplifiers are usually included in the circuit to lower this frequency and eliminate
measurement sensitivity to cable noise and environmental parameters. However, low-
frequency performance comes at the expense of size, weight, and complexity. Fur-
thermore, useful performance at frequencies below 1 Hz is extremely difficult to
achieve. For this reason, piezoelectric accelerometers make a poor choice for near-
DC acceleration measurements. Here, we investigate the use of a fairly new material,
IPMNC, for use as an active element in near-DC accelerometers.

7.3.2 BACKGROUND

Recently, IPMNCs consisting of a thin Nafion-117 sheet plated with gold on both
sides have received much attention for their possible applications to sensing and
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actuation (see Shahinpoor and Kim, 2000, for an extensive review). The materials
work via internal ionic transport phenomena, requiring water internal to the system
and providing a coupling between electrical field and bending deformation. Not only
do such materials exhibit relatively large deformations with a mild voltage input,
but they also have a significant electrical response to bending deformation, even at
subhertz frequencies. The long response time of IPMNCs—on the order of 4-10
sec—limits their use in applications requiring a short response time. Although this
limitation may be mitigated to some extent through the use of feedback control, it
becomes an advantage when considering the material for low-frequency applications.
The usefulness of IPMNC material in a near-DC accelerometer application, as well
as potential problems and design considerations, is examined here.

7.3.3 EXPERIMENT SETUP

The complex impedance of the IPMNC was measured by the well-known voltage
divider method. The impedance was measured over a range from 0.05 to 5000 Hz,
using a 15-kQ resistor in series and a Siglab data acquisition system to record the
magnitude and phase of the voltages.

For the dynamic experiments, a Ling 5-1b shaker was mounted on an optical
table in the vertical orientation with the stinger pointing down. A machined alumi-
num block was mounted on the end of the stinger to provide a flat movable surface.
An eddy current probe was mounted such that the head was held beneath the block,
near one edge, with a 0.25-mm standoff distance. The probe was calibrated to
provide 1.2-mm/V displacement response near an aluminum surface. For the control
case, a piezoelectric patch (PZT-5A with nickel electrodes, 11 x 29 x 0.26 mm,
0.646-g mass, 20-nF capacitance) was used as the active element. In the experiment
case, an IPMNC patch (with gold electrodes, 0.237-g mass) was used as the active
element and cut to the same planar dimensions as the piezoelectric patch, but with
0.32-mm thickness.

For the control case, the mounting apparatus consisted of an aluminum-base
block with a piezoelectric patch (PZT) sandwiched between the base block and the
shaker block. The shaker and block were lowered onto the optical table mounting
post to generate an initial compressive preload in the patch and to ensure that it
remained in compression over the entire range of motion applied to the shaker.
Both blocks were covered with Kapton tape where they contacted the piezoelectric
element to prevent current bleed-off into the optical table ground. Copper shims
were cut and affixed to the top and bottom of the piezoelectric patch with conductive
grease to provide external leads. When the shaker was actuated, the piezoelectric
element was compressed in the 3-3 direction, generating a voltage between the
copper leads. The leads were connected via BNC cable to an input channel of a
HP digital signal analyzer (DSA 35665A) with 1-MQ input impedance. No condi-
tioning circuitry was applied. The DSA source channel was used to actuate the
shaker with a 5-V peak-to-peak sine sweep input over a frequency range from 0.015
to 30 Hz. The frequency response function from eddy current displacement to
piezoelectric element voltage output was measured over this frequency range and
converted to a volts/strain spectrum.
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The IPMNC mounting apparatus consisted of a Plexiglas cantilevered clamping
device with conductive contact points and wire leads. Again, the leads were con-
nected by BNC cable to the DSA input, without any conditioning circuitry. The
apparatus was positioned under the shaker block with an initial static displacement
such that the tip of the cantilevered IPMNC patch was deflected by the actuation of
the shaker over its entire range of motion. The block was covered with Kapton tape
at the contact point to avoid bleed-off of the current into the optical table during the
experiment. The response of the IPMNC in cantilevered mode to a sine sweep of
the shaker was measured over a frequency range of 0.015 to 50 Hz. The frequency
response spectrum was calculated in terms of voltage output versus end deflection.

7.3.4 EXPERIMENT RESULTS

Any conditioning circuitry design for an accelerometer will require an accurate
understanding of the complex impedance of the active element over the frequency
range of application. Hence, this spectrum was measured for the IPMNC. Figures
7.11 and 7.12 represent the complex impedance of the sample. This IPMNC patch
had been left to dry in the open atmosphere for approximately one month before
these data were taken. Note that the element is fairly capacitive at low frequencies,
but is almost entirely resistive above 100 Hz. Despite the simple appearance of the
curve, this impedance response cannot be modeled simply as a three-element resistor
and capacitor circuit, but rather requires a series solution.

Figures 7.13 and 7.14 depict the impedance curves for similarly sized IPMNC
samples immediately after having been removed from their water-filled storage bags.
Note that the magnitudes between wet and dry samples differ by almost three orders
of magnitude. Moreover, Shahinpoor and Kim (2001g) measured an impedance mag-
nitude spectrum (not shown) that lies between these two extremes. This surprising
variability underscores the importance of accurately knowing or controlling the moisture
state of the active element before IPMINC materials may be used effectively in practice.
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FIGURE 7.11 Dry IPMNC impedance magnitude.
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FIGURE 7.12 Dry IPMNC impedance phase.
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FIGURE 7.13 Wet IPMNC impedance magnitude.

Figure 7.15 is the frequency response magnitude of the piezoelectric patch in
3-3 compression. Note that the break frequency (the point at which the response
is 0.707 of the maximum value) occurs at approximately 10 Hz. This corresponds
closely to the theoretical value of 8 Hz for a pure RC circuit (o = 1/RC), based on
the measured capacitance of the element (20 nF) and the input impedance of the
DSA (1 MQ).

In conventional practice, the useful range of a piezoelectric element for an
accelerometer is considered to include only the region where the response deviates
from the norm by no more than 5%. This further limits the usefulness of the PZT
for low-frequency accelerometer applications. In a real implementation, a voltage
follower or charge amplifier circuit would be used to lower this break frequency.
However, this requires increased mass, volume, and complexity, and there are
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FIGURE 7.15 PZT frequency response magnitude.

practical limits to how low this frequency may be set. In general, subhertz condi-
tioning with a piezoelectric element is rare and difficult to achieve.

Figure 7.16 is the frequency response magnitude of the IPMNC patch under
cantilever excitation.

The voltage magnitude of the IPMNC output is much lower than that of the
piezoelectric element, although a fair comparison cannot be made from these data since
they were actuated in different modes. However, note that the break frequency for the
IPMNC cantilevered beam occurs at approximately 0.03 Hz. This is significantly better
than the 10-Hz break frequency for the comparably sized piezoelectric patch for low-
frequency accelerometer applications. Recall that this low break frequency was achieved
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FIGURE 7.16 IPMNC frequency response magnitude.

without any conditioning electronics. However, the IPMNC response begins to roll off
above 40 Hz. This high-frequency limit, which depends on the geometry of the patch,
must be taken into consideration when designing IPMNC accelerometers for specific
applications.

7.3.5 DiscussioN AND CONCLUSIONS

Based on the frequency response spectrum of an IPMNC patch under cantilever
excitation, it seems likely that this material would be useful in low-frequency accel-
erometer applications. Unlike piezoelectric elements, the IPMNC specimen tested
produced a useful output in the subhertz frequency range without any conditioning
electronics. Care must be taken when designing circuits utilizing the material as an
active element due to their extreme sensitivity to moisture. In response to this
concern, Shahinpoor has developed a polymer-coated IPMNC patch that severely
retards moisture evaporation, allowing for consistently performing devices. However,
the moisture-retaining performance of such specimens must be quantified in detail
before device shelf-life estimations may be made.

The nature of the material requires that accelerometers utilizing IPMNC active
elements must include a mechanism to induce bending in the material under accel-
eration. This mechanism may take the form of a cantilever in the manner of the
experiments described here, a drumhead type membrane with a mass in the center
such as that discussed by Sadeghipour et al. (1992) or even a low-profile flat spring.

Overall, IPMNC active elements enable near-DC acceleration measurement devices
with modest power, volume, mass, and complexity requirements, provided their unique
properties are accounted for in the design. The advantages of IPMNC over conventional
piezoelectric approaches open up the possibility of thin-film or extremely lightweight
accelerometers or, if integrated, devices with rough position-sensing capability.
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7.3.6 ADVANCES IN SENSING AND TRANSDUCTION

A recent paper by Shahinpoor (2004d) presents a review on sensing and transduction
properties of ionic polymer conductor nanocomposites. In 1995 and 1996, Shahin-
poor reported that, by themselves and not in hydrogen pressure electrochemical cells
as reported by Sadeghipour and coworkers (1992), IPMNCs can generate electrical
power like an electromechanical battery if flexed, bent, or squeezed. He also reported
the discovery of a new effect in ionic polymeric gels—namely, the ionic flexogelectric
effect in which flexing, compression, or loading of IPMNC strips in air created an
output voltage like a dynamic sensor or a transducer converting mechanical energy
to electrical energy. Keshavarzi and colleagues (1999) applied the transduction
capability of IPMNC:s to the measurement of blood pressure, pulse rate, and rhythm
measurement using thin sheets of IPMNCs.

Motivated by the idea of measuring pressure in the human spine, Ferrara et al.
(1999) applied pressure across the thickness of an IPMNC strip while measuring
the output voltage. Typically, flexing of such material in a cantilever form sets them
into a damped vibration mode that can generate a similar damped signal in the form
of electrical power (voltage or current) as shown in figure 7.3. The experimental
results for mechanoelectrical voltage generation of IPMNCs in a flexing mode are
shown in figures 7.17(a) and 7.17(b). Figure 7.17(a) also depicts the current output
for a sample of thin sheets of IPMNCs. Figure 7.16(b) depicts the power output
corresponding to the data presented in figure 7.17(a).

The experimental results showed that almost a linear relationship exists between
the voltage output and the imposed displacement of the tip of the IMPC sensor (fig.
7.17). IPMNC sheets can also generate power under normal pressure. Thin sheets
of IPMNC were stacked and subjected to normal pressure and normal impacts and
were observed to generate large output voltage. Endo-ionic motion within IPMNC
thin sheet batteries produced an induced voltage across the thickness of these sheets
when a normal or shear load was applied.

A material testing system (MTS) was used to apply consistent pure compressive
loads of 200 and 350 N across the surface of an [IPMNC 2- X 2-cm sheet. The output
pressure response for the 200-N load (73 psi) was 80 mV in amplitude; for the 350-
N load (127 psi), it was 108 mV. This type of power generation may be useful in the
heels of boots and shoes or places where there is a lot of foot or car traffic. Figure
7.18 depicts the output voltage of the thin sheet IPMNC batteries under 200-N normal
load. The output voltage is generally about 2 mV/cm length of the IPMNC sheet.

7.4 SIMULATION AND CONTROL OF IONOELASTIC
BEAM DYNAMIC DEFLECTION MODEL

An effort to model the dynamic motion of an IPMNC elastic beam was undertaken.
Development of the static portion of the model was begun by assuming the beam
behaves in accordance with the nonlinear equation used to describe large-angle
deflection of elastic cantilever beams. A Simulink simulation was developed to
estimate the final deflection of a beam due to a constant moment. The dynamic
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FIGURE 7.17 Typical voltage/current output (a) and power output (b) of [IPMNC samples.

portion of the model was developed by assuming that each segment of the beam
could be represented as a simple second-order system. Future efforts to model beam
motion more accurately by modifying the method used to model the forcing moment,
by expanding the model to predict the performance of beams of all dimensions, and
by validating model performance against actual beam motion were recommended

7.4.1 INTRODUCTION

This section presents a summary of the effort to model the deflection dynamics of
iono-elastic beams made of IPMNCs. Strips of these composites can undergo large
bending and flapping displacement if an electric field is imposed across their thick-
ness. IPMNC beams show large deformation in the presence of low applied voltage
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FIGURE 7.18 Outvoltage due to normal impact of 200-N load on a 2-cm X 2-cm X 0.2-mm
IPMNC sample.

FIGURE 7.19 IPMNC cantilever beam.

and exhibit low impedance. They have been modeled as capacitive and resistive
element actuators that behave like biological muscles and provide an attractive means
of actuation as artificial muscles for biomechanic and biomimetic applications.
Essentially, the polyelectrolyte membrane inside the composite possesses ionizable
groups on its molecular backbone. These groups have the property of disassociating
and attaining a net charge in a variety of solvent media. In particular, if the interstitial
space of a polyelectrolyte network is filled with liquid containing ions, then the
electrophoretic migration of those ions inside the structure due to an imposed electric
field can cause the macromolecular network to deform accordingly.

7.4.2 StATIC DEFLECTION

The ionoelastic beam is depicted as an elastic cantilever beam, shown in figure 7.19.
The nonlinear equation for large-angle deflections in elastic cantilever beams is

82
w _ m

P 2\312 __E 7.7)
(1+(ax) )
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Equation (7.7) can be rearranged algebraically to

5 \32
aazm— M( (g:)] (7.8)

Solving equation (7.7) for a constant moment, M, will produce a function, v(x),
that is the beam deflection of each point on the beam as a function of the distance
from the wall. Determining the solution for equation (7.7) subject to a constant
moment, M, can be accomplished in five steps:

1. Change the independent variable (temporarily) from x to #:

2 32
M
Lo )“E[ (2] J (1.9

This can be rewritten as
v’ = ~(MIEI) [1 + (v")?]?? (7.10)

2. Change the second-order differential equation (7.10) into a set of first-
order differential equations:

setx, =v (7.11)
then x,” =V’ (7.12)
setx, =x," =V (7.13)
then
X' =x"=v"=-(MIED) [1 + (V')?]*? (7.14)
or
V' = —(MIED) [1 + (0,2 (7.15)

3. Model the set of first-order differential equations using Matlab’s Simulink
tool, as shown in figure 7.20.

4. Integrate the Simulink model. Simulink defaults to a fourth-order
Runge—Kautta integration method, which was used for this effort. The time
step used during integration was constrained to be constant, since this
would correspond (after the transformation described in step 5) to a fixed-
length fraction of the beam.

5. Change the independent variable back to x from #:

v(x) = V() (7.16)
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FIGURE 7.21 Hypothetical deflection plot.

A hypothetical deflection case, subject to the following boundary conditions,
was run through the five-step modeling process and resulted in the beam deflection
shown in figure 7.21:

M=05v(t,) =0 (7.17a)
E=1V()=0 (7.17b)
I=1v"(t) =0 (7.17¢)
L=1dx=001 (7.17d)

One of the implications of solving equation (7.7) is the “stretching” of the beam.
As depicted in figure 7.22, the beam tip will deflect a distance, v, and the resulting
curved beam will be longer by a small distance than it originally was (though no
extension force has been placed on the beam).
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FIGURE 7.23 Segmented beam.

To rectify this discrepancy, the straight-line displacement of each portion of the beam
is summed together until the length of the curved beam equals that of the original beam,
as shown in figure 7.23. Once that length is reached, the rest of the beam is not included
in the deflection plot. As a result of this beam ‘“reshortening,” the deflection of the
hypothetical beam shown in figure 7.23 will eventually look as shown in figure 7.24.

For the static case, there is a distinct final deflection solution for each moment
value. The plot in figure 7.25 shows the distinct solutions for various moment values.

7.4.3 DyNamic CASE

The previous section describes the initial and final positions of the beam, but does
not describe the dynamics it undergoes to reach the final position. This section will
describe the effort to build the dynamic model.

For a step input of 2 V on a 1- X 0.25 in.-strip (0.2-mm thick), the moment will
be constant; such a constant moment will produce a distinct final deflection. The
step response of the tip to such a deflection command is shown in Shahinpoor (2003).
From that step response, it would appear that the beam could be modeled as a simple
second-order transfer function.

The step response of a second-order transfer function of the following form will
approximate the step response if @ = 0.364 Hz and { = 0.3:

G(s) = w¥s* + 2Cms + (7.18)

The step response of this model is shown in figure 7.26.
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FIGURE 7.25 Deflections due to various moments.

The approximate transfer function’s step response does correspond to that pre-
sented in Shahinpoor and Alvarez (2002). The only significant discrepancy is in the
maximum value during the initial portion of the step response. Shahinpoor and
Alvarez (2002) report the maximum value at 0.170; the approximate solution reports
the maximum value at 0.146.

The frequency domain parameters that characterize the model’s open-loop trans-
fer function should be assumed to apply to only the 1- X 0.25-in. beam. The natural
frequency and damping coefficient of beams with other lengths, widths, and thickness
will undoubtedly be very different. The function that relates those frequency domain
parameters to beam dimensions was not researched during this modeling effort; an
effort to determine this function must be undertaken before model development can
be considered complete.
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FIGURE 7.27 Beam modeling process.

Once the shape of the open-loop transfer function of the tip was determined, a
rather significant assumption was made. For the purposes of model development, it
was assumed that each point on the beam responded like the tip; that is, the beam
was actually a set of second-order transfer functions responding independently to
their own final deflection commands. Given that assumption, the process to simulate
the deflection of the entire beam dynamically is detailed graphically in figure 7.27.

In this graphic, the modeling input is the moment value (assumed constant for
this portion of the effort). The moment is used in the solution of the nonlinear large-
angle deflection equation; the final deflection position is the solution to that equation
and is in the form of a single vector (with individual elements for each portion of
the curved beam). Each of the final deflection vector elements is used as a step
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command input into its own second-order open-loop transfer function. The outputs
of the independent transfer functions are the individual deflection time responses
(one for each portion of the curved beam). Those outputs are collected into a
deflection time response matrix; each column of that matrix represents the beam
deflection at a certain simulation time.

Figure 7.28 depicts the beam deflection as a function of time for the hypothetical
case initially described in support of figure 7.21. The darker line in the figure
represents the final deflection vector command (solution to the nonlinear large-angle
deflection equation).

7.4.4 VARIABLE MOMENTS

The previous sections have all constrained the input moment to a constant value.
The model developed, however, will work equally well under variable moment
conditions. To model the beam deflection properly under variable moment condi-
tions, the moment at each time step is used to create a final deflection command
vector at each time step. That variable command vector replaces the constant step
command used as an input to the open-loop transfer functions.

In order to develop the variable moment deflection plot shown in figure 7.29, a
square wave—switching from +0.5 to —0.5 and back every second for 10 sec—was
used as the moment input. The resultant motion is the expected “flapping” motion
seen during hardware tests.

The beam model presented in the last sections is only an initial model. In order
to upgrade the fidelity of this model, additional work in three areas must be performed
as outlined next.

7.4.4.1 Moment Modification

The simplifying assumption inherent to the implementation of the large-angle deflec-
tion equation (7.5) is that the moment, which produces the deflection, is simply the
moment at the wall. Though this assumption is reasonable for a first-order model,
it is easy to appreciate the errors induced by making such an assumption. Shahinpoor
(2000, 2002e, 2002f) has shown that the electric field produces a unique moment
upon each segment of the beam.

The moment produced by an electric field can be approximated using a parabola
with a maximum value near the wall and a minimum value (zero) at the beam tip.
Figure 7.30 presents a hypothetical moment.

The current model implementation reduces the complex moment model to a
single composite moment at a given distance from the wall. The equivalence of those
representations is presented in figure 7.31. The moments at the wall for both cases
in figure 7.31 are equal, so the deflection of both beams would be identical. Yet,
even a cursory analysis of the steady-state deflection of each of those cases would
show that the beams would indeed deflect very differently.

The future work that must be undertaken in this area involves dividing the beam
into numerous small segments, calculating the deflection of each segment due to the
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FIGURE 7.28 Time history of beam deflection.
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FIGURE 7.29 “Flapping” beam.

moment applied there, and integrating the individual segment dynamics to produce
a composite beam deflection picture.

7.4.4.2 Extension

The dynamics portion of the first-order model is currently tied to the step response
of the 1- X 0.25-in. beam. To make the model usable for a larger swath of the beam
population requires that three specific tasks be performed:
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FIGURE 7.30 Moment induced by electric field.
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FIGURE 7.31 Hypothetical moment simplification.

1. Data describing the step responses of a representative number of different
length and width beams must be collected and archived.

2. The frequency and damping coefficient parameters that would produce
similar step responses for each of the beams must be selected.

3. The simple functions that relate the model’s parameters of all the various
beams (dependent only upon the dimension of each beam) must be
derived.

7.4.4.3 Validation

Finally, and most importantly, the performance of the upgraded first-order model
must be validated against actual beam performance. Dynamic responses of a number
of beams must be run; conditions must be input into the model to drive equivalent
simulation runs. The data collected and archived during the muscle and simulation
tests must then be compared toward a goal of modifying model parameters or
algorithms until the simulation runs match the beam responses throughout the pop-
ulation of potential beam dimensions and forcing functions.

7.4.5 SUMMARY

An effort to model the dynamic motion of an IPMNC elastic beam was undertaken.
Development of the static portion of the model was begun by assuming the beam
behaves in accordance with the nonlinear equation used to describe large-angle
deflection of elastic cantilever beams.

A Simulink simulation was developed to estimate the final deflection of a beam
due to a constant moment. The dynamic portion of the model was developed by
assuming that each segment of the beam could be represented as a simple second-order
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system. Future efforts to model beam motion more accurately by modifying the
method used to model the forcing moment, by expanding the model to predict the
performance of beams of all dimensions, and by validating model performance
against actual beam motion were recommended

7.4.6 FeepBack CoNTROL IN BENDING Response oF IPMNC
ACTUATORS

One of the disadvantages of ionic polymer materials is that their rather slow time
constant limits the actuation bandwidth. A feedback controller has been developed
by Mallavarapu and colleagues (Mallavarapu and Leo, 2001) in order to reduce the
open-loop response time of cantilevered actuators from 4 to 10 sec to closed-loop
response time from 0.1 to 1.5 sec using linear quadratic regulator (LQR) control.

Figure 7.32 shows an open-loop response for a 40- X 10- X 0.2-mm IPMNC
actuator for an unsupported length of 30 mm. The inset in figure 7.29 shows the
resonant modes on closer observation of the open-loop step response. Figure 7.33
shows the control of a 10- X 20- X 0.2-mm IPMNC actuator polymer.

This section demonstrates the use of feedback control to overcome these reso-
nance modes. An empirical control model was developed after measuring the open
loop step response of a 40- X 10- X 0.2-mm IPMNC actuator in a cantilever config-
uration. A compensator was designed using a linear observer—estimator in state space.
The design objectives were to constrain the control voltage to less than 2 V and
minimize the settling time by using feedback control. The controller was designed
using LQR techniques, which reduced the number of design parameters to one
variable. This LQR parameter was varied and simulations were performed, which
reduced the settling time for the closed loop. The controller was later used in
experimentation to check simulations. Results obtained were consistent to a high
degree. The electromechanical impedance of five sample actuators was measured.

Tip displacement for 10 mm x 40 mm x 0.2 mm
IPMC actuator

3500

3000

2500

2000
1500
1000

Displacement (um)

500

-500 . . .
0 10 20 30 40
Time (sec)

FIGURE 7.32 Tip displacement of IPMNC actuator for 1 V.
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FIGURE 7.33 Experimental closed-loop tip response for 10- X 20-mm IPMNC actuator for
a step voltage of 1 V.
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FIGURE 7.34 (a) Fixture for impedance test; (b) Impedance analyzer.

The purpose of the test was to determine the voltage-to-current relationship in
the actuator over the frequency range from 5 to 1000 Hz. Multiple actuators were
tested to determine the uniformity of the impedance properties over the surface of
the sheet sent to us.

7.4.7 RESULTS

Figures 7.34(a) and 7.34(b) are pictures of the test setup used by Mallavarapu and
colleagues (Mallavarapu and Leo, 2001). The setup consisted of a small fixture to
hold the IPMNC samples. The fixture was electroded and connected to a BNC jack
to facilitate actuator testing. An HP 4192A LF (for low frequency) impedance
analyzer was used to collect the impedance data.

Five samples from the Artificial Muscle Research Institute were cut from the
material sent to Mallavarapu and coworkers at Virginia Tech. The samples were
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labeled Al through AS and placed in water-filled baggies to keep them hydrated.
Each sample was tested in the impedance analyzer by manually sweeping through
a range of frequencies and measuring the magnitude and phase of the impedance at
each frequency.

The impedance of the samples was on the order of 2-5 Q. The impedance of
the test fixture was on the order of 1 Q; therefore, the measured data were corrected
to account for the impedance of the fixture. Assuming that the sample was in series
with the fixture, the data were corrected by first transforming the measured data into
real and imaginary components through the expressions:

Z

meas

Re (me ) =

cos (Ame )
(7.19)

1M (Zeas ) = | Zoneas S0 (£Z 0 )

The data were corrected by subtracting the impedance of the fixture from the
measured impedance of the actuator, and transforming back into magnitude and
phase.

Re(Z,,,, ) =Re(Zy )~ Re(Z )
(7.20)

m(Z,,,, )= Im (2, ) = Im (Z e
Figures 7.35 and 7.36 are the magnitude and phase plots for the corrected data.
The impedance magnitude varies between 1.1 and 2.4 Q over the frequency range

of 5 Hz to 1 kHz. The reactive component of the impedance is approximately equal
to the active component below approximately 10 Hz.
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FIGURE 7.35 Measured impedance at an input voltage of 0.5 V.
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FIGURE 7.36 Phase of the electromechanical impedance at 0.5 V.

7.4.8 CONCLUSIONS

1.

2.

The electromechanical impedance of the ionic polymer material was con-
sistent over the five samples tested.

The impedance of the samples had a significant reactive component in
the range of 5-10 Hz, but become primarily real (resistive) above approx-
imately 100 Hz. The resistance of the samples was on the order of 1.2 Q
in the range of 100-1000 Hz.

The samples were highly capacitive at low frequencies. This attribute
could complicate the development of the actuator power electronics.



8 Conductive or
Conjugated Polymers
as Artificial Muscles

8.1 INTRODUCTION

This chapter offers a brief presentation on the impact of conductive or conjugated
polymers to the general field of artificial and synthetic muscles. Certainly, the
pioneering work and discoveries of the three Noble laureates in chemistry in 2000—
Alan J. Heeger, (Noble Prize Lecture, 2001), Alan MacDiarmid (Noble Prize Lec-
ture, 2001), and Hideki Shirakawa (Noble Prize Lecture, 2001)—in the field of
conductive polymers and synthetic metals paved the way to current knowledge and
discoveries on conductive polymers, as can also evidenced in the early papers of
Shirakawa et al. (1977), Chiang et al. (1977, 1978); and McGehee and coworkers
in Twenty Years of Synthetic Metals in 1999.

Following Shahinpoor (who, as early as 1991, presented biomimetic robotic fish
equipped with ionic polymers as undulating fin and artificial muscles), Otero and
colleagues (1992a, 1992b) were the first to discuss the properties of polypyrrole as
a conductive polymer actuator that mimicked natural muscles and was named an
artificial muscle. They also discussed the electrochemomechanical phenomena
involved in such electrochemical reactions. Conjugated polymers, also known as
conducting polymers, are distinguished by alternating single and double bonds
between carbon atoms on the polymer backbone. The conjugated polymer with the
simplest chemical structure is polyacetylene, shown in figure 8.1. Figure 8.2 depicts
the molecular structure of a more popular conductive polymer polypyrrole.

ANAAN

FIGURE 8.1 Simple structures of polyacetylene alternating single and double bonds between
carbon atoms.
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FIGURE 8.2 Molecular structure of a simple polypyrrole conductive polymer.
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Note that conjugated polymers are organic semiconductors and have a band gap.
They can emit light, the color of which can be tailored through the chemical structure.
They can generate a current upon absorbing light and thus can be used in photovoltaic
devices as well. The conductivity of conductive or conjugated polymers depends on
the doping level. They are usually p-doped. The dopant concentration is about
25-30% for polypyrrole. The doping level depends on the oxidation state of the
polymer, which can be electrochemically controlled. For actuator application, one
has to change the oxidation level by the application of a potential. Thus, many of
the properties of the material change, including its volume, color, mechanical prop-
erties, and hydrophobicity.

Note that conjugated conductive polymers (CCPs) have the potential to act
biomimetic and like artificial muscles due to the requisite requirements pertaining
to collapse of the internal network structures due to electronic jump between mac-
romolecular chains. Therefore, conducting conjugated polymers that are formed by
principal families of polymers, such as polyacetylenes, polypyrroles (Ppy), poly-
thiophenes, and polyanilines (PANi), has been the focus of some recent research
and development on artificial muscles. Essentially, the electronic conductivity in the
conjugated polymers is due to the ability of electrons jumping between polymeric
molecular chains. The presence of dopant agents, which modify the local density of
electrons on the electronic valence bands, causes such electronic jumps. The dopants
known as type “p” remove electrons from a valence band, leaving the molecule
positively charged or oxidized. The “n” dopants add electrons to the electronic
valence band, so the net charge of the molecule will be negative or the polymer will
be in a reduced state.

Thus, similar to ionic polymer conductor nanocomposites, such deformations in
conductive polymers are governed by oxidation-reduction (REDOX) processes.
Thus, the conjugated polymer can be oxidized (p-doped) or reduced (n-doped) by
introducing positive or negative ions, or photons. These changes are all electrochem-
ically controlled so that the neutral state, the reduced state, the oxidized state, or
any other intermediate state of the polymer can be reached to apply the appropriate
electric potential.

8.2 DEFORMATION OF CONDUCTING
OR CONJUGATED POLYMERS

There has been a tremendous number of pioneering works on this subject by Baugh-
man and coworkers from 1990 through 1996 and Otero and coworkers from 1990
through 1997 on conducting polymers as artificial muscles; by Smela, Pei, Inganis,
and Lundstrém on microactuators in the form of bending bilayer strips built from
polyaniline for artificial electrochemical muscles; and De Rossi, Della-Santa and
Mazzoldi and coworkers from 1990 through 1998 on characterization and modeling
of conducting polymers for muscle-like linear actuator applications.

It should be noted that the deformational change in the CCP was first reported
by Burgmayer and Murray in 1982. Using PPy membranes, they showed that the
membrane permeability of certain ions could be changed by two orders of magnitude
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Oxidation Reduction

(C10,)

Solid

FIGURE 8.3 Sketch representing a REDOX reaction of PPy due to the presence of ionic
CIO," anions.

under polarization at different potentials. The volume changes in the CCP are due
to ionic movement produced during an electrochemical reaction. For example, if a
p-doped polymer such as PPy is oxidized, there are two possibilities to maintain the
electroneutrality. If the polymer is doped with a mobile and small anion in an
electrolytic solution with both mobile cations and anions, the insertion and de-
insertion of the anions during the REDOX reaction will maintain the electroneutrality
(equations 8.1 and 8.2 and fig. 8.3) (see Otero, 1998; Burgmayer et al., 1982;
Matencio et al., 1995; and Baughman et al., 1991):

PPy" (CLO, )+ ¢ 72222 PPy’ + CLOjay) (8.1)

oxidation

If the polymer is doped with a nonmobile and big anion as dodecyl benzene
sulfonate anion (DBS-) into an electrolyte containing mobile and small cations X*,
cations will be inserted and de-inserted during the REDOX reaction to maintain the
electro neutrality:

PPy*(DBS™ )+ X!, === pPy"(DBS X") (8.2)

oxidation

Note that chemical equation (8.1) shows that in the first case the CCP is expanded
during the oxidation phase due to the insertion of ClO,~ anions. In the second case
(chemical reaction 8.2), the polymer is expanded during the reduction by the insertion
of X* cations.

These investigations showed that the ionic flow in the CCP depends on cation
and anion size, thickness of the CP film, applied voltage, and the time scale.

Upon application of a voltage or imposition of an electric field, a volume change
is induced because the oxidation state of CCP is modified. During the volume
increase of CCP, the inserted ions and their hydrated shells occupy any available
free space. When the inserted anions or cations get out of the polymer, the network
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shrinks and, when they get in, it expands. According to the properties of volume
change observed in the CCP, Baughman et al. (1991) reported on the possibility of
using this volume change due to charge insertion for mechanical actuation.

The behavior of polypyrrole is dramatically altered with chemical doping. The
p-doped polypyrrole conductive conjugated polymers have a number of applications
in electrochromic devices, rechargeable batteries, capacitors, ionic membranes,
charge dissipation, and electromagnetic shielding. Generally, polypyrrole (PPy) is
partially oxidized to produce p-doped materials as shown next.

Otero et al. (1992b) and Otero (1998) reported how a bilayer of PPy(ClO,") with
another neutral flexible polymer substrate could bend in a cantilever fashion in
LiClO, electrolyte solution. Otero and colleagues further studied the behavior of this
bilayer in solutions of acetonitrile/LiCl0,, propylene carbonate/LiClO,, and
water/LiClO,. As one of the pioneers in this field, Otero and coworkers (1992a,
1992b, 1993, 1994, 1995, 1996a, 1996b, 1997, 1998) have developed a model
explaining the volume change in the PC, taking into account the electrostatic repul-
sions between charged polymeric chains (Otero et al., 1992a, 1992b, 1993, 1994).
According to this model, when a CCP like polypyrrole (PPy) is subjected to an
oxidation reaction, positive charges are generated along the polymeric chains. These
positive charges produce electrostatic repulsions between them. Due to these repul-
sions, some conformational changes are generated in the polymeric structure.

Tourillon and Garnier (1984) also demonstrated that these polymer network
reconfigurations are accompanied by the expulsion of the anions into the electrolytic
medium by XPS measurements. Pei and Inganés (1993) have studied the behavior
of PPy(DBS-) films. In this case, they observed an increase of mass when hydrated
cations were inserted into the CCP network and a decrease in mass when they were
taken out. Thus, the CCP became swollen during the reduction and shrunk during
the oxidation. Smela and Gadegaard (2001) have studied the in-sifu volume change
in these PPy films by atomic force microscopy (AFM). They found that the film
thickness increased between 30 and 40% in the reduced state compared to the
oxidized state (Smela and Gadegaard, 2001).

Polyaniline (PANi) is another commonly used CCP for robotic actuator appli-
cations. Okabayashi et al. (1987) determined that a volume variation in PANi accord-
ing to its oxidation state can occur. They observed the weight change of PANi in
propylene carbonate/LiClO, during a REDOX reaction by an electrogravimetric
method. The weight of the polymer increased during the oxidized doped (with CIO,~
anions solvated) up to eight times. The emeraldine form of PANi also can be
electrochemically oxidized or reduced in aqueous or acidic environment, resulting
in pernigraniline (PS) and leuco-emeraldine (LS) salts, respectively, as is shown in
figure 8.4. The REDOX reaction occurs with motion of protons and electrons in
strong acid (pH < 3).

The addition of protons and electrons in nitrogen is observed during the reduc-
tion; this leads to the phenyl ring changing to quinonoid structures and vice versa
during oxidation and reduction, respectively (fig. 8.5). In this case, the structural
changes (phenyl to quinonoid to phenyl) lead to deformation and strain in PANi.
Kaneto et al. (1995) have shown that PANi is more compact in the reduced state
than in the oxidized state.
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FIGURE 8.4 REDOX cycle of PANi in HCI aqueous solution. The emeraldine salt is oxidized
into pernigraniline (PS) salt or reduced into leuco-emeraldine (LS) salt. (Tourillon, G. and F.
Garnier. 1984. J. Electroanal. Chem. 161:51.)

Polythiophene (PT) and its derivatives are not as well studied as PPy and PANi,
but they are also a subject of research as actuators at the present time. Most actuators
based on PTs have been fabricated from monomers synthesized for particular actu-
ation purposes. Tourillon and Garnier (1984) studied the behavior of substituted PTs
in acetonitrile. The swelling of the polymer was observed when this was oxidized.
They have demonstrated, for example, that the thickness varies from 160 nm in the
undoped state to 200 nm in the oxidized doped state. The doping level was deter-
mined by elemental microanalysis to about 25% (one positive charge developed in
every four monomeric units).

The dopants do not modify the electrochemical properties of the PTs, contrary
to the case of polypyrrole. This difference has been attributed to different types of
morphology; polythiophene derivatives show a fibrillar structure, whereas polypyr-
role is much more compact. Besides, the doping process becomes more difficult by
the steric hindrance increase leading to a decreasing of conductivity. Unlike PPy
and PANi actuators, in PT actuators the actuation mechanism is not simply due to
ion intercalation in the polymer chains. In this class of materials, the actuation results
from stacking of thiophene oligomers upon oxidation, producing a reversible molec-
ular displacement, which promotes large strains. One possible molecular rearrange-
ment is the formation of dimers by the tendency of orbitals to align due to Pauli’s
exclusion principle during oxidation of the material.

Figure 8.5 shows the actuation mechanism of a material composed by hinge
molecules (as a calyxarene) interconnected with seven rigid chains of thiophene.
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FIGURE 8.5 Picture showing the actuation mechanism of a molecular actuator based on PT
chains interconnected with a highly versatile molecule as a calixarene. (Anquetil, P. A. et al.
2002. In Proceedings of SPIE smart structures and materials symposium, 4695.)

The thiophene chains attract to each other in the oxidized state, contracting the
material. This strain is reversible during the reduction of the polymer (Anquetil et
al., 2002). Thus, these novel polymers hold the promise of improving the speed
limits of the PPy and PANi actuators caused by ionic diffusion rate.



9 Engineering, Industrial,
and Medical Applications
of lonic Polymer—-Metal
Nanocomposites

9.1 INTRODUCTION

There are numerous potential applications using ionic polymer—metal nanocompos-
ites (IPMNCs) as actuators, artificial muscles, and transducers. In this chapter, some
critical applications using IPMNCs are presented. Industrial, biomedical, and aero-
space applications are identified and discussed along with brief illustrations in the
following sections.

It is certainly clear that the extent of applications of ionic polymeric conductor
nanocomposites (IPCNCs) and IPMNCs go beyond the scope of or space allocated
to this chapter. However, it will present the breadth and the depth of all such
applications of IPCNCs and IPMNCs as biomimetic, robotic, distributed nanosen-
sors, nanoactuators, nanotransducers, and artificial/synthetic muscles.

9.2 ENGINEERING AND INDUSTRIAL APPLICATIONS
9.2.1 MEecHANICAL GRIPPERS

IPMNC:s can be fabricated to act as a micro- or macrogrippers (e.g., tweezers when
two membranes are wired and sandwiched in a way such that they bend in opposing
directions). Figure 9.1 is a perspective view of the mechanical gripper concept
showing two treated IPMNC actuators packaged as an electrically controlled gripper.
The two IPMNC actuators are placed parallel to each other with top surfaces facing
each other. The terminals are attached to the top surface and the bottom surface of
each actuator. Terminals are connected to each other and to one pole of the power
supply by electrical wire. The length of wire depends on the required gap between
the two IPMNC actuators depending on application. The most important advantage
of such IPMNC grippers originates from their intrinsic material softness relative to
conventional actuators.

As also seen in figure 9.1, the fingers are shown as vertical gray bars; the
electrical wiring, where the films are connected back to back, can be seen in the
middle portion of the figure. Upon electrical activation, this wiring configuration
allows the fingers to bend inward or outward, similarly to the operation of a hand,
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S [ pMNC ?

FIGURE 9.1 The IPMNC gripper concept (top) and a four-finger gripper (bottom).

and thus close or open the gripper fingers as desired. The hooks at the end of the
fingers represent the concept of nails and secure the gripped object that is encircled
by the fingers.

To date, multifinger grippers that consist of two, four, and eight fingers have
been produced, where the four-finger gripper shown in figure 9.1 was able to lift
10.3-g mass. This gripper prototype was mounted on a 5S-mm diameter graph-
ite/epoxy composite rod to emulate a lightweight robotic arm. This gripper was
driven by a 5-V square wave signal at a frequency of 0.1 Hz to allow sufficient time
to perform a desirable demonstration of the capability of the gripper (opening the
gripper fingers, bringing the gripper near the collected object, closing the fingers,
and lifting an object with the arm). The demonstration of this gripper capability to
lift a rock was intended to pave the way for a future potential application of the
gripper to planetary sample collection tasks using ultradexterous and versatile end-
effectors or to handle soft biological objectives. Interestingly, the work at NASA/JPL
(Shahinpoor et al., 1998) reported that the actuation properties of IPMNCs’ muscles
in a harsh space environment, such as 1 torr of pressure and —140°C temperature,
are noticeable for space applications.

9.2.2 THREE-DIMENSIONAL ACTUATOR

Figure 9.2 shows an illustrative view of a three-dimensional IPMNC actuator C
packaged in three-dimensional form for use with a three-phase generator box M.
IPMNC actuator C is a hollow triangular tube configuration consisting of three
independent membrane actuators, A, attached and electrically insulated along the
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FIGURE 9.2 The three-dimensional IPMNC actuator concept.

long edges and having three external faces, B. The tube is fixed to the generator box
M. One pair of terminals, D, is located on each of the three actuators C for connection
to electrodes E incorporated in generator box M.

The IPMNC actuator C is designed to produce a three-dimensional movement
by positioning each of the actuators to be stimulated at a phase angle apart from the
adjacent actuator by a low-amplitude alternating signal, therefore inducing wobble-
like motion around the long imaginary axis of the combined actuator tube in null
position. Each IPMNC actuator has its own terminal connections to each phase of a
typical three-phase power generator (M) or a multiphase power supply (programmable
function generators/power supplies exist that have phase-separated outputs). Figure
9.2 details this arrangement. Each of these IPMNC actuators has its external and
internal faces similar to the top and bottom faces of the gripper shown in figure 9.1.

Other configurations of three-dimensional motion actuators, such as the four-
sided square rod shown in figure 9.3 and undulating and morphing actuators shown
in figure 9.4, are also possible. Motion produced by any such device would be used
to power soft mixers, production line feeders, and other task-specific equipment for
many industrial usages. Also, in sensing modes, they can be used as joysticks or
X-Y locators.

9.2.3 ROBOTIC SWIMMING STRUCTURE

Figure 9.5 shows one embodiment of a robotic swimming structure made by cutting
and packaging strips of IPMNCs A to desired size and shape and consequently
placing an alternating low voltage (a few volts’ peak per strip) across the muscle
assembly E. In this figure, muscle assembly E is formed of IPMNC strips B encap-
sulated into an elastic membrane C with electrodes D imprinted on each strip there
and with a first end and a second end. Second end F is attached to an appropriate
electronics and wiring structure G for providing guidance and control to actuate the
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FIGURE 9.4 The undulating and morphing actuator made with an IPMNC.

muscle assembly E. Structure G as shown comprises a sealed housing module H
containing a means for generating a signal and a means for generating power J.

The tail assembly consists of electrically actuated artificial muscles such as
IPMNCs cut in tiny fibers or strips. The tail is then encapsulated in an elastic
membrane. The ends of fibers closer to the head assembly H are wired to a miniature
printed circuit board (PCB) or similar assembly to a signal generator assembly
consisting of an oscillator circuit and batteries or other power source. The head
assembly is preferably sealed to protect the circuitry and electronics from the ele-
ments. By varying the frequency of the applied voltage to the membrane muscle,
the speed of muscle-bending oscillation of muscle assembly E and, therefore, pro-
pulsion of the swimming structure can be modulated.

In this manner, robotic swimming fishes and submarine structures containing a
sealed signal and power-generating module (preferably in the head assembly) can
be made to swim at various depths by varying the buoyancy of the structure by
conventional means. Remote commands via radio signals can then be sent to mod-
ulate propulsion speed and buoyancy. Based on such dynamic deformation design
and observed characteristics, a noiseless swimming robotic structure, as shown in
figure 9.5, was constructed and also tested for collective vibrational dynamics.
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FIGURE 9.5 Robotic swimming structure (top) and swimmer with muscle undulation fre-
quency of 3 Hz (bottom). The scale shown is in centimeters.

9.2.4 BiomIMETIC NoOISELESs SWIMMING RosorTic FisH

Figure 9.6 presents another arrangement of the IPMNC actuator showing an elastic
construction with imprinted electrodes for use as a robotic swimming structure—
more specifically, a robotic fish. The figure shows a robotic swimming structure
made by cutting and packaging strips of IPMNCs A in two rows of desired size
and shape and imprinted with electrodes B spaced throughout and in a single
structure. In this figure, muscle assembly structure F is formed of polymer gel strips
A and is encapsulated into an elastic membrane C with multiple electrodes B
imprinted there, with a first end D (tail) and a second end E (head). Head assembly
E contains appropriate electronics and wiring structure H for providing power,
guidance, and controls to the muscle assembly F. Structure H is contained in a
sealed housing module / containing a means for generating a signal M and a means
for generating power.

The power source J at end E places an alternating low voltage (a few volts’ peak
per strip) across the muscle assembly F as shown. Power source J includes an
erasable, programmable chip K and batteries. Note the two rows of small actuators
in parallel. Each has two terminals connected individually to the multiphase signal
generator M located in the head assembly E. Batteries (or other power sources) are
also housed in this section for required voltage input. By energizing one pair (across)
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FIGURE 9.7 A robotic fish equipped with a single IPMNC tail fin.

of actuators at a time and then the consequent pairs downstream, one can produce
a propagating or traveling wave downstream on each side of the fish. This will
produce a sting-ray type of motion, which propels the swimming structure forward.
The middle terminals or spines act as conductors that connect the signal generator
outputs in the head assembly to each actuator in the tail or wing assembly.

By varying the frequency of the applied voltage, the speed of muscle-bending
oscillation of the membranes A and, therefore, propulsion of the swimming structure
F can be modulated. In this manner, robotic swimming fishes and submarine struc-
tures containing a sealed signal and power-generating module in the head assembly
can be made to swim at various depths by varying the buoyancy of the structure by
conventional means. Remote commands via radio signals can then be sent to mod-
ulate propulsion speed and buoyancy.

In figure 9.7, another robotic fish design is presented. This robotic fish, equipped
with a tail fin made from a single piece of IPMNC material, has demonstrated that
such a structure is feasible for mimicking biological fish locomotion. Furthermore,
the noiseless propulsion is attractive in nature. A maximum speed of approximately
2 m/min was achieved under an applied voltage of 2 V.
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FIGURE 9.8 A designed and fabricated undulating shark caudal fin actuator.

o ot s s

FIGURE 9.9 ERI’s biomimetic fish with an emarginated type of caudal fin design.

Actual electrically controllable caudal actuator fins (propulsion, and gross turn-
ing and maneuvering) and pectoral actuator fins (fine turning and maneuvering) and
remotely controllable stealthy, noiseless, biomimetic swimming robotic fish made
with IPMNCs were designed, manufactured, and tested. Some of these are shown
next. It is also important to consider the optimal design of fish fin actuators such as
the ones shown in figures 9.8 and 9.9. The strategy here is to design different kinds
of fins for noiseless fish propulsion. Note that there are five different kinds of fins:

caudal or tail fin, which is primarily used for propulsion

dorsal or back fin used for sudden turns and stability

pectoral fins (paired) on the sides of a fish, primarily used for turning and stability

pelvic fins (paired) on the sides, primarily used for braking or slowing down
the propulsion

anal fin under the fish, near the belly and the tail, to add stability
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Figure 9.10 depicts some natural designs for caudal fins. However, the design of
caudal fins may take many shapes, as depicted in figure 9.11.

Figures 9.12, 9.13, and 9.14 depict a number of designed biomimetic robotic
fish that are remotely controllable as well as some unique caudal fin designs. The
fish is designed such that its caudal fin can be replaced and different designs of
caudal fins can be tested.

Thunnus thynnus
Aspect ratio: 9.8

Epinephelus aeneus
Aspect ratio: 1.3

& S e 1
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/"EQ— @35

FIGURE 9.10 Some typical naturally evolved designs for caudal fins.
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FIGURE 9.11 Some natural designs for caudal fins.

FIGURE 9.12 Another ERI’s biomimetic fish with an emarginated type of caudal fin design.
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FIGURE 9.14 An assortment of ERI’s biomimetic robotic fish equipped with IPMNCs.

The main applications of such efforts are noiseless propulsion, undulating fins,
and smart sonar evading skins made with IPMNCs to be used in a noiseless biomi-
metic swimming robotic fish for naval applications. The requirements include:

The IPMNC fins must be able to survive in water and must sustain the harsh
ocean environment while performing sensing and actuation for propulsion.

The IPMNC fins must have good force density for propulsion. That is, for a
typical caudal fin of 20-cm? surface area, an undulating force of 1 N or
about 100 gf (gram forces) will be required.

The IPMNC undulating fin must have a good bandwidth to undulating fre-
quencies of at least 10 Hz.
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FIGURE 9.15 The newest generation of completely watertight and impermeable underwater
biomimetic robotic fish equipped with IPMNCs.

There are basically no competing technologies with these specifications. Shape
memory alloy actuators may come close, but are still deficient in bandwidth for
undulations and frequency of actuation.

Figure 9.15 depicts the newest generation of completely water-tight and imper-
meable underwater biomimetic robotic fish equipped with IPMNCs.

9.2.5 LINEAR ACTUATORS

Linear actuators can be made to produce a variety of robotic manipulators, including
platform type or parallel platform IPMNC actuators, as shown in figure 9.16. Also,
multiple degrees of freedom of motion can be obtained by controlling each IPMNC
with a robotic controller. Since polyelectrolytes are for the most part three-dimensional
networks of macromolecules often cross-linked nonuniformly, the concentration of
certain ionic charge groups is also nonuniform within the polymer matrix. Based on
dynamic deformation characteristics, linear and platform type actuators can be
designed and made dynamically operational.

Other variations in design are also possible. The assortment of linear actuators
and the bistrip type linear actuator shown in figure 9.17 are simple versions of
such linear actuators. A film pair weighing 0.2 g was configured as a linear actuator
and, when 5 V and 20 mW were used, successfully induced more than 11%
contraction displacement. Also, the film pair displayed a significant expansion
capability, where a stack of two film pairs 0.2 cm thick expanded to about 2.5 cm
wide (see fig. 9.17).

Another possibility is to create long linear actuators by proper placement of
electrodes on a cylindrical body of an IPMNC such as the one shown in figure
9.18(a). Additional design configurations and linear actuators made with IPMNCs
are depicted in figures 9.18(b) through 9.18(i).
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FIGURE 9.16 A photograph of a platform actuator driven by eight IPMNCs (top). This design
can feature two-dimensional motion of the platform. The operating principle is illustrated (bottom).

FIGURE 9.17 Assortment of bilinear and linear IPMNC actuators: a reference pair (top) and
an activated pair (bottom).

9.2.6 IPMNC CONTRACTILE SERPENTINE AND SLITHERING
CONFIGURATIONS

Some efforts were directed towards creating certain contractile serpentine and slith-
ering artificial muscle configurations for the strips of IPMNC by placing alternating
electrodes on the surfaces of IPMNC strips as shown in figures 9.19 and 9.20.
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FIGURE 9.18(a) Schematics of an IPMNC cylindrical linear actuator with discretely
arranged ring electrodes.

FIGURE 9.18(b) Basic design configurations to make IPMNC linear actuators.

Circuit open Circuit closed

+ +

FIGURE 9.18(c) Basic operational configurations of the IPMNC-based linear actuators.
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FIGURE 9.18(d) Basic electrode placement and configurations of the IPMNC-based linear
actuators.
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FIGURE 9.18(e) Alternative design configurations of the IPMNC-based linear actuators.

Circuit open Circuit closed

FIGURE 9.18(f) Operational configurations of the alternative design of IPMNC-based linear
actuators.



342 Artificial Muscles

FIGURE 9.18(g) Laboratory prototype configurations of the IPMNC-based linear actuators.

FIGURE 9.18(i) IPMNC-based linear actuator producing over 30% linear actuation.
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FIGURE 9.19 Interdigitated electrode arrangement on an IPMNC strip to create a serpentine-
like contractile and slithering artificial muscle.

FIGURE 9.20 Another interdigitated electrode arrangement on a slithering IPMNC strip to
create a serpentine-like contractile and slithering artificial muscle.

Some actual configurations of slithering IPMNC strips were constructed, as
shown in figures 9.21(a) and 9.21(b). However, the results are not yet very encour-
aging because the stiffness of the strips prevented them from easy slithering. Efforts
are underway to manufacture thinner IPMNC strips and to repeat such experiments
to observe more profound serpentine-like or snake-like slithering and maneuvering
motions of IPMNC strips.

9.2.7 METERING VALVES

Metering valves can be manufactured from IPMNCs. By applying a calibrated
amount of direct voltage/current to the IPMNC metering valve attached to any tubes
and, consequently, varying the degree of bending displacement of the IPMNC, the
control of aqueous fluid flow can be attained. Figure 9.22 depicts a set of data
obtained in using an IPMNC strip in a fluttering mode in a pipe flow.

9.2.8 DiapHRAGM Pumps UsING FLEXING IPMNC Strips
AND DIAPHRAGMS

Bellows pumps can be made by attaching two planar sections of slightly different sizes
of IPMINC sections and properly placing electrodes on the resulting cavity. This permits
modulation of the volume trapped between the IPMNC:s. The applied voltage amplitude
and frequency can be adjusted to control the flow and volume of fluid being pumped.
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FIGURE 9.21 Actual interdigitated electrode arrangement on a slithering IPMNC strip to
create a serpentine-like contractile and slithering artificial muscle.
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FIGURE 9.22 Metering valve data obtained by a strip of IPMNC undulating in a pipe flow.

IPMNC diaphragm pumps can also be made in various ways. Single or multiple
IPMNCs can function as the diaphragms that create positive volume displacement.
In figure 9.23, we present a miniaturized double diaphragm pump constructed of an
IPMNC. Such a pump produces no noise and has a controllable flow rate in the
range of a few microliters per minute.

9.2.8.1 Diaphragm Pump Designs

Each of these pump systems includes a pumping chamber with an anterior end
attached to an implantable influent conduit. In the case of an ocular pressure control
device, the influent conduit is inserted into the anterior chamber of the eye. A flexing
ionic polymer conductor nanocomposite (IPCNC) synthetic muscle, which is a type
of IPMNC synthetic muscle, functions as the primary actuator. The posterior end of
the pumping chamber is connected to an effluent or drainage conduit, which may
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drain bodily fluids or dispense drugs to an area of the body. Figures 9.24, 9.25, 9.26,
and 9.27 depict various configurations of such minidiaphragm pumps with rectan-
gular and circular chambers.

An alternative external power system includes a biocompatible induction coil with
gold wire armature that can be transcutanously activated, adjusted, computer interro-
gated, and controlled by a surgeon. The device of the invention is further equipped with
a pair of adjustable variable flow valves placed at the juncture of the inlet and effluent
conduits with the pumping chamber. The valves are used to regulate fluid flow through
the pumping chamber. A pressure-regulating system including a pressure sensor and
pump-controlling microprocessor may also be used with the inventive system.

FIGURE 9.23 A photograph of a fabricated double-diaphragm pump. The size of the [PMNC
is 1-mm width X 5-mm length X 0.2-mm thickness.

FIGURE 9.24 Perspective view of two (rectangular and circular chamber) double-diaphragm
minipumps equipped with IPMNC muscles and an inductive receiving coil.

FIGURE 9.25 Side view of the two double-diaphragm minipumps equipped with synthetic
muscles and an inductive receiving coil.
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FIGURE 9.26 Exploded view of the two double-diaphragm minipumps equipped with syn-
thetic muscles and an inductive receiving coil.

FIGURE 9.27 Cutaway view of the double-diaphragm minipumps equipped with synthetic
muscles and an inductive receiving coil.

FIGURE 9.28 A fabricated double-diaphragm minipump equipped with IPMNC diaphragms.

Based on the preceding designs, a number of minipumps with rectangular and
circular chamber configurations were built with flexing IPMNC diaphragms. The
IPMNC diaphragms were sandwiched between two 24-K gold-plated ring electrodes,
which were circular or rectangular. The ring electrodes were cut from circular copper
tubing or rectangular copper channel tubing and then gold plated with 24-K gold.

The chambers were also equipped with gold-plated armature windings to act as
receiving inductive coils to energize the minipump in case it was implanted in a
patient’s body or a remote location not easily accessible to a direct source of electricity.

Figure 9.28 depicts a double diaphragm minipump for which a series of exper-
iments for pumping characteristics were conducted.

Test results were obtained for this first generation of medipumps. The housing
of the pump was PMMA (polymethyl methacrylate, i.e., Plexiglas) and the synthetic
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muscle (diaphragm) was 30 pum thick fluorinated Teflon (polytetrafluoroethylene,
PTFE) coated with platinum. The ring electrodes were copper coated with 24-K
gold, the tubings were Teflon, and the inductive coil was enameled gold armature
wire with the stripped ends gold plated with 24-K gold. The pump had to be sterilized
before any medical implanting surgery. The results of the flow rate measurements
under a head pressure of 20, 40, and 60 mmHg with or without the inductive generator
powering the pumps are discussed next.

20 mmHg input pressure:

Average flow rate of water at room temperature (~70°F) without the induc-
tive generator was 0.6 uL/min.

Average flow rate of water at room temperature (~70°F) with the inductive
generator was 0.8 uL/min.

It is estimated that these flow rates in the eye and with aqueous humor re-
placing water will drop to almost 0 pL/min without inductive generator
activation and 0.1 uL/m with inductive generator activation.

40 mmHg input pressure:

Average flow rate of water at room temperature (~70°F) without the induc-
tive generator was 1.1 uL/min.

Average flow rate of water at room temperature (~70°F) with the inductive
generator was 1.36 LL/min.

It is estimated that these flow rates in the eye and with aqueous humor
replacing water will drop to almost 0.8 HL/min without the inductive
generator activation and 1.11 pL/min with the inductive generator
activation

60 mmHg input pressure:

Average flow rate of water at room temperature (~70°F) without the induc-
tive generator was 1.7 uL/min.

Average flow rate of water at room temperature (~70°F) with inductive
generator was 1.9 pL/min.

It is estimated that these flow rates in the eye and with aqueous humor re-
placing water will drop to almost 1.4 uL/min without the inductive gen-
erator activation and 1.7 pL/min with the inductive generator activation.

In conclusion, it should be emphasized that implantable, pressure-adjustable,
diaphragm pump systems can be fabricated with IPMNCs. Furthermore, these
minipumps are scalable and are characterized by a common type of actuating mech-
anism in the form of synthetic muscles made with ionic polymeric conductor com-
posites (IPCNCs). The pumps may be inductively and transcutaneously powered via
adjacent, mutually inductive electromagnetic coils. Alternatively, the pumps may be
effectively “self’-powered using a synthetic muscle attached to a local bending or
twisting force.
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A key feature of the pump is the self- or secondary power generation system in
the form of a much larger piece of IPCNC synthetic muscle, which, in the case of
glaucoma-prevention systems, may be placed on the globe surface (sclera) of the
eye and attached to and secured by the extraocular muscles of the eye. An alternative
external power system includes a biocompatible induction coil with gold wire arma-
ture that can be transcutaneously activated, adjusted, computer interrogated, and
controlled by a surgeon.

9.2.8.2 Exoskeletal Human Joint Power Augmentation (ESHPA)

IPMNC artificial muscles can be used in certain attire to augment human joint power.
Human skeletons have on the average 98 skeletal joints. Some of these joints, such
as the jaw’s temporomandibular joint, hand’s radio carpal (wrist) joint, fingers’
interphalangeal (IP) joints, or thumb’s carpometacarpal (CM) joint, are highly active.
Others, such as the foot’s subtalar joint or transverse tarsal joint, are less active. Yet
other joints are rather integrated joints, such as the spine cervical, thoracic, or lumbar
vertebrate joints. The human skeletal joints are exoskeletally powered by elaborate
systems of skeletal muscles—some 4,000 of them—mostly operating in an antago-
nist configuration in which families of pairs of contractile muscles perform articu-
lated joint motions (figs. 9.29 and 9.30).

The powering sequence of skeletal muscles starts with an initial electrical polar-
ization wave signal from the brain through the human spine and nervous system to
cause an ATP-ADP release of chemical energy to power the muscles. Therefore, in
order to fabricate the proposed family of ESHPA systems equipped with solid-state
polymeric sensors and actuators, the full integration of triggering signals, energy

FIGURE 9.29 Human skeletal arm joints.
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FIGURE 9.30 Human skeletal arm muscles.

sources, power converters, sensors, and actuators into a complete exoskeleton system
will not be discussed here because it is beyond the scope of the book.

Some preliminary results obtained in our research have clearly established that
such integrated anthropomorphic systems can be designed and made operational as
exoskeletal power augmentation systems on human skeletons.

Figure 9.31(a) depicts “Myster Bony” of our Artificial Muscle Research Institute
riding an exercycle while equipped with a system of polymeric contractile muscles.
Figure 9.31(b) depicts a schematic of an astronaut in his or her pressurized space
suit equipped with joint power augmentation artificial muscles. These systems are
intended to improve the quality of an individual and can be extended to power
augmentation of pressurized space suits for astronauts (fig. 9.31(b)), empowering
paraplegics, quadriplegics, and disabled and elderly people, as well as a variety of
other robotic and medical applications.

9.2.9 MICROELECTROMECHANICAL SYSTEMS

Microelectromechanical systems (MEMS), microrobots made with electroactive
polymers, and, in particular, IPMNCs represent an enabling technology for manu-
facturing sensor and actuator microarrays, disposable microbiosensors for real-time
medical applications, and a variety of microfabrication processes requiring the
manipulation of small objects. The IPMNC actuator microarrays will have immediate
applications in micromirror-based photonic optical fiber switches. IPMNC micro-
grippers are actuated with low voltages (less than 0.5 V), are fast (minimum of 50-
Hz bandwidth), and can be cut arbitrarily small (see fig. 9.32) from sheets of the
IPMNC material (a typical thickness of 30 um; see fig. 9.32).
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FIGURE 9.31 (a) “Myster Bony,” a plastic human skeleton equipped with electrically con-
tractile muscle fabrics, riding an exercycle. (b) Schematic of an astronaut in a pressurized
space suit equipped with joint power augmentation artificial muscles.

As MEMS technology develops, the most obvious problem is how to build small
devices. It is equally important to develop techniques to manipulate and assemble the
MEMS components into systems. Historically, grasping and manipulating objects of
any size has been a challenge. As components become smaller, the problem becomes
even more pronounced. For the most part, there are no suitable actuators for the range
of around 10-100 um. Electroceramic materials (piezoelectric and electrostrictive)
offer effective, compact actuation materials to replace electromagnetic motors. A wide
variety of electroactive ceramic (EAC) materials are incorporated into motors, trans-
lators and manipulators, and devices such as ultrasonic motors and inchworms.

In contrast to electroceramics, IPMNCs are emerging as new actuation materials
with displacement capabilities that cannot be matched by the striction-limited and
rigid ceramics. Table 9.1 shows a comparison between the capability of IPMNC
materials and electroceramics and shape memory alloys (SMAs). As shown in the
table, IPMNC materials are lighter and their potential striction capability can be as
high as two orders of magnitude more than that of EAC materials. Further, their
response time is significantly higher than that of SMAs. The current study is directed
towards taking advantage of these polymers’ resilience and the ability to engineer their
properties to meet robotic microarticulation and MEMS requirements. The mass pro-
duceability of polymers and the fact that electroactive polymer materials do not require
poling (in contrast to piezoelectric materials) help to reduce cost. IPMNC materials
can be easily formed in any desired shape and can be used to build MEMS-type
mechanisms (actuators and sensors). They can be designed to emulate the operation
of biological muscles and they have unique characteristics of low density as well as
high toughness, large actuation strain constant, and inherent vibration damping.
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TABLE 9.1

Comparison of the Properties of IPMNCs, SMAs, and EACs
Property IPMNC SMA EAC
Actuation displacement > 8% < 6% short fatigue life ~ 0.1-0.3%
Force (MPa) 10-30 about 700 30-40
Reaction speed Hsec to sec sec to min Hsec to sec
Density 1-2.5 g/ec 5-6 g/cc 6-8 glcc
Drive voltage 0.1-7V NA 50-800 V
Fracture toughness Resilient, elastic Elastic Fragile

When electroactive ceramics or SMAs are applied to micromanipulation, a
variety of creative approaches have been taken to compensate for each actuator’s
limitations. For example, many creative systems have been proposed, including
nonlinear, high-ratio transmission systems made with a piezoelectric actuator and
micromanipulation using SMAs and the use of temperature change to modify the
pressure inside microholes on the surface of the end-effector.

The current state of the art in MEMS technologies in connection with robotic
micromanipulation and assembly, as well as sensing and actuation, is that small
micron-size components can be made by traditional micromachining in the semi-
conductor industry. Sensors, valves, pumps, manipulators, filters, probes, and con-
nectors are just a few examples of MEMS-based devices. Fabrication processes
involve silicon surface micromachining, silicon bulk micromachining and wafer
bonding, LIGA, EDM (electrodischarge machining), and single-point diamond
machining. MEMS are the integration of mechanical elements, sensors, actuators,
and electronics on a common silicon substrate through the utilization of the preceding
microfabrication technology. Since MEMS devices are manufactured using batch
fabrication techniques, similar to ICs, unprecedented levels of functionality, reliabil-
ity, and sophistication can be placed on a small silicon chip at a relatively low cost.

IPMNC sensors and actuators can be naturally integrated with the current MEMS
technology because they can be easily batch processed and manufactured and they
can be made as small as desired and in any desired geometry, as we have proven.
IPMNC-MEMS technology will definitely become an enabling new technology to
help in biotechnology as well. Technologies such as the polymerase chain reaction
(PCR), microsystems for DNA amplification and identification, the micromachined
scanning tunneling microscopes (STMs), biochips for detection of hazardous chem-
ical and biological agents, and microsystems for high-throughput drug screening and
selection will particularly benefit from IPMNC-MEMS integration. IPMNC-MEMS
can also easily integrate into high-output dynamic sensing systems such as acceler-
ometers and dynamic motion and force sensors as well.

Although MEMS devices are extremely small, MEMS technology is not about
size. Furthermore, MEMS is not about making things out of silicon but is a manu-
facturing technology: a new way of making complex electromechanical systems
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using batch fabrication techniques similar to the way in which integrated circuits
are made and making these electromechanical elements along with electronics. It is
in this spirit that ionic polymer—metal composite (IPMNC) sensors and actuators
can easily be integrated into MEMS technologies and manufacturing techniques.

These new manufacturing technologies will have several distinct advantages.
First, MEMS is an extremely diverse technology that potentially could have a signif-
icant impact on every category of commercial and military products. MEMSs are
currently used for everything from indwelling blood pressure monitoring to active
suspension systems for automobiles to airbag accelerometers. Historically, sensors
and actuators are the most costly and unreliable parts of a macroscale sensory-actuator
electronics system. In comparison, MEMS technology allows these complex electro-
mechanical systems to be manufactured using batch fabrication methods. In this
context, the use of IPMNCs to make large MEMS-based microarrays of sensors and
actuators for distributed types of applications is quite promising. Examples of these
applications are distributed microactuator arrays for photonic optical fiber switching
and tactile biosensing. These new applications will allow the cost and reliability of
the sensors and actuators to be put into parity with those of integrated circuits.

IPMNC-based MEMS switches have the potential to form low-cost, high-
performance, ultrabroadband, quasioptical control elements for advanced defense
and commercial applications. IPMNC-based MEMS quasioptical switches offer
numerous advantages over conventional switches. Another potential application will
be in military and commercial microwave systems requiring monolithic solutions
for the realization of low-cost, compact systems. The IPMNC-actuated microma-
chined switch has great potential for microwave applications due to its extremely
high power-handling capability and compatibility with other state-of-the-art fabri-
cation technologies for higher level integrated circuits or systems.

The developments in state-of-the-art MEMS technology have made possible the
design and fabrication of micromachined control devices suitable for switching
microwave signals. IPMNC-MEMS switches will have low parasitics at microwave
frequencies (due to their small size) and will be amenable to achieving low resistive
switching or high capacitive (on-capacitance) switching. Also, in MEMS technolo-
gies, micromanipulation has always been the most difficult problem.

The first and most obvious way to make a microgripper is to miniaturize an
industrial size gripper. Unfortunately, this does not take into account the physics of
changing the scale of the problem. Normally, gravity is the predominant force, and
when a gripper opens (and sometimes sooner) the carried object falls to the floor.
In the microworld, gravity is no longer the predominant force. Adhesive forces, such
as electrostatic, van der Waals, and surface tension forces, dominate in the small
scale. It has been shown that, at a 10-um object radius, the attractive forces between
a sphere and a plane show 10719, 10-1°, 10-%, and 10 N for gravity, electrostatic,
van der Waals, and surface tension forces, respectively.

Given the challenges to micromanipulation, it is not surprising to find a wide
variety of approaches to the problem. Recent approaches to fabricate microgrippers
have attempted to use
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piezoresistive strain gauges (Hexsil process) for tactile feedback or the assem-
bly of precision optical and magnetic components

a vacuum system with Lithographic Galvanoformung Abformung (LIGA)
fabrication

temperature change causing a change in pressure

SMAs (i.e., rotary microjoint)

laser trapping

dielectrophoresis effects

The technologies that have been applied to micromanipulation do not satisfy all
of the requirements necessary for an economically viable approach. One would
expect a material that is flexible rather than brittle, has long life rather than short
life, reacts quickly rather than slowly, and is simple rather than complex. IPMNCs
are believed to satisfy such requirements of MEMS microactuation technologies.
Since these muscles can be cut as small as desired, they present a tremendous
potential to MEMS sensing and actuation applications. Figure 9.32 displays a
micron-sized array of IPMNC muscles cut in a laser microscope work station.

A variety of MEMSs can be made by packaging and fabricating IPMNCs in
small, miniature, and micro sizes. Some examples include micropropulsion engines
for material transport in liquid media and biomedical applications such as active
microsurgical tools. Other applications involve micropumps, microvalves, and
microactuators. Flagella and cilia type IPMNC actuators fall under this category.
Figure 9.32 shows a manufactured IPMNC in a thickness of 25 um. Note that an
effective way of manufacturing such microsized IPMNC:s is to incorporate solution-
recasting techniques.

As noted, IPMNCs have shown remarkable displacement under a relatively low
voltage drive, using a very low power. However, these ionomers have demonstrated
a relatively low force actuation capability. Since the IPMNCs are made of a relatively
strong material with a large displacement capability, we investigated their application
to emulate fingers. As seen in figure 9.33, a gripper is shown that uses IPMNC
fingers in the form of an end-effector of a miniature low-mass robotic arm. The
fingers are shown as vertical gray bars. Upon electrical activation, this wiring con-
figuration allows the fingers to bend inward or outward, similarly to the operation
of a hand, and thus close or open the gripper fingers as desired. The hooks at the
ends of the fingers represent the concept of nails and allow securing the gripped
object encircled by the fingers.

A two-dimensional schematic of the microgripper is provided in figure 9.33.
The gripper would normally be attached to a gross manipulation device (e.g., a small
robot) and the artificial muscles are actuated under voltage control. When actuated,
the muscles will move together and grip the object in a compliant manner. By
increasing the control voltage, the amount of gripping force is increased, and a firmer
grasp is achieved. Since the artificial muscle also can act as a sensor, gluing muscles
together provides an interesting mechanism to explore how closed-loop controlled
microgripping is best achieved. It is envisaged using the sensing capabilities of the
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FIGURE 9.32 A photograph of a manufactured, micron-scale IPMNC that can be used for
MEMS applications (top). Assembly of microstrips of IPPC cut in a laser-microscope work
station for microsensing and microactuation (bottom).

muscle to provide feedback for gripper closure. A variety of experiments must be
performed to determine the best shape for the muscles to achieve grasping variously
sized objects from about 10 to 100 um. One can vary the number of fingers on the
microgripper as well as the artificial muscles sensors attached to the mechanism as
shown in figure 9.34.

9.2.10 ELECTROMECHANICAL RELAY SWITCHES

Nonmagnetic, self-contained, electromechanical relay switches can be made from
IPMNCs by utilizing their good conductivity and bending characteristics in small
applied voltages to close a circuit. In this manner, several of these IPMNC actuators
can be arranged to make a multipole—multithrow relay switch.

9.2.11 CoNTINUOUS VARIABLE APERTURE MIRRORS
AND ANTENNA DISHES

Continuous variable aperture mirrors and antenna dishes can be made by cutting
circular sections of the IPMNC and placing electrodes at strategic locations. The
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FIGURE 9.33 Microgripper (a) and fabricated (b) designs.

FIGURE 9.34 Array of micro- and/or nanogrippers.

focal point of the resulting parabolic dish can be controlled by varying the amplitude
of the applied voltage to selected electrodes.
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9.2.12 SUTHERING DEVICE

Snake-like locomotion can be accomplished by arranging proper segments of the
IPMNC in series and controlling each segment’s bending by applying sequential
input power to each segment in a cascade mode.

9.2.13 PARTS ORIENTATION/FEEDING

Soft-parts orientors or feeders for delicate handling of parts in a manufacturing
assembly line can be made from flaps made out of IPMNC membrane (fig. 9.35).

9.2.14 MusICAL INSTRUMENTS

Because mechanical flexing of IPMNC materials generates a voltage and if these
materials are already stretched they create different frequency output signals, one
can use them as a musical instrument. Figure 9.36 depicts a one-string musical
instrument that operates like a cello or a counterbase and generates very low-
frequency musical tones.

9.2.15 FiLAT KeyBOARDS, DATA ATTIRE, AND BRAILLE ALPHABET

The flat keyboard, data attire, boots and gloves, and, particularly, the Braille alphabet
applications of IPMNC are rather straightforward in the sense that the material is

An eight finger synthetic muscle. A rod shape synthetic muscle.
It has a thickness of approximately It has a rectangular cross-section of
2 mm. approximately 8 mm x 8 mm.
A coil type synthetic muscle. A circular shape synthetic muscle.

FIGURE 9.35 Various shapes of IPMNCs with three-dimensional shapes.
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FIGURE 9.36 One-string musical instrument.

FIGURE 9.37 Data gloves with embedded IPMNC sensor elements.

active everywhere and can be used as a flat keyboard, data attire, and gloves and
boots (fig. 9.37) with continuity of movement for Braille (dot) alphabet applications
by blind people. For Braille alphabet applications, a common electrode is placed on
top of the alphabet reading surface. An interdigitated electrode network in the back
of the reading surface crates a combination of dots in the form of miniflexing of the
IPMNC sheet to enable a blind person to read in a dynamic fashion.

9.3 BIOMEDICAL APPLICATIONS

The softness and flexibility of polyelectrolytes are definite advantages that can be
used in biomedical applications. Here, we identify a number of potential biomedical
applications that have been or are currently being developed.

9.3.1 ARTIFICIAL VENTRICULAR OR CARDIAC-ASSIST MUSCLES

Artificial ventricular assist types of muscles can be made for patients with heart
abnormalities associated with cardiac muscle functions. We present the broad category
of heart compression and assist and arrhythmia control devices—in particular,
IPMNC biomimetic sensors, actuators, and artificial muscles integrated as a heart
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compression device that can be implanted external to the patient’s heart and partly
sutured to the heart without contacting or interfering with the internal blood
circulation. Thus, the potential IPMNC device can avoid thrombosis and similar
complications common to current artificial heart or heart-assist devices, which
may arise when the blood flow makes repeated contacts with nonbiological or
nonself-surfaces.

In compressing a heart ventricle, the device must be soft and electronically robust
in order not to damage the ventricle. This means that the device should contain
control means such as bradycardic (pacing) and tachyarrhythmic (cardiovert-
ing/defibrillating) to facilitate device operation in synchronism with the left ventric-
ular contraction and should be capable of transcutaneous recharging of the implanted
batteries. The general idea is presented in figure 9.10. Note that the device is
implanted essentially in the ribcage of the patient but is supported on a slender
flexible stem that extends to the abdomen. The stem allows the systolic and diastolic
cycles of the heart to continue and yet allows the body of the heart to make swinging
motions to one side or the other without unnecessary restriction. It is also possible
to place the supporting structure of the heart compression device on the diaphragm
muscle. These details can be worked out during the clinical testing and operation of
such devices.

Note in figure 9.38 that 42 is the patient body, 44 is the abdomen area, 46 is the
ribcage, 5 is the heart, 3 is the polymeric compression finger made with IPMNCs,
30 is the base of the compression device, /0 is a slender conduit carrying the
electronic wires to the muscle and acting as a flexible support column, and /2 is the
power/microprocessor housing placed in the abdomen.

Figure 9.39 depicts a more detailed drawing of the compression device. Again
3 denotes the compression fingers made with IPMNC:s, 5 is the heart, 4 depicts an

.
5
-3
I ~30"
46 /
. /4
. [ 10
12— 1 ff !
- H
4 —f——

FIGURE 9.38 General configuration for the proposed heart compression device.
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FIGURE 9.40 A heart with an IPMNC compression band.

encapsulated enclosure filled with water to create a soft cushion for the compression
fingers, 4ds are IPMNC-based sensor cilia to continuously monitor the compression
forces applied to the heart, and 3e and 3f are the associated wiring and electronics,
respectively.

As designed, this device produces assisting or soft compression of the left
ventricle of a weak heart to produce more internal pressure and to pump more blood
from one or more sides in synchrony with the natural systolic contraction of the
ventricle. Additionally, the system can provide arrhythmia control of the beating
heart. The soft fingers incorporate suitably located electrodes for monitoring the
ventricular stroke volume and pressure. A simpler design configuration uses a com-
pression band to assist the heart in its systolic and diastolic cycles of compres-
sion—decompression as shown in figure 9.40.

The compression band can be designed so that it can encircle the heart, as shown
in figure 9.41. Other configurations are depicted in figures 9.42 and 9.43. Compression
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(a) (b)

FIGURE 9.42 Four-fingered heart compression device equipped with thick IPMNCs: (a)
before compression; (b) after compression.

FIGURE 9.43 The upright configuration of the heart compression device.

devices shown in the latter two figures were designed and fabricated from thick (2
mm) ionic polymer—metal nanocomposites and were subsequently 24-K gold plated.
These devices performed quite remarkably and showed that enough compression force
can be generated with IPMNCs of reasonable thickness for heart compression appli-
cations, as will be discussed next.
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9.3.1.1 Electroactive Polymer-Powered Miniature Heart
Compression Experiment

Here some preliminary data concerning a miniature heart compression device equipped
with IPMNCs are presented. First, the force generated by each strip at 5 V and 0.5 A
is measured and then the pressure generated when squeezing a small balloon or the
rat’s heart is measured. (These results were obtained by heart surgeon Dr. PierGiorgio
Tozzi of Lausanne, Switzerland; see fig. 9.44.) Figures 9.45(a) and 9.45(b) depict the
variation of pressure generated in millimeters of mercury with the voltage applied.

I —— |
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| Surface (dm 2)
O gr developed

Thick Thick Very 2x thick 3x thick Thin
platinum gold thick gold gold gold
platinum

FIGURE 9.45(a) Pressure generation versus electrode thickness.
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FIGURE 9.45(b) Pressure generation versus electrode thickness.

9.3.2 SurcicaL Tool

The IPMNC actuator can be adopted for use as a guide wire or a microcatheter in
biomedical applications for intracavity endoscopic surgery and diagnostics. Small internal
cavities in the body can be navigated by using small strip- or fiber-like IPMNC actuators.

9.3.3 PerisTALTIC PUMPS

Peristaltic pumps can be made from tubular sections of the membrane of an IPMNC
and placement of the electrodes in appropriate locations. Modulating the volume
trapped in the tube is possible by applying appropriate input voltage at the proper
frequency.

9.3.4 ARTIFICIAL SMOOTH MUSCLE ACTUATORS

Artificial smooth muscle actuators similar to biological smooth muscles can be made
by attaching several segments of tubular sections of IPMNC and employing a simple
control scheme to sequentially activate each segment to produce a traveling wave
of volume change in the combined tube sections. This motion can be used to transport
material or liquid contained in tube volume. The activation of each segment is similar
to the peristaltic pump described earlier. Artificial veins, arteries, and intestines made
with the IPMNCs can be fabricated and packaged in a variety of sizes depending
on the application. Figure 9.46 shows an artificial smooth muscle actuator that
mimics a human hand. It is made with an IPMNC.
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FIGURE 9.46 An artificial smooth muscle actuator that mimics a human hand (left) and a
fabricated human joint mobility and power augmentation system equipped with [PMNCs
(right).

Another method of using IPMNC actuators is to package them as human skeletal
joint mobility and power augmentation systems in the form of wearable, electrically
self-powered, exoskeletal prostheses, orthoses, and integrated muscle fabric system
components such as jackets, trousers, gloves, and boots. These features are intended
to improve the quality of a human system and can be extended to power augmentation
of attire for advanced soldier and astronaut systems and as prosthetic devices to
empower paraplegics, quadriplegics, and disabled and elderly people, as well as a
variety of other robotic and medical applications.

The essence of the operation of such prostheses, orthoses, and wearable attire (smart
muscle fabric) is that, for example, a skeletal joint such as the elbow will be equipped
with a flexible strip-like bending muscle made from a family of [PMNCs. As noted,
IPMNCs have the ability to sense any dynamic motion imparted to them by generating
tens of millivolts of electricity (for a 10- X 40- X 2-mm synthetic muscle bent by 1 cm
in a cantilever configuration) and the same muscle can generate a torque of about 20
gf-cm, with 9 V and 100 mA, to augment the bending power of a skeletal joint.

Thus, such prostheses, orthoses, and smooth muscle fabric systems can be
integrated devices equipped with sensing and actuation that can be used for positive-
feedback robotic control for the mobility of any joint such as the knee, elbow,
shoulder, neck, hip, or fingers.

Human skeletons normally have 98 skeletal joints. Some of these joints, such
as the jaw’s temporomandibular joint, hand’s radio carpal (wrist) joint, fingers’
interphalangeal (IP) joints, or thumb’s CM joint, are highly active. Others, such as
the foot’s subtalar joint or transverse tarsal joint, are less active. Yet other joints are
rather integrated joints, such as the spine cervical, thoracic, or lumbar vertebrate
joints. The human skeletal joints are exoskeletally powered by elaborate systems of
skeletal muscles—some 4,000 of them—mostly operating in an antagonist config-
uration in which families of pairs of contractile muscles perform articulated joint
motions. The integrated smooth muscle systems shown in figure 9.46 as integrated
joint power augmentation muscle systems will eventually allow robots to be anthro-
pomorphic and thus capable of carrying distributed loads.
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9.3.5 ARTIFICIAL SPHINCTER AND OCULAR MUSCLES

Artificial sphincter and ocular muscles can also be made from the IPMNC by
incorporating thin strips of the actuators in a bundle form similar to the parallel
actuator configuration.

9.3.6 INCONTINENCE AssIST DEVICES

Various configurations of IPMNCs may be used in medical applications involving
incontinence. In these systems, a patient can activate the muscles by means of a
push-button switch or the like, which is preferably battery operated, to prevent
leakage and control discharge.

9.3.7 COoRRECTION OF REFRACTIVE ERRORS OF THE HUMAN EYES
AND BioNic Eves AND VISION

Various configurations of IPMNC may be used in medical applications involving
dynamic or static surgical corrections of the refractive errors of the mammalian eyes. In
these systems, a patient can activate the muscles by means of a push-button switch or
the like, which is preferably battery operated, to prevent leakage and control discharge.

Described here are an apparatus and method to create an automatic or on-demand
correction of refractive errors in the eye by the use of an active and smart (computer-
controllable) scleral band equipped with composite IPMNC or IPCNC artificial
muscles. The scleral band is an encircling band around the middle of the eye’s globe
to provide relief of intraretinal tractional forces, in cases of retinal detachment or
buckle surgery, by indentation of the sclera as well as reposition of the retina and
choroids. It can also induce myopia, depending on how much tension is placed on
the buckle, by increasing the length of the eye globe in the direction of the optical
axis and changing the corneal curvature.

By using the same kind of encircling scleral band, even in the absence of retinal
detachment, one can actively change the axial length of the scleral globe and the
corneal curvature in order to induce refractive error correction. Figure 9.47 depicts
the proposed surgical correction of refractive errors by active scleral bands to create
bionic eyes. The band has a built-in coil to be energized remotely by magnetic
induction and thus provide power for the activation of IPCNC muscles. The active
composite artificial muscle will deactivate on command, returning the axial length
to its original position and vision back to normal (emmetropic vision).

Figure 9.48 depicts the general configuration for surgical correction of myopia
and figure 9.49 depicts the general configuration for surgical correction of hyperopia
or presbyopia. The eye in figure 9.48(a) is myopic, or long, and thus short sighted;
the image is formed inside the eye and does not reach the macula. The band expands
the sclera outward to correct myopia (shorten the eye length and decrease corneal
curvature) as in figure 9.48(b). The eye in figure 9.49(a) is hyperopic, or short, and
thus far sighted; the image is formed outside and beyond the eye and does not reach
the macula. The band contracts the sclera inward to correct hyperopia (increase the
eye length and increase corneal curvature) as in figure 9.49(b).
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FIGURE 9.47 The essential operation of the active scleral band to create bionic vision.

@ (b)

FIGURE 9.48 The eye in (a) is myopic (long and thus short sighted; image is formed inside
the eye and does not reach the macula). The band expands the sclera outward to correct
myopia (shortens the eye length and decreases corneal curvature) as in (b).

FIGURE 9.49 The eye in (a) is hyperopic (short and thus far sighted; image is formed outside
and beyond the eye and does not reach the macula). The band contracts the sclera inward to
correct hyperopia (increases the eye length and increases corneal curvature) as in (b).



366 Artificial Muscles

9.4 AEROSPACE APPLICATIONS
9.4.1 ComrosiTE WING-FLAP

Figure 9.50 is a view showing multiple, IPMNC actuators in a stacked (sandwiched)
configuration D that is designed to accommodate more power for specific actuations.
IPMNC actuators A-a, b, c, d, and e are each independent planar IPMNC actuators of
different lengths (to provide different stiffness and therefore resonant frequency of the
composite wing) manufactured according to the predescribed process and formed in
a stacked configuration D, which as a whole comprises a top surface and a bottom
surface. Terminals B are connected to top surface and bottom surface, respectively, at
first end of IPMNC actuator D. Terminals are also connected by electrical wires C,
respectively, to a power source E. Electrical wire C contains an on—off switch F. Several
of these IPMINC actuators A can be assembled in series and multiple amounts of voltage
applied to increase power in the composite actuator. [IPMNC actuators A-a-e act as
series resistor elements, especially at higher frequencies.

The IPMNC actuator of figure 9.50 is a resistive element by nature. Therefore,
stacking several of the actuators in effect increases the overall resistance of the
combined system. This in turn can allow for higher input voltages. The variation in
length of each actuator is due to the desired stiffness of the wing as a whole. Since
each actuator has conductivity through its thickness, there is no need to connect
wires to faces. Just stacking them can produce a thicker and more powerful actuator
that can handle higher loads. The only necessary terminal connections are on the
top face of the top layer A-a and the bottom face of the bottom layer A-e to an
alternating (oscillating) source of voltage.

9.4.2 ResONANT FLYING MACHINE

Figure 9.51 is a perspective view of the IPMNC actuator showing a flying machine
G constructed from IPMNC actuator B formed in a single sheet having a top surface
A and a central axis C. The terminal D attached to top surface extends along the
central axis C of the membrane B.
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FIGURE 9.50 Composite wing-flap made with IPMNCs.
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Power supply

FIGURE 9.51 An illustrative view of the IPMNC actuator showing a flying machine.

Terminals D are connected at their ends to a power supply H by the electric wire
E. As shown, wire E connecting terminal D to power supply H includes an on—off
switch F. The IPMNC is packaged in this form for application as a resonant flying
machine. In this configuration, the treated IPMNCs (“muscles”) can flap like a pair
of wings and create a flying machine. “Resonant” means excitation at the resonant
frequency of the membrane, which causes the most violent vibration of the mem-
brane. Each body of mass has a resonant frequency at which it will attain its
maximum displacement when shaken by some input force or power. To obtain large
displacements of the actuator, oscillating signals should be applied at a frequency
close to its body resonant frequency.

Figure 9.52 shows a fabricated large IPMNC actuator strip with a pair of elec-
trodes (terminals) in the middle fixed to the actuator surfaces of top and bottom.
Connecting the circuit to an AC-power source (alternating current signal generator)
can produce oscillating motion of the membrane actuator similar to a hummingbird’s
or insect’s wing-flap motion. Furthermore, by applying the input voltage signal at
or near the resonant frequency of the wing structure, large deformations can be
obtained that will vibrate the wing structure in a resonant mode.

The wing assembly is preferably encapsulated in a thin elastic membrane to prevent
dehydration of the IPMNC actuator. Also, solid-state polyelectrolytes can be incorporated.

In reality, the possible wake capture mechanism in typical flies is described in
figure 9.53, where nonlinear wing operation is necessary to mimic biological loco-
motion. Therefore, the IPMNCs should be controlled in a similar manner to carry
out such locomotion either actively or passively. Figure 9.54 depicts a flapping wing
system equipped with IPMNCs.

9.4.2.1 Artificial Coral Reefs for Underwater Mine and Moving
Object Detection

Figures 9.55 and 9.56 depict large arrays of IPMNC strips acting like large colonies
of coral reefs. These artificial coral reefs can act like large sensing arrays to detect
any special movement of objects underwater—in particular, mines dropped from the
surface—or even movement of surface objects.
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FIGURE 9.53 Possible wake capture mechanism.
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FIGURE 9.56 Another configuration of IPMNC artificial coral reefs.
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9.4.2.2 Other Uses
Figures 9.57 and 9.58 show additional applications of IPMNCs.

FIGURE 9.57 TPMNC bending muscles (18) equipped with undulating optical fiber (14) for
optical switching and light moducation.

FIGURE 9.58 Using IPMNC:s to create morphing and undulating antennas.



O Epilogue and
Conclusions

10.1 EPILOGUE

This book covers advanced ionic polymeric nanocomposites as distributed nano-
sensors, nanotransducers, nanoactuators, and artificial muscles. As such, it is the first
book of its kind to cover such revolutionary and futuristic advanced nanocomposites
and smart materials. This book is a result of 15 years of research and development
on advanced ionic polymeric nanocomposites. It essentially covers an introduction
to ionic polymers, intelligent gels, and artificial muscles and goes on to cover

* ionic polymer—metal nanocomposite (IPMNC) artificial muscles: funda-
mentals

* manufacturing techniques for IPMNC artificial muscles

e ionic polyacrylonitrile (PAN) chemoelectromechanical artificial mus-
cles/nanomuscles

*  PAMPS gel artificial muscles

* modeling and simulation for IPMNCs as biomimetic distributed nanosen-
sors, nanoactuators, nanotransducers, and artificial muscles

e sensing, transduction, feedback control, and robotic applications of arti-
ficial muscles

* conductive polymers as artificial muscles

* engineering, industrial, and medical applications of IPMNCs and smart
materials

Furthermore, note that as the demand for energy grows, the need for more
efficient energy conversion devices increases. One area of improvement is the use
of direct energy conversion processes and devices. Advanced ionic polymeric nano-
composites as discussed in this book present a tremendous potential for energy
harvesting and are the foundation of current state-of-the-art devices to convert
chemical or electrical energy into mechanical energy to perform useful work. In the
field of sensing, devices equipped with IPMNCs can provide an efficient way of
converting mechanical energy into electrical or chemical forms.

The work done in this book summarizes efforts on a family of ionic polymeric
nanocomposites that have proven to be a viable alternative to conventional means.
The synthesis and application of these materials and their corresponding modeling
shows great promise as alternative smart and intelligent materials for use in soft
robotics, engineering, medicine, biotechnology, and industrial applications.
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10.2 CONCLUSIONS: PAN MUSCLES

Ionically and electrochemically activated muscles made with PAN muscle fibers
were reported. It was concluded that pH activation of these muscles in a fiber bundle
form of 20 fibers could routinely lead to over 200% chemomechanical contraction
and expansion, with strength exceeding that of biological muscles. Single fibers of
PAN can undergo contractions and expansions of over 500%. But they can also be
activated electrically by inducing electrolysis in an electrochemical bath. However,
in such a bath the contraction and expansion of fiber bundles of PAN reduces to
about 45% and the time of expansion and contraction increases to a few minutes as
opposed to a few seconds in direct chemomechanical activation. Both pH and
dielectric constant of the saturating solution seem to contribute to the expansion or
contraction of the PAN fibers. Whether the mechanisms by which they contribute
to the fiber expansion and contraction are the same or not is a matter of further
investigation.

A theoretical model for the expansion and contraction of cylindrical specimens
of such muscles in an electric field was also presented based on a Poisson—Boltzmann
equation. Numerical simulation appears to be consistent with experimental results
reported in the literature on other polyelectrolyte gels.

Contraction of these gel fibers was likely due to hydrophobic properties of
contracted PAN and the resulting expulsion of water from the polymer matrix.
Artificial muscles made from PAN gel fibers were shown to have a modulus of
elasticity similar to and even greater than that of human tissue. The elastic properties
and the unique ability of PAN gel fibers to change length significantly indicate
potential use of this material for linear actuators and artificial muscles. By combining
PAN gel fibers with platinum or graphite fibers, the artificial muscles were able to
serve as an electrode in an electrochemical cell. Through the electrolysis of water,
the artificial muscles contracted over 45% of their initial length, thus indicating the
feasibility of electrical activation. Although the rate of contraction was significantly
slower than that of muscle tissue, decreasing water and ion mass transfer limitations
would likely enhance rate of contraction dramatically.

10.3 CONCLUSION: IPMNC ACTUATORS

One of the most promising soft ionic actuators is this new class of polymeric and
metal nanocomposites that shows remarkable displacement characteristics in the
presence of small electrical voltages. Dramatic improvement has been made to
original IPMNCs by incorporation of surfactant solutions to reduce clustering of
metal atoms within polymer network. This unique technique improved the force
output of the IPMNC by 100%. IPMNCs have great potential in aquatic robotic
application as well as biotechnology because of their hydrophilic nature and com-
pliance and elasticity in viscous medium such as water. These IPMNCs are virtually
living, water-loving, advanced polymeric nanocomposites that will prove to be excel-
lent soft robotic actuators for many medical and rehabilitation applications, including
Braille cells for blind people.
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10.4 CONCLUSION: IPMNC SENSORS
AND TRANSDUCERS

Remarkable linear behavior of the membrane was observed specifically in the
positive direction of travel for each complete bending cycle. The hysteresis curve
showed linear, followed by another linear, and, lastly, parabolic trends as the sensor
was bent in a complete cycle. Higher order polynomial approximation seemed to
better describe the response of the sensor in negative displacement. It was also
observed that the sensor was face sensitive due to the capacitive nature of the sensor.
Finally, the use of ionic polymeric metal nanocomposites as sensors and energy-
harvesting transducers may be useful where simplicity and low cost are sought.
The main conclusion regarding IPMNC sensing and transduction capabilities is that
they are capacitive under low frequencies and resistive under high frequencies, thus
spanning the range of piezoelectric and piezoresistive sensors. Another remarkable
advantage with IPMNC sensors is that they are large-motion sensors despite PVDF
or PZT sensors.






A Anatomy and Physiology
of Human Muscle

In order to reproduce similar properties of biological muscles in artificial counter-
parts, one must fully understand mechanism, behavior, and properties of natural
muscles. This section will provide a brief summary of anatomical and physiological
characteristics of human muscles. For the latest techniques for measurement and
characterization of these biological tissues, refer to appendix B.

Muscles provide the movement capability of the human body and form 40-45%
of body weight. They provide a means of direct conversion of chemical (ATP break-
down) to mechanical (movement, work, and force) energy. Myology deals with scientific
study of muscle. There are three distinct types of muscle tissues, which vary in micro-
scopic anatomy and nervous controls. These are skeletal, cardiac, and smooth muscles.

Skeletal muscle tissues are primarily attached to bones and provide for movement
of the skeleton. They are striated because alternating light and dark bands are visible
when the tissue is examined under a microscope. They are also classified as voluntary
muscle tissue since they are under conscious control.

Cardiac muscle tissue is found in the heart only. It is also striated, but involun-
tarily—that is, its contraction is usually not under conscious control and uses a
pacemaker included in the muscle to produce a heartbeat.

Smooth muscle tissue is found in the walls of hollow internal structures such as
blood vessels, the stomach, the intestines, and most abdominal organs. It is nonstri-
ated and involuntary.

There are three basic functions of muscle tissues by contraction or alternating con-
traction and relaxation: producing motion, providing stabilization, and generating heat.
It is thought that as much as 85% of body heat is generated by muscle tissue contraction.

There are four functional characteristics of the muscle:

Excitability, or the ability to respond to certain stimuli by producing action
potentials or impulses of electrical signal: The stimuli triggering action
potentials are chemical, such as neurotransmitters released by neurons or
hormones distributed by the blood.

Contractility, or the ability to contract and generating force to do work:
Contraction is in response to one or more muscle action potentials.

Extensibility, or the ability of the muscle to be extended (stretched) without
damaging the tissue: Most skeletal muscles are arranged in opposing or
antagonistic pairs in which one muscle tissue contracts while the other is
relaxed or even stretched.

Elasticity, or the ability of the muscle tissue to return to its original shape
after stimulation.
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FIGURE A.1 Typical skeletal muscle showing epimysium, perimysium, and endomysium
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Nerves and blood vessels supply muscle in abundance. Motor neurons are
responsible for stimulating muscle fibers. In order for muscle tissue to contract, it
must use a lot of ATP (adenosine triphosphate, an energy-rich molecule; see section
A.6) and also must produce ATP by inflow of nutrients and oxygen brought about
by the blood capillaries (microscopic blood vessels) that are found in abundance in
muscle tissue. Each muscle fiber (cell) is in close contact with one or more capillaries.

Connective tissue surrounds and protects muscle tissue. Fascia is a sheet of
broadband fibrous connective tissue beneath the skin, around the muscles and other
organs in the body. Deep fascia—a dense irregular connective tissue—Ilines the body
wall and extremities, holds muscles together, and separates them into functional
groups. Deep fascia allows free movement of muscles; carries nerves, blood, and
lymphatic vessels; and fills spaces between muscles. Beyond deep fascia are three
layers of dense, irregular connective tissues that further protect and strengthen
skeletal muscle. The outermost layer encircling the whole muscle is the epimysium.

Perimysium then surrounds bundles (faciculi or fascicles) of 10 to 100 or more
individual muscle fibers. Further penetrating the interior of each individual fascicle
and separating muscle fibers from one another is endomysium (fig. A.1). Epimysium,
perimysium, and endomysium are all continuous with and contribute collagen fibers
to the connective tissue that attaches the muscle to other structures such as bone or
other muscle. All three may extend beyond the muscle fibers as tendons, which are
cords of dense connective tissue that attach muscles to the periosteum of a bone.

Aponeurosis is an extension of connective tissue elements in a broad and flat
layer. It also attaches to the coverings of a bone, another muscle, or the skin. Certain
tendons, especially those of the ankle and wrist, are enclosed by tubes of fibrous
connective tissue called the tendon sheath (synovial sheath). They are similar in
structure to bursae and contain a film of synovial fluid. Tendon sheaths permit
tendons to slide back and forth more easily.

A motor neuron delivers the stimulus that ultimately causes a muscle fiber to
contract. A motor neuron plus all the muscle fibers it stimulates is called a motor
unit (fig A.2). A single motor neuron makes contact with an average of 150 muscle
fibers; that is, activation of one neuron causes simultaneous contraction of about 150
muscle fibers. All the muscle fibers of a motor unit contract and relax together. Total
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FIGURE A.3 Neuromuscular junction (NMJ).

strength of a contraction is varied in part by adjusting the number of motor units
that are activated.

Neuromuscular junction (NMJ) is where a synapse takes place between a motor
neuron and a skeletal muscle fiber (fig. A.3). This is done by releasing chemicals
called neurotransmitters at this junction. Axon terminals are clusters of bulb-shaped
structures where axons end at the muscle fiber junction. The region of muscle fiber
membrane where the axon terminal ends is called the motor end plate and has
special features. Neuromuscular junction refers to the axon terminal of the motor
neuron as well as the motor end plate of the muscle fiber. The distal end of an
axon terminal contains many membrane-enclosed sacs called synaptic vesicles.
Inside each synaptic vesicle are thousands of neurotransmitter molecules. Acetyl-
choline (ACh) is the one neurotransmitter found in the NMJ of the motor neuron
synaptic vesicle.
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When a nerve impulse (action potential) reaches the axon terminal, it triggers
exocytosis of synaptic vesicles. In this process, the synaptic vesicles fuse with plasma
membrane and release Ach, which diffuses into te synaptic cleft between the motor
neuron and the motor end plate.

On the muscle side of the synaptic cleft, the motor end plate contains acetyl-
choline receptors. These are integral proteins that recognize and bind specifically to
ACh. At the typical NMJ, there are 30-40 million ACh receptors. The binding of
the ACh to its receptor opens a channel that passes small cations—most importantly
Na*. The resulting change in resting membrane potential triggers a muscle action
potential that travels along the muscle cell membrane (sarcolemma) and initiates the
events leading to muscle contraction. In most skeletal muscle fibers, there is only
one NMJ for each muscle fiber located near the fiber’s midpoint. The muscle action
potential spreads from the center of the fiber toward both ends. This arrangement
permits nearly simultaneous contraction of all parts of the fiber.

A typical skeletal muscle consists of hundreds or thousands of very long, cylin-
drical cells called muscle fibers (fig. A.4). The muscle fibers lie parallel to one
another and range from 10 to 100 pum in diameter. While a typical length is 100 wm,
some are up to 30 cm long.

The sarcolemma is a muscle fiber’s plasma membrane, and it surrounds the
muscle fiber’s cytoplasm or sarcoplasm. Because skeletal muscle fibers arise from
the fusion of many smaller cells during embryonic development, each fiber has many
nuclei to direct synthesis of new proteins. The nuclei are at the periphery of the cell
next to the sarcolemma and conveniently out of the way of the contractile elements.
The mitochondria (energy packs) lie in rows throughout the muscle fiber strategically
close to muscle proteins that use ATP to carry on the contraction process. Within
the muscle fibers are myofibrils, which are extended lengthwise in the sarcoplasm.
Their prominent light and dark band colors, called cross-striations, make the whole
muscle fiber appear striped or striated.

Myofibrils form the contractile element of the skeletal muscle (fig. A.5). They
are 1-2 um in diameter and contain three types of smaller filaments called myofil-
aments. These are thin, thick, or elastic filaments. The thin filament is about 8 nm
diameter, while that of the thick filaments is about 16 nm.

The thick and thin filaments overlap one another to a greater or lesser extent
depending on whether the muscle is contracting or relaxing. The pattern of their
overlap causes the cross-striation seen in single myofibrils and whole-muscle fibers.
The filaments inside a myofibril do not extend the entire length of a muscle fiber.
They are arranged in compartments called sarcomeres.

Narrow plate-shaped regions of dense material called Z-discs (lines) separate
one sarcomere from the next. Within a sarcomere, the darker area, called the A
(anisotropic)-band, extends from one end to the other of the thick filaments where
they overlap the thick filaments. A lighter, less dense area called the I (isotropic)-
band contains the rest of the thin filaments but no thick filaments. The Z-disc passes
through the center of each I-band. The alternating dark A-bands and light I-bands
give the muscle fiber its striated appearance. A narrow H-zone in the center of each
A-band contains thick but not thin filaments. Dividing the H-zone is the M-line
formed by protein molecules that connect adjacent thick filaments.
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The two contractile proteins in muscle are myosin and actin. About 200 mole-
cules of the protein myosin form a single thick filament. Each myosin molecule is
shaped like two golf clubs twisted together. The tails (golf club handles) point toward
the M-line in the center of the sarcomere. The projecting myosin heads, called cross-
bridges, extend out toward the thin filaments. Tails of the neighboring myosin
molecules lie parallel to one another, forming the shaft of the thick filament. The
heads project from all around the shaft in a spiraling fashion.

Thin filaments extend from anchoring points within the Z-discs. Their main
component is actin. In addition, smaller amounts of two regulatory proteins, tro-
pomyosin and troponin, are present in the thin filament. Individual actin molecules
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appear to be shaped like kidney beans. They join to form an actin filament that is
twisted into a helix. On each actin molecule is a myosin-binding site where a cross-
bridge can attach. In relaxed muscle, tropomyosin covers the myosin-binding sites
on actin and thus blocks attachment of the myosin cross-bridge to actin. The elastic
element is composed of the protein titin (connectin), which is the third most plentiful
protein in skeletal muscle after actin and myosin. Titin anchors thick filaments to
the Z-discs and thereby helps stabilize the position of the thick filaments. It may
also play a role in the recovery of the resting sarcomere length when a muscle is
stretched or relaxed. The protein was named titin because it has a huge (titanic)
molecular weight (or connectin because of its connecting function).

A fluid-filled system of cisterns called sarcoplasmic reticulum (SR) encircles
each myofibril. This elaborate tubular system is similar to smooth endoplasmic
reticulum in nonmuscle cells. In a relaxed muscle fiber, the sarcoplasmic reticulum
stores Ca?*. Release of Ca?* from the sarcoplasmic reticulum into the sarcoplasm
around the thick and thin filaments triggers muscle contraction. The calcium ions
pass out through pores in the sarcoplasmic reticulum that are called Ca’* release
channels. The transverse tubules (T-tubules) are tunnel-like infoldings of sarco-
lemma. They penetrate the muscle fiber at right angles to the sarcoplasmic reticulum
and the myofilaments. T-tubules are open to the outside of the fiber and are filled
with extracellular fluid. On both sides of a transverse tubule are dilated end sacs of
the sarcoplasmic reticulum called terminal cisterns. A triad is a combined system of
a transverse tubule and the terminal cisterns on either side of it.

A.1 MUSCLE CONTRACTION

In the mid-1950s, Jean Hanson and Hugh Huxley proposed the “sliding filament”
mechanism of muscle contraction (fig. A.6). They stated that skeletal muscle con-
traction was due to thick and thin filaments sliding past one another. During muscle
contraction, myosin cross-bridges pull on the thin filaments, causing them to slide
inward toward the H-zone. As the cross-bridges pull on the thin filaments, the thin
filaments meet at the center of the sarcomere. The myosin cross-bridges may even
pull the thin filaments of each sarcomere so far inward that their ends overlap. As
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the thin filaments slide inward, the Z discs come toward each other; the sarcomere
shortens but the length of thick and thin filaments does not change. The sliding of
the filaments and shortening of the sarcomere cause shortening of the whole muscle
fiber and ultimately the entire muscle.

An increase in Ca?* concentration in the sarcoplasm starts filament sliding, while
a decrease turns off the sliding process. When a muscle fiber is relaxed, the concen-
tration of Ca?* in sarcoplasm is low. This is because the sarcoplasmic reticulum (SR)
membrane contains Ca?* active transport pumps that remove Ca?* from the sarco-
plasm. Ca”* is stored or sequestered inside the SR. As a muscle action potential
travels along the sarcolemma and into the transverse tubule system, however, Ca**
release channels open in the SR membrane. The result is a flood of Ca?* from within
the SR into the sarcoplasm around the thick and thin filaments. The calcium ions
released from the SR combine with troponin, causing it to change shape. This shape
change slides the troponin—tropomyosin complex away from the myosin-binding
sites on actin.

As was described, muscle contraction requires Ca?*. It also requires energy in
the form of ATP, which attaches to ATP-binding sites on the myosin cross-bridges
(heads). A portion of each myosin head acts as an ATPase, an enzyme that splits the
ATP into ADP + P through hydrolysis reaction. This reaction transfers energy from
ATP to the myosin head even before contraction begins. The myosin cross-bridges
thus are in an activated (energized) state. Such activated myosin heads spontaneously
bind to the myosin-binding sites on actin when the Ca?* level rises and tropomyosin
slides away from its blocking position.

The shape change that occurs when myosin binds to actin produces the power
stroke of contraction. During the power stroke, the myosin cross-bridge swivels
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toward the center of sarcomere like the oars of a boat. This action draws the thin
filaments past the thick filaments toward the H zone. As the myosin heads swivel
they release ADP. Once the power stoke is complete, ATP again combines with the
ATP-binding sites on the myosin cross-bridges. As ATP binds, the myosin head
detaches from actin. Again, ATP is split, imparting its energy to the myosin head,
which returns to its original upright position. It is then ready to combine with another
myosin-binding site further along the thin filament. The cycle repeats continually.
The myosin cross-bridges keep moving back and forth like the cogs of a ratchet,
with each power stroke moving the thin filaments toward the H-zone. At any one
instant, about half of the myosin cross-bridges are bound to actin and are swiveling.
The other half are detached and preparing to swivel again.

Contraction is analogous to running on a nonmotorized treadmill. One foot
(myosin head) strikes the belt (thin filament) and pushes it backward (toward the H-
zone). Then the other foot comes down and imparts a second push. The belt soon
moves smoothly while the runner (thin filament) remains stationary. Like the legs
of the runner, the myosin heads need a constant supply of energy to keep going.
The power stroke repeats as long as ATP is available and the Ca?* level near the thin
filament is high.

This continual movement applies the force draws the Z-discs toward each other
and the sarcomere shortens. The myofibrils thus contract and the whole muscle fiber
shortens. During a maximal muscle contraction, the distance between Z-discs can
decrease to half the resting length. However, the power stroke does not always result
in shortening of the muscle fibers and the whole muscle. Isometric contraction or
contraction without shortening occurs when the cross-bridges generate force but the
filaments do not slide past one another.

Two changes permit a muscle fiber to relax after it has contracted. First, ACh is
rapidly broken down by an enzyme called actylcholinesterase (AChE) present in the
synaptic cleft. When action potentials cease in the motor neuron, there is no new
release of ACh and AChE rapidly breaks down the ACh already present in the synaptic
cleft. This stops the generation of muscle action potentials and the Ca’* release
channels in the sarcoplasmic reticulum close. Second, Ca?* active transport pumps
rapidly remove Ca?* from the sarcoplasm into SR. These pumps work so vigorously
that they can keep the concentration of Ca* 10* times lower in the sarcoplasm of a
relaxed muscle fiber than inside the SR. In addition, molecules of a calcium-binding
protein called calsequestrin bind to calcium ions inside the SR. This reaction takes
Ca?* out of solution and allows even more Ca?* to be sequestered within the SR. As
Ca?* level drops in the sarcoplasm, the tropomyosin—troponin complex slides back
over the myosin-binding sites on actin. This prevents further cross-bridge binding to
actin and the thin filaments slip back to their relaxed positions.

Sustained small contractions give firmness to a relaxed skeletal muscle known
as muscle tone. At any instant, a few muscle fibers are contracted while most are
relaxed. This small amount of contraction firms up a muscle without producing
movement and is essential for maintaining posture. Asynchronous firing of motor
units allows muscle tone to be sustained continuously.

If a skeletal muscle or group of skeletal muscles is overstimulated, the strength
of contraction becomes progressively weaker until the muscle no longer responds.
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The inability of a muscle to maintain its strength of contraction or tension is called
muscle fatigue. It occurs when a muscle cannot produce enough ATP to meet its
needs. Several factors appear to contribute to muscle fatigue, including insufficient
oxygen, depletion of glycogen, buildup of lactic acid, failure of action potentials in
the motor neuron to release enough ACh, and unexplained fatigue mechanisms in
the central nervous system.

A single action potential in a motor neuron elicits a single contraction in all the
muscle fibers of its motor unit. The contraction is said to be “all or none” because
individual muscle fibers will contract to their fullest extent. In other words, muscle
fibers do not partially contract. The force of their contraction can vary only slightly,
depending on local chemical conditions and whether or not the motor unit has just
contracted.

However, we know that muscle as a whole can have graded contractions to
perform different tasks. The amount of tension that a skeletal muscle can develop
depends on the frequency of stimulation of muscle fibers by motor neurons, the
length of muscle fibers just before they contract, the number of muscle fibers
contracting (number of motor units recruited and size of individual motor units),
and structural components of the muscle.

A twitch contraction is a brief contraction of all the muscle fibers in a motor
unit in response to a single action potential in its motor neuron. In the laboratory, a
twitch also can be produced by direct electrical stimulation of a motor neuron or its
muscle fibers.

Much of our knowledge of muscle contraction comes from experiments per-
formed on isolated, excised muscle. The record of muscle contraction is called a
myogram (fig. A.7). A latent period is a brief period between application of the
stimulus and the beginning of the contraction. During this time, Ca?* is being released
from the SR; the filaments start to exert force (usually taking some slack out of the
system) and, finally, shortening starts. The latent period lasts about 2 msec. The
second phase, the contraction period, lasts from 10 to 100 msec.

The third phase, the relaxation period, also lasts about 10-100 msec. It is caused
by the active transport of the Ca?* back into the SR, which results in relaxation. The
duration of these periods varies with the muscle involved. If additional stimuli are
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FIGURE A.7 Myogram of twitch contraction.
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applied to the muscle after the initial stimulus, other responses may be noted. For
example if two stimuli are applied one immediately after the other, the muscle will
respond to the first stimulus but not to the second. When a muscle fiber receives
enough stimulation to contract, it temporarily loses its excitability and cannot
respond again until its responsiveness is regained.

This period of lost excitability is called the refractory period and is a character-
istic of nerves and muscle cells. The duration of the refractory period varies with
the muscle involved. Skeletal muscle has a short refractory period of about 5 msec.
Cardiac muscle has a long refractory period of about 300 msec.

When two stimuli are applied and the second is delayed until the refractory
period is over, the skeletal muscle will respond to both stimuli. In fact, if the second
stimulus is applied after the refractory period but before the muscle fiber has finished
relaxing, the second contraction will be stronger than the first. This phenomenon in
which stimuli arrive at different times and cause larger contractions is called wave
summation or temporal summation.

If a muscle is stimulated at a rate of 20 to 30 times per second, it can only partly
relax between stimuli. The result is a sustained contraction called incomplete
(unfused) tetanus. Stimulation at an increased rate (80-100 stimuli per second)
results in complete (fused) tetanus, a sustained contraction that lacks even partial
relaxation between stimuli. Both kinds of tetanus result from the addition of Ca?*
released from the SR by the second and subsequent stimuli to the Ca?* still in the
sarcoplasm from the first stimulus. Relaxation is partial or does not occur at all.
Most voluntary muscular contractions involve short-term tetanic contractions and
are thus smooth, sustained contractions.

When a muscle has been relaxed for some time and then is stimulated to contract
by several identical stimuli that are too far apart for wave summation to occur, each
of the first few contractions is a little stronger than the last. This phenomenon is
known as the staircase effect or treppe. After the first few contractions, the muscle
reaches its peak of performance and can undergo its strongest contractions. The
explanation for the staircase effect may be the same as for tetanus, which is a
progressive buildup of Ca* in the sarcoplasm. Successive stimuli cause calcium ions
to flow out of the SR faster than the active transport pumps take them back in. Up
to a certain point, as Ca®* builds up and binds to troponin, more power strokes can
occur and filament sliding intensifies.

In addition, other internal conditions in the muscle such as temperature, pH, and
viscosity have changed. A rise in temperature, for example, could provoke stronger
contractions. One advantage of warming up for athletes may be taking advantage of
the staircase effect to improve performance.

A skeletal muscle fiber contracts when myosin cross-bridges of thick filaments
connect with actin on the thin filaments. A muscle fiber develops its greatest tension
when there is optimal overlap between thick and thin filaments (fig. A.8). At the
optimum sarcomere length, the number of myosin cross-bridges making contact with
thin filaments brings about a maximal force of contraction. If the sarcomeres of a
muscle fiber are stretched to a longer length, fewer myosin cross-bridges can make
contact with thin filaments and the force of contraction decreases. If a skeletal muscle
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fiber is stretched to 175% of its optimal length, no myosin cross-bridges can bind
to thin filaments and no contraction occurs. At sarcomere length less than the
optimum, the force of the contraction also decreases. This is because thick filaments
crumple as they are compressed by the Z-discs, resulting in fewer myosin cross-
bridge contacts with thin filaments. In the intact body, resting muscle fiber length
is rarely less than 70% or more than 130% of optimum. This is because skeletal
muscles are firmly anchored to bones and other inelastic tissues.

Recruitment is the process of increasing the number of active motor units
(multiple motor unit summation). The various motor neurons to a whole muscle fire
asynchronously. While some motor units are active (contraction), others are inactive
(relaxed). This pattern of firing motor neurons prevents fatigue while maintaining
contraction by allowing a brief rest for the inactive units. The alternating motor units
relieve one another so that the contraction can be sustained for long periods. Recruit-
ment is also one factor responsible for producing smooth movements rather than a
series of jerky movements. As indicated before, the number of muscle fibers inner-
vated by one motor neuron varies greatly. Precise movements require tiny changes
in muscle contraction. Therefore, in such muscles, the motor units are small. In this
way when a motor unit is recruited or turned off, slight but controlled changes occur
in muscle contraction. On the other hand, large motor units are employed where
maintaining a constant position or posture is important and precision is not.

A.2 ROLE OF STRUCTURAL COMPONENTS
OF MUSCLE FIBERS

As thin filaments start to slide past thick filaments, they pull on the Z-discs, which
in turn pull on the rest of the muscle fibers and their connective tissue wrappings.
Some of these structural components are elastic; that is, they stretch slightly before
they start to relay the force or tension generated by the sliding filaments.
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The elastic components include the elastic filaments, connective tissue around
the muscle fibers (epimysium, perimysium, and endomysium), and tendons that
attach muscle to bones. The tension generated by the contractile element (thin and
thick filaments) is called active tension. The tension generated by elastic elements
is called passive tension and is not related to muscular contraction. It depends on
the degree of muscle stretch—that is, the more muscle is stretched the greater its
passive tension is. When a skeletal muscle contracts, it first pulls on its connective
tissue coverings and tendons. As a result, the coverings and tendons stretch and
become taut and the tension passed through the tendon pulls on the bones to which
they are attached. The result is movement of a part of the body.

The role of elastic elements can be made clearer by imagining trying to move
a heavy object along the ground or by pulling on a spring attached to the object.
When the spring is pulled, it stretches but the object stays put until the tension in
the stretched spring equals the weight of the object. When the tension exceeds the
weight of the object, the object moves. If the weight to be moved is light, only a
slight tug on the spring is required to move it and it will move quickly.

On the other hand, if the weight is heavy, a greater tug is required because the
spring must stretch farther and the weight moves slowly. The stretch of the elastic
element is also related to wave summation and tetanus. During wave summation,
elastic elements are not given much time to spring back between contractions and
thus they remain taut. While in this state, the elastic elements do not require very
much stretching before the beginning of the next muscular contraction. The combi-
nation of the tautness of the elastic elements and partially contracted state of the
filaments enables the force of another contraction to be added immediately to the
one before.

A.3 ISOTONIC AND ISOMETRIC CONTRACTION

Isotonic contraction occurs when one moves a constant load through the range of
motions possible at a joint. During such a contraction, the tension remains almost
constant. There are two types of isotonic contraction. In a concentric contraction,
the muscle shortens and pulls on another structure, such as a bone, to produce
movement and to reduce the angle at a joint. Picking up a book involves concentric
contractions of the biceps brachii muscle in the arm.

When the overall length of a muscle increases during a contraction, it is called an
eccentric contraction. As one lowers a book to place it back on a table, the previously
shortened biceps gradually lengthens while it continues to contract. For reasons that
are not well understood, repeated eccentric contractions produce more muscle damage
and more delayed onset muscular soreness than concentric contractions.

An isometric contraction occurs when the muscle does not or cannot shorten but
the tension on the muscle increases greatly. An example would be holding a book
in a steady position. The book pulls the arm downward, stretching the shoulder and
arm muscles. The isometric contraction of these muscles counteracts the stretch.
Applied in opposite directions, the two forces, contraction and stretching, create the
tension. Although isometric contractions do not result in body movement, energy is
still expended. Most activities include both isotonic and isometric contractions.
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A.4 SKELETAL MUSCLE FIBER TYPES

Skeletal muscle fibers are not alike in structure or function. They vary in color
depending on their content of myoglobin, the oxygen-rich protein. Skeletal muscle
fibers that have a high myoglobin content are termed red muscle fibers. Those that
have a low content of myoglobin are called white muscle fibers. Red muscle fibers
also have more mitochondria and more blood capillaries than white muscle fibers do.

Skeletal muscle fibers contract and relax with different velocities. Whether a
fiber is slow twitch or fast twitch depends on how rapidly it splits ATP. Fast-twitch
fibers split ATP more quickly. In addition, skeletal muscle fibers vary in metabolic
reactions they use to generate ATP and in how quickly they fatigue. Based on these
structural and functional characteristics, skeletal muscle fibers are classified into
three types:

Slow oxidative fibers (type I). These fibers, also called slow-twitch or fatigue-
resistant fibers, contain large amounts of myoglobin, many mitochondria,
and many blood capillaries. They thus look red and have a high capacity
to generate ATP by the aerobic system; this is why they are called oxidative
fibers. They split ATP at a slow rate and as a result have a slow contraction
velocity. These fibers are very resistant to fatigue. Such fibers are found in
large numbers in the postural muscles of the neck.

Fast oxidative fibers (type IIA). These fibers, also called fast-twitch A or
fatigue-resistant fibers, contain large amounts of myoglobin, many mito-
chondria, and many blood capillaries. They are red and have a high capacity
for generating ATP by oxidative processes. Such fibers also split ATP at a
very rapid rate and, as a result, contraction velocity is fast. Fast oxidative
fibers are resistant to fatigue but not quite as much as slow oxidative fibers.
Sprinters tend to have a large proportion of fast oxidative fibers in their leg
muscles.

Fast glycolytic fibers (type II B). These fibers, also called fast-twitch B or
fatigable fibers, have a low myoglobin content, relatively few mitochondria,
and relatively few blood capillaries. They do, however, contain large
amounts of glycogen. Fast glycolytic fibers are white and geared to generate
ATP by anaerobic processes (glycolysis) that are not able to supply skeletal
muscle fibers continuously with sufficient ATP. Accordingly, these fibers
fatigue easily. They are the largest diameter fibers and they split ATP at a
fast rate so that contraction is strong and rapid. Muscles of the arms contain
many of these fibers.

In summary, factors influencing muscle tension in the body are the frequency
of stimulation by motor neurons (wave summation and tetanus), length of fiber just
before contraction (length—tension relation), diameter of fiber (larger diameter, fast
glycolytic fibers contract more forcefully than smaller diameter, slow oxidative and
fast oxidative fibers), and extent of fatigue (availability of nutrients and oxygen
versus buildup of lactic acid).



388 Artificial Muscles

The tension in the muscles as a whole is influenced by number of fibers con-
tracting at one time, number of fibers per motor unit (motor unit size), number of
motor units recruited (multiple motor unit summation), active tension generated by
contractile elements, and passive tension generated by elastic components.

A.5 ELECTROMYOGRAPHY

The electrical signal associated with the contraction of a muscle is called an elec-
tromyogram or EMG. Electromyography, which is the study of EMG, has revealed
some basic information. Voluntary muscular activity results in an EMG that increases
in magnitude with tension. However, other variables influencing the signal at any
given time are the velocity of shortening or lengthening of the muscle, rate of tension
buildup, fatigue, and reflex activity.

Muscle tissue conducts electrical potentials somewhat similar to axons of the
nervous system. Motor unit action potential (m.u.a.p.) is an electrical signal gener-
ated in the muscle fibers because of the recruitment of a motor unit. Electrodes
placed on the surface of a muscle or inside the muscle tissue will record the algebraic
sum of every m.u.a.p. transmitted along the muscle fibers at that point in time. Those
motor units away from electrode site will result in a smaller m.u.a.p. than those of
similar size near the electrode.

For a given muscle, there can be a variable number of motor units, each controlled
by a motor neuron through special synaptic junctions called motor end plates. An
action potential transmitted down the motor neuron arrives at the motor end plate
and triggers a sequence of electrochemical events. A quantum of ACh is released.
It then crosses the synaptic gap (200-500 A wide) and causes a depolarization of
the postsynaptic membrane. Such a depolarization can be recorded by a suitable
microelectrode and is called an end plate potential (EPP). In normal circumstances,
the EPP is large enough to reach a threshold level and an action potential is initiated
in the adjacent muscle fiber membrane.

The beginning of the m.u.a.p. starts at the Z-line of the contractile element by
means of an inward spread of the stimulus along the transverse tubular system. This
results in a release of Ca?* in the sarcoplasmic reticulum. Ca?* rapidly diffuses to
the contractile filaments of actin and myosin where ATP is hydrolyzed to produce
ADP plus heat plus mechanical energy (tension). The mechanical energy manifests
itself as an impulsive force at the cross-bridges of the contractile element.

The depolarization of the transverse tubular system and the sarcoplasmic retic-
ulum results in a depolarization wave along the direction of the muscle fibers. It is
this depolarization wave front and the subsequent repolarization wave that are seen
by the recording electrodes.

Two general types of EMG electrodes have been developed. Surface electrodes
consist of disks of metal—usually silver/silver chloride of about 1 cm in diameter.
These electrodes detect the average activity of superficial muscles and give more
reproducible results than do indwelling types. Indwelling electrodes are required,
however, for the assessment of fine movements or to record from deep muscles. A
needle electrode is a fine hypodermic needle with an insulated conductor located
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inside and bared to the muscle tissue at the open end of the needle. The needle forms
the other conductor.

Indwelling electrodes are influenced by waves that actually pass by their con-
ducting surface and by waves that pass within a few millimeters of the bare conductor.
The same is true for surface electrodes.

A.6 ATP

Adenosine triphosphate is an important molecule for life of the living cells. It
provides energy for various cellular activities such as muscular contraction, move-
ment of chromosomes during cell division, movement of cytoplasm within cells,
transporting substances across cell membranes, and putting together larger molecules
from smaller ones during synthetic reactions.

Structurally, ATP consists of three phosphate groups attached to an adenosine
unit composed of adenine and five-carbon sugar ribose. ATP is the energy reserve
of the living systems. When a reaction requires energy, ATP can transfer just the
right amount because it contains two high-energy phosphate bonds. When the ter-
minal phosphate group (PO,*-), symbolized by P in the following formula, is hydro-
lyzed by addition of a water molecule, the reaction releases energy. This energy is
used by the cell to power its activities. The resulting molecule after removal of the
terminal phosphate groups is adenosine diphosphate (ADP). This reaction maybe
represented as follows:

ATP — ADP + P + Energy (A.1)

The energy supplied by the catabolism of ATP into ADP is constantly being
used by the cell. Since the supply of ATP at any given time is limited, a mechanism
exists to replenish it. A phosphate group is added to ADP to manufacture more ATP.
The reaction maybe represented as follows:

ADP + P + Energy — ATP (A2)

The energy required to attach phosphate groups to ADP to make ATP is provided
by breakdown of glucose in cellular respiration process, which has two phases:

Anaerobic: In the absence of oxygen, glucose is partially broken down by
the glycolysis process into pyruvic acid. Each glucose molecule that is
converted into a pyruvic acid molecule yields two molecules of ATP.

Aerobic: In the presence of oxygen, glucose is completely broken down into
carbon dioxide and water. These reactions generate heat and 36-38 ATP
molecules from each glucose molecule.






B Muscle Mechanics

A muscle fiber is about 100 um in diameter and consists of fibrils about 1 um in
diameter. Fibrils in turn consist of filaments about 100 A in diameter. These further
consist of smaller units of molecular chains called actin, myosin, and elastic ele-
ments. Electron micrographs of fibrils show the basic mechanical structure of the
interacting actin and myosin filaments. The darker and wider myosin protein bands
are interlaced with the lighter and smaller actin protein bands as seen by using an
electron micrograph. The space between them consists of a cross-bridge structure
where the tension is created and elongation or contraction takes place. The term
“contractile element” is used to describe the part of the muscle that generates the
tension, and it is this part that shortens and lengthens as positive or negative work
is done. The sarcomere, which is basic length of the myofibril, is the distance between
the Z-lines (or discs; refer to appendix A for details). It can vary from 1.5 um at
full shortening to 2.5 um at resting length to about 4.0 um at full lengthening.

The structure of the muscle is such that many filaments are in parallel and many
sarcomere elements are in series to make up a single contractile element. Consider
a motor unit of a cross-sectional area of 0.1 cm? and a resting length of 10 cm. The
number of sarcomere contractile elements in series would be 10 cm/2.5 pm = 40,000;
the number of filaments (each with an area of 10 cm?) in parallel would be
0.1/10°8 = 107. Thus, the number of contractile elements of sarcomere length packed
into this motor unit would be 4 * 10'L.

The active contractile elements are contained within another fibrous structure of
connective tissue called fascia. These tissue sheaths enclose the muscles, separating
them into layers and groups and ultimately connecting them to the tendons at either
end. The mechanical characteristics of connective tissue are important in the overall
biomechanics of the muscle. Some of the connective tissue is in series with the
contractile element while some is in parallel. These effects have been modeled as
springs and viscous dampers for modeling purposes.

Each muscle has a finite number of motor units (the motor neuron plus the
muscle fibers that it innervates), which is controlled individually by a separate nerve
ending. Excitation of each unit is an all-or-none event. The electrical indication is
a motor unit action potential and the mechanical result is a tension twitch. An increase
in tension can be accomplished in two ways: by increasing the stimulation rate for
the motor unit or by the excitation (recruitment) of an additional motor unit.

It is now generally accepted that the motor units are recruited according to the
size principle, which states that the size of the newly recruited motor unit increases
with the tension level at which it is recruited. This means that the smallest unit is
recruited first and the largest unit last. In this manner, low-tension movements can
be achieved in finely graded steps. Conversely, those movements requiring high forces
but not needing fine control are accomplished by recruiting the larger motor units.
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Successive recruitment can be described as follows. The smallest motor unit
(MU-1) is recruited first—usually at an initial frequency ranging from about 5 to
13 Hz. Tension increases as MU-1 fires more rapidly until a certain tension is
reached; at this point MU-2 is recruited. Here, MU-2 starts firing at its initial low
rate and further tension is achieved by the increased firing of MU-1 and MU-2. At
a certain tension, MU-1 will reach its maximum firing range (1560 Hz) and will
therefore be generating its maximum tension. This process of increasing tension
reaching new thresholds and recruiting another larger motor unit continues until
maximum voluntary contraction is reached. At that point, all motor units will be
firing at their maximum frequencies.

For a thorough review of mammalian muscle mechanics, see the following
sources:

Baratta, R. V., B. H. Zhou, and M. Solomonow. 1989. Frequency response
model of skeletal muscle: Effect of perturbation level and control strategy.
Med. Biol. Eng. Computing 27:337-345.

Bawa, P., and R. B. Stein. 1976. Frequency response of human soleus muscle.
J. Neurophysiol. 39:788-793.

Bobet, J., and R. B. Stein. 1998. A simple model of force generation by
skeletal muscle during dynamic isometric contractions. /[EEE Trans.
Biomed. Eng. 45:1010-1016.

Bobet, J., R. B. Stein, and M. N. Oguztoreli. 1993. A linear time-varying
model of force generation in skeletal muscle. IEEE Trans. Biomed. Eng.
40:1000-1006.

Ding, J., S. A. Binder-Macleod, and A. S. Wexler. 1998. Two-step, predictive,
isometric force model tested on data from human and rat muscles. J. Appl.
Physiol. 85:2176-2189.

Ding, J., A. S. Wexler, and S. A. Binder-Macleod. 2000. A predictive model
of fatigue in human skeletal muscles. J. Appl. Physiol. 89:1322-1332.

. 2000. Development of a mathematical model that predicts optimal

muscle activation patterns by using brief trains. J. Appl. Physiol.

88:917-925.

. 2002. A mathematical model that predicts the force—frequency rela-
tionship of human skeletal muscle. Muscle Nerve 26:477-485.

Hill, A. V. 1970. First and last experiments in muscle mechanics. Cambridge:
Cambridge University Press.

Inbar, G. E.,, and D. Adam. 1976. Estimation of muscle active state. Biol.
Cybern. 23:61-72.

McMahon, T. A. 1984. Muscles, reflexes, and locomotion. Princeton, NIJ:
Princeton University Press.

Perumal, R., A. S. Wexler, J. Ding, and S. A. Binder-Macleod. 2002. Modeling
the length dependence of isometric force in human quadriceps muscles. J.
Biomech. 35:919-930.

Wexler, A. S., J. Ding, and S. A. Binder-Macleod. 1997. A mathematical
model that predicts skeletal muscle force. IEEE Trans. Biomed. Eng.
44:337-348.
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Zahalak, G. 1., and S. P. Ma. 1990. Muscle activation and contraction: Con-
stitutive relations based directly on cross-bridge kinetics. J. Biomech. Eng.
112:52-62.
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ionic gels, and artificial muscles
biceps, 152, 153
conjugated conductive polymers and, 324
C-PAN-N, 158
electroactive, 223
electrochemical cell and, 372
first model of electroactive, 17
force—velocity curve, 19-20
human tissue and, 372
IPMNC, 80, 87, 98, 103
material actuation and sensing, 6
metal hydride, 6
method of activation, 155
nanoscaled, 164

423
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PAMPS gel, 371
PAN
length of, 160
performance of, 177
properties of, 182
response time of, 167
response of, 9
slithering, 339
Atomic force microscopy (AFM), 29, 103, 326
Austenite-to-martensite transformation, 8

B

Bandwidth, 27, 45, 54, 293, 319, 337
Batteries, 308, 332
IPMNC thin sheet, 55
rechargeable, 326
Beam(s)
modeling, 315
natural frequency, 314
stretching, 312
Bending, 222
actuators, 47, 116
amount of, 253
asymmetric, 248
behavior, IPMNCs, 240
curvature, 254, 258, 274, 295
cycle, 373
deformation, 303
dielectric elastomers and, 5
displacement, 343
electrically induced, 4, 53
forces, 44, 45, 226
gels, 4
induced, 307
instabilities, 172, 173
IPMNCs, 5
membrane boots, 148
near-DC mechanical sensing, 54
polyelectrolyte membranes, 20, 238
power, skeletal joint, 363
prevention of loose, 148
quick, 223, 224
relaxation of, 275
response, feedback control in, 319
spectacular, 24, 51
stress-free state, 269
transverse generative strain and, 115
Bingham solids, 7
Biological muscle(s), 310
contraction of, 152, 166
diversified functions of, 164
energy density of, 4
fibers, 120

Artificial Muscles

reproduction of properties of, 375
spectrum of, 44
strength exceeding that of, 372
Biomimetic(s)
capabilities, IPMNC, 293
CCP potential to act, 324, 325
distributed nanosensors, 371
locomotion, 17
noiseless swimming robotic fish, 333
phenomenon, 38
sensors, 61, 106, 238, 291
Bionic eyes, 364
Bisacrylamide, 155, 221, 224, 229, 249
Blocking force, 66, 94
change in, 94
IPMNC, 92
measurement of, 66, 110
tip, 26
zero displacement, 56
Boltzmann’s constant, 278

C

Cantilever configuration, 26, 32, 57
blocking force and, 110
dynamic impact loading, 27, 295
IPMNC actuator in, 319
IPMNC strip in, 66
synthetic muscle, 363

Capacitance
cross-, 252, 261, 296
curvature versus, 260
gel, 223, 249, 250
ionic polymer, 35, 296
material, 293
measured, 305
single unit circuit, 98
values, effective, 299

Carbon nanotube, 2, 50, 157

Carboxylic acid groups, 158, 288
fixed-charge, 218
molecular geometry, 177, 178
negatively charged, 158
protonated, 175, 176
saponification and, 160, 169

Carboxylic ions, 8

Cardiac muscle tissue, 375

Cathode(s), 33, 341
color observed, 52, 53
counter reaction at, 162, 176, 177, 178
hydroxyl ions formed at, 160
ion diaphragm and, 209
mass water and, 234
—membrane boundary, 290
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membrane electrode functioning as, 138, 142

PAN actuator and, 148
reduction at, 5
response time and, 204
spring electrode as, 139
strain and, 251
water appearance, 51
Cation(s), 10
color of, 53
concentration(s), 254
changed, 177
decreasing, 157
conducting side, 63
exchange, 27, 31, 63, 300
membranes, 12
polymer, 65
hydrated, 24, 84, 278
ith, 288, 289
loaded, 51
mass transfer of, 298
membrane, 12
mobility, 5, 38, 222, 254, 325
-modification process, 203
osmotic pressure of, 9
platinum-containing, 28
salt, 11, 12
small, 378
viscous drag and, 84
Cationic concentration
acid groups and, 158
carboxylic acid groups and, 175, 178
polymer network and, 159
Cauchy stress, 242
CCPs, see Conjugated conductive polymers
Ceramic ferroelectrics, 3
Charge density, 264, 277, 290
gel, 17
Poisson’s equation and, 199
Charge distribution
gel, 226
polymer chain, 9
Chemical activation, 162, 176, 177, 182
Chemical potential energy, mechanical into, 17
Chemomechanical behavior, ionic gel, 4
Chemomechanical contraction, 238
Chemomechanical linear contractile transduction,
167
Chemomechanical muscles, 157
Chemomechanical nanoscale motion, 166
Chemomechanical reaction, 17
Cilia
IPMNC actuators, 353
IPMNC-based sensor, 359
movement, 17
Clustering, 63
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Collagen, electrochemical interactions with, 14
Compliance
gripper, 20
IPMNC, 372
Composite(s), 7
beam deflection picture, 317
dielectric constant of, 277
electrode materials, 32
functionally graded, 23
heterogeneous IPMNC, 117
major conductive medium in, 106
materials, 4
PAN conductivity and, 157, 216, 219
PAN/Pt via ion-exchange processes, 147
polyelectrolyte membrane, 310
wing-flap, 366
Conductive polymers (CPs), 5, 23, 157, 371
actuators, 5, 21
as artificial muscles, 323-328
deformation of, 324
development of, 2
distributed, 4
LCEs and, 4
popular, 323
Conjugated conductive polymers (CCPs), 324
Conjugated polymers
as artificial muscles, 323-328
deformation of, 324
Constitutive equations, 33
linear infinitesimal elasticity formulations, 16
neo-Hookean type of, 273
Contractile element, 391
Contraction
activated C-PAN, 158
all or none, 383
analogy, 382
behavior, 17
biological muscle, 152
bundle, 120
chemomechanical, 238, 372
delayed, 193
displacement, 338
electrical, 163
—elongation behavior, PAN, 177
—expansion mechanism, 19
fiber, 9
filament interaction and, 165
force, 20, 187, 385
gel, 18, 19, 201
initiation of, 122
ionic polymeric gels, 201
isometric, 386
isotonic, 386
length scale and, 168
mathematical modeling of, 176, 178
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mechanism, 175
muscle, 10, 380
neuron and, 376
pacemaker and, 375
PAN fiber, 130, 142, 149, 161
polyelectrolyte gels, 243
polymer molecule, 8, 9
production of ions for, 164
rate of, 18, 19
response time, 167
reversible, 221, 222
second, 384
simultaneous, 378
state overall strain, 188
tension force due to, 121
velocity, 20, 387
Control(s)
aqueous fluid flow, 343
arrhythmia, 359
computer, 20, 155, 221, 249
C-PAN actuation, 216
deformable machines, 232
diffusion, 298
electrical, 17
electrode particle, 87
ER liquid, 7
feedback, 21, 293, 303, 319, 371
final product, 62
gel deformation, 226, 252
gel robots, 233
gripper position, 20
ionoelastic beam dynamic deflection model, 308
linear quadratic regulator, 319
magnetic, 8
nervous, 375
PAN artificial muscle length, 160
pneumatic, 7
resolution, 45
robotics, 9, 17, 363
solenoid valves, 152
voltage, 353
-by-wire/tactile feedback, 7
Convection
cause of, 289
dissolved protons, 288
Lagrangian finite element formulation and, 244
oven, 120
Copolymer gel, expansion—contraction, 19
Coral reefs, artificial, 367
Cottrell equation, 298
Coulomb forces, 226
CP, see Conductive polymers
C-PAN
artificial muscles, electrical activation, 157, 158
elongation, 158, 163

Artificial Muscles

expansion, 217
fibers, mathematical modeling, 176
nanofibers, 218
response time, 219, 220
CPs, see Conductive polymers
Cross-linking, 27
degree of, 19
electrostatic, 112
fluorocarbon polymers and, 63
induction of, 160, 169
PAN film cast after, 146
polymer, 4, 9
process, ion-exchange capabilities and, 61
Crystallinity, creation of, 112
Current density, 30, 54, 226, 267, 268, 279, 294

D

Darcy permeability, 294
DDS, see Drug delivery systems
Debye—Huckel approximation, 13
Decomposition voltage, 36
Deformation
asymmetric, 269, 291
bending, 303
collagen fiber, 12
conducting polymers, 324
conjugated polymers, 324
contractile/expansive, 8
deswelling, 16
disk, 16
dynamic, 23, 25, 221, 293, 294
electric, 58
electrical excitation and, 1
electrically induced, 225
electromechanical response and, 239
free energy and, 15
gradient, definition of, 242
hydrated cations and, 53
imposed, 281
incremental, 250
internal molecular network structure, 156
ion-exchange membrane polyelectrolytes, 20
ionic polymeric gels, 155
kinematics, 240
membrane, 13
membrane matrix, 237
muscle membrane, 9
nano-PAN, 124
network, 222
nonhomogeneous, 226, 229
PAMPS, 223
polyelectrolyte, 13
PVA-PAA hydrogel rods, 20-21
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solvated, 127
strain quantities, 242
switches and, 17
Dehydration
IPMNC actuator, 367
PAN muscle, 193
Density
charge, 17, 199, 264
cross-linker, 223
current, 30, 54, 63, 173, 226, 267, 294
dry membrane, 288
electrons, 324
fiber diameter and, 120
force
IPMNC samples, 92
maximum, 28, 56
problem in achieving high, 39
propulsion and, 337
gel, average, 229
gradient, functional particle, 70
LCE materials, 4
liquid solvent, 198
maximum force, 71, 74
mechanical energy, 2, 3
molal, 277
number, counter-ions, 199
polymer, 173, 241
power, 45
pure solvent, 241
surface area, 72
unswollen polymer, 176
value, 240
water, 259
Depolarization wave, 388
Design
caudal fins, 336
compensator, 319
conceptual, 238
conditioning circuitry, 304
distributed mechanisms, 233
dynamic deformation, 332
EAP, 2
electrical activation system, 149
experimental, 74
five-fingered hand, 211
IPMNC accelerometers,307
PAN actuator system, 142, 145, 148, 178, 180
platinum metallization process, 41
robotic fish, 334
SMA actuators, 6
spring electrode configuration, 133
starfish-shaped gel robot, 235
Taguchi, 56, 61, 74
Deswelling, 240, 291
anode side, 275
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deformation, gel, 16
kinetics of, 16
Diaphragm
ion, 209
pump, 343
designs, 344
double, 344, 345
response time and, 204
Dielectric constant, 13
composite, 277
high, 3
liquid phase, 199, 264
saturating solution, 372
suspension particles, 7
Dielectric elastomer
bending and, 5
EAPs, 3
Dielectric permittivity, polymer, 173
Differential scanning calorimetry (DSC), 68
Diffusion
back, 275, 282
coefficient, 16, 19, 268, 287
ion, 168, 180
solvent, 242
-controlled slab-type gels, 167, 179
differential velocity and, 241
-dominated platinum precipitation process,
102
-drift model, 277
electroactive species, 298
electrocapillary, 178
free, 40
ion, 16, 206
pH fluids, 120
proton, 16
rate, 163, 328
Digital displacement indicator, 122
Dimethyl sulfoxide, 4
Direct metal deposition technique, 162
Discretization, 244
Dissociation
constant
muscle membrane acid groups, 10
weak acidic groups, 9
degree of, 9, 10, 11
membrane charge groups, 237
Distributed biomimetic nanosensors, see IPCNCs,
modeling and simulation of
Distributed conductive polymers, 4
Distributed platinum particles, 94
Distributed polyions, 194
Distribution
anion, 206
asymmetric pressure, 4
charge, 9, 226
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control, particle, 61
free electrolytes, 10
homogeneous, particles, 40
ion, 33, 64
nonuniform, 225, 252, 269
uniform, 39
DLVO forces, 203
DN hydrogels, see Double-network hydrogels
Donnan equilibrium, 177
assumption, 254
free electrolytes and, 10
principle, 10
theory, 167, 175, 179
Doping
chemical, 326
level, 324, 327
process, 327
Double layer
capacitance and, 98
charge capacity, 88
electric, 13
forces, 201-203
interactions, 58
surface—electrode/electrolyte interface, 35,
296
thickness of, 18
Double-network (DN) hydrogels, 234
Driver
biotechnology, 225
electronic, 369
Drug delivery systems (DDSs), 17
DSC, see Differential scanning calorimetry
Dynamic equilibrium, charged networks, 156, 222

E

EAC materials, see Electroactive ceramic materials
EAP, see Electroactive polymer
EDM, see Electrodischarge machining
Efficiency

biological systems, 17

electromechanical conversion, 31

energy conversion, 17

IPMNC, 86

obtained values for, 116

piezoelectric materials, 47

steam turbine, 1

thermodynamic, 36, 44, 47, 115, 117
Elasticity, 375

equations, 240

infinitesimal, 240

IPMNC, 372

large deformation, 242

linear, 16, 33

Artificial Muscles

modulus of, 32, 33, 372
polymer network, 238
rubber, 14, 19, 156, 176, 182, 222
strip modulus of, 260
Elastic modulus, 249, 267
changes in, 53
high, 3
induced strain and, 3
IPMNC cantilever strip, 38
product of, 268
solvent content and, 20
Elastomer expansion, 4
Electret(s), 1, 3
Electrical activation, 157
best electrochemical solution, 143
C-PAN artificial muscles, 157, 158, 219
electrochemical cell, 162
hydrogen and oxygen evolution, 177
ionic polymer gels, 9
PAN fibers, 133, 147, 149, 162, 176
pioneering works, 157
response to, 139
sodium hydroxide and, 140
system design, 149
Electrical control, 17
Electrical current(s)
application of, 147, 174
removal of, 18
Electrical energy, 16
Electrical excitation, 1, 4
Electrical response, conversion to mechanical
response, 13
Electric deformation, 58
Electric field, 21, 63, 210, 216, 237-238
absence of, 234
acetone—water solution and, 15
activation, 1, 119
actuation performance testing and, 66
application of, 249, 276
beam segment and, 316
conjugate, 295
DG, 1, 4, 281
dynamic, 293
electrets and, 3
electrospinning and, 172
external, 7
force generation and, 211
free energy and, 15
gel swelling and, 159
gradient, 18, 226, 252, 272
hydration phenomena and, 83
imposed, 24, 43, 53, 65, 248, 254, 260, 281,
291, 310
input, 39
intensity, 12-13, 172
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internal, 40 PAN fibers, 149, 162, 176, 178, 182
ion-exchange membrane polyelectrolytes and, Pt activation in, 161
20 Electrochemical corrosion, 149
ionic polymeric networks and, 156 Electrochemical deposition process, 103, 104, 105
IPMNCs and, 5 Electrochemical interactions, 14
mobile ions and, 18 Electrochemical potential differences, 16
muscle contraction and, 155 Electrochemical reactions, 160, 180, 219
nonpolar and polar regions and, 3 Electrochemical solution, electrical activation
osmotic pressure and, 178 and, 143
PAA-PVA in, 222 Electrochemical test setup, 204
PAMPS gel under, 223, 224 Electrode particle control, 87
PAN muscle system under, 150 Electrodialysis process, 9
Poisson—Boltzmann equation and, 372 Electrodischarge machining (EDM), 351
polarity, 155, 217, 225, 229, 230 Electromechanical relay switches, 354
reversal of, 157 Electromotive polymers, history of, 8
single fiber force curve, 193 Electromyography, 388
spatially varying, 235 Electroneutrality, 325
square wave, 51 Electronic EAP
strength, 7, 157, 169, 223, 250, 266 ferroelectricity and, 2
stress gradient, 14 materials, mechanical energy density of, 2
Taylor cone and, 173 Electronic polymers, activation fields, 2
time-varying, 23, 294 Electro-osmosis phenomenon, 12
transverse, 222, 269, 275 Electrophoresis, 12, 25, 31, 266, 294
vector, 198 Electrophoretic solvent transport, 294
volume change and, 325 Electrorheological (ER) fluids, 32
wet IPMNC and, 89 MR fluids and, 7
Electric potential, 190, 277, 324 response time of, 7
application to IPMNCs, 41 Electrospinning, 127, 158, 167, 173
blocking forces and, 94 C-PAN, 218
component, 227 nanofiber, 172
convection and, 289 response time and, 158
free energy and, 15 Electrostatic charge, 12
imposed, 43 Electrostatic cross-linking, 112
perfluorinated ionic polymer membrane and, 31 Electrostatic fiber spinning, 172
reduced, 15 Electrostatic force(s)
Electroactive ceramic (EAC) materials, 350 balancing of, 172
Electroactive muscles, 9 carboxylic ions, 8
Electroactive polymer (EAP), 1, 114, 350 polymer network, 124
actuator(s) Taylor cone and, 173
dielectric elastomer, 3 Electrostatic potential
formation of, 4 local, 264
bending, 4 polyelectrolyte solutions, 199
categories, 6 Electrostatic repulsions, 175, 179
design, 2 Electrostriction, ceramic ferroelectrics, 3
dielectric elastomer, 3 Electrostrictive polymers, activation fields of, 2
history of, 1 Electrostrictive strains, 3
materials, ionic, 2 Elongation
miniature heart compression experiment, 361 behavior, PAN, 130, 168, 171
systems, response of, 2 contractile element and, 391
Electrocapillary diffusion, 178 C-PAN, 158, 163
Electrocapillary transport modeling, 194 delayed, 193
Electrochemical cell, 308 kinetics, 168
C-PAN artificial muscles, 157 lengths, PAN fibers, 142
electrode in, 372 LiOH boiling and, 147

light-emitting, 2 mechanism, 175
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modeling, 182

properties, 131

status, 216

stress—strain curve, 218

uniaxial, 16
Energy density

biological muscles, 4

EAP materials, 2

mechanical, 2, 3
Engine, efficiency, 1
Environmental conditions

pH meters and, 150

water transport and, 182
Equivalent weight, 64

membrane, 288

precursor ion-containing polymer, 277
ER fluids, see Electrorheological fluids
ESHPA, see Exoskeletal human joint power

augmentation

Evolution

heat, 62

hydrogen, 9, 162, 177

oxygen, 9, 162, 177

solvent mass fraction, 241
Exoskeletal human joint power augmentation

(ESHPA), 348

Expansion, 120

anomaly in, 163

axial, 16

capability, 338

chemomechanical, 372

computer control of, 221

—contraction, copolymer gel, 19

control of, 249

C-PAN fibers, 217

direct computer control of, 155

disturbed, 185

elastomer, 4

electrochemically ion-induced, 175

frequent, 121

mathematical modeling, 178

microporous channels, 67

models, 240

muscle, 10

polymer structure, 67

radial, 16

side, water appearance on, 31

solution pH and, 151

volume, 64

F

Fatigue, 207, 351
confirmation test, 208

Artificial Muscles

firing motor neurons and, 385
muscle, 383
-resistant fibers, 387
speed of, 387
Feedback controller, 319
Ferroelectricity, 2
Ferroelectric polymer, 2, 3
Ferroelectrics, ceramic, 3
Ferrogels, 2
Ferromagnetic metal salts, 59
Ferromagnetic shape memory (FSM) materials, 8
Fiber(s)
as-spun dry, 172
bundled, 120
collagen, 12, 13
contraction, 143, 145, 174
C-PAN
electrochemomechanical actuation in, 157
electrode, 217, 219
mathematical modeling, 176
electrode, graphite and gold, 164
elongation/contraction performance, 131
expansion, 9
fatigue-resistant, 387
LiOH-treated, 138, 139, 147, 203
muscle, diameter of, 391
nano-PAN, 124, 127
negative, 9
PAN, 4
activated, 149, 159
annealed, 171
behavior, 201
commercially available, 166
displacement, 150
electric activation of, 133, 162, 182
fabrication, 119
five-fingered hand design, 211, 213
length, 180, 194
macramé of, 181
mathematical modeling, 178
maximum forces, 204
mechanical property, 148, 208, 214, 218
micro-, 216
polarity, 142
raw, 149, 158, 169, 182
skeletal muscles, 152
spring-loaded, 188
test sample, 191
textile industry, 159
polyelectrolyte, 17
polymer, 16
positive, 9
PVA-PAA, 9
smaller diameter, 166
synthetic textile, 173
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Film
cantilever, 53
CP, 325
electrode, 5
IPCNC, 279
IPMNC, 40, 279
Nafion, 111, 112
PAN
casting experiment, 143
cross-linking, 146
PPy, 326
synovial fluid, 376
thickness, 19
Flapping
beam, 317
displacement, 309
hardware tests and, 316
wing, 367, 369
Flemion™, 63, 83
Flory-Huggins theory, 14, 15,176
Flying machine
IPMNC, 368
resonant, 366
Force(s)
acid-activated, 188
bending, 44, 45
blocking, 66, 94
characteristics, 24, 86, 88
competing, 14, 156, 222
configuration, 272
conjugate, 30, 54, 294
contractile, 19
contraction, 383
density, 28, 184
DLVO, 203
Donnan theory of ionic equilibrium, 162, 176,
178
electrophoretic, 19
electrostatic, 124, 172, 173, 175, 179
energy density and, 4
generation, 84, 90, 92, 191, 204, 209, 216
gripping, 353
increase, 193
induced, 177
input, 367
internal, 19
ion pumping and, 18
isometric
contraction, 20
drop in, 13
molecular interaction, 201
MSM materials and, 8
optimization, 56, 61, 74
polyelectrolyte deformation and, 13
repulsion, 228, 271

431

repulsive, 8
resistive, 163
response, 40, 105, 189
swelling, 167
tensile, 123
tension, maximum, 121
tip, 112, 291
twisting, 347
ultimate, 149
van der Waals, 201-203, 269
variation of, 194
vector, 278
—velocity relationship, 19
working, 182
Free energy
Flory-Huggins theory and, 14
gel deformation, 15
minimized, 15
Frequency
applied voltage, 332
break, 306
dependency, impedance, 296
displacement versus, 239
-domain analysis, 239
initial, 392
natural, 314
output signals, 356
resonance, 302, 367
response
data, 291
function, 303
IPMNC, 38
stimulation of muscle fibers, 383
subhertz, 307
thermodynamic efficiency and, 115, 116
FSM materials, see Ferromagnetic shape memory
materials
Fuel cell membrane applications, 20

G

Gel(s)
acrylamide, 14
actuator, 4
electrically controllable, 221
PAMPS, 223
asymmetric pressure distribution in, 4
bending of, 4
charge density, 17
chemomechanical behavior of, 4
configuration field, 243
conservation of momentum, 242
contractile forces of, 19
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contraction, 19, 201
role of microparticles in, 18
velocity of, 18
deformation, 15
characteristics, 157
free energy and, 15
degree of volume change of, 14
dense, 4
deswelling, kinetics of, 16
diffusion-controlled slab-type, 167, 179
equilibrium
shape, 14
volume, 253
fiber, 194
forced produced in, 18
geometry, 18, 245
ionic flexogelectric effect, 308
magnetically activated, 2
model, 19, 179
PAN, 120, 148
polyelectrolyte, 159
polymer network, 156
pressure distribution, 4
PVA-PAA
copolymer, 19
polyelectrolyte, 16
relative weight of, 19
rod-shaped, 16
swelling, 9, 155, 240
Young’s modulus of elasticity, 252
Generator
box, 330, 331
inductive, 347
signal, 332
Geometric computers, 58
Giant magnetostrictive materials (GMMs), 8
GMMs, see Giant magnetostrictive materials
Granular damming effect, 42
Gripper
closure, 354
compliance, 20
cycle time, 20
four-finger, 330
mechanical, 329
position, control of, 20
prototype, 330
simulated muscles to power, 19
soft parallel jaw robotic, 51

H

High electric field, 172
High voltage, power supply, 168, 169
Hooke’s law, 33

Artificial Muscles

Human

eyes, 364

forearm skeleton, 154

hand, 362

joint power, 348

skeletal arm muscles, 349
skeletal joints, 363

spine, 239, 308

tissue, artificial muscles and, 372

Human muscle, anatomy and physiology of,

375-389
ATP, 389
electromyography, 388-389
isotonic and isometric contraction, 386
muscle contraction, 380-385
role of structural components of muscle fibers,
385-386
skeletal muscle fiber types, 387-388
strength, 157, 161, 203

Hybrid, PAN, 133
Hydration

index, 288
number, 275

Hydraulic actuator, 38
Hydraulic jack, leaky, 90
Hydraulic solenoid valves, 20
Hysteresis, 37, 38

curve, 373
/v, 47, 115, 117
PAN fiber behavior, 161

Impedance

AC, 35, 98, 99, 295

analyzer, 320, 321

curves, 304
electromechanical, 319
frequency dependency of, 296
input, 302

IPMNC, frequency dependency of, 35
measurement of, 303

model, 290, 291

plot, 35, 100

relationship, 291

Insect(s), 51, 119, 367
Ton(s)

electrocapillary diffusion of, 178
intercalation, 327

migration, 16, 45

pressure, 222

transport, 294

Ion exchange, 17

capacity, 12
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composite PAN/Pt, 147
electrodes inserted into compartments, 10
IPMNC manufacture and, 61
material(s)
manufacturers, 63
most popular, 61
membrane(s), 9, 100, 111
cationic, 9
polyelectrolytes, deformation of, 20
product, 239
polymer chemistry, 66
process, 28, 81
resins, 62

Tonic EAP materials, 2
Ionic flexogelectric effect, 308
Tonic gel(s), 120, see also Ionic polymers, ionic

gels, and artificial muscles
charges in, 250
diffusion-controlled slab-type, 179
equilibrium volume, 253
modeling of, 17, 20
polymers, applications using, 4
shrinking of, 155
swelling, 221
weakness of, 159
Young’s modulus of elasticity, 252

Ionic polyacrylonitrile chemoelectromechanical

artificial muscles/nanomuscles,
119-220
electroactive PAN muscles, 153-157
electrochemomechanical actuation in

conductive polyacrylonitrile fibers
and nanofibers, 157-211

contraction and elongation mechanism,
175

direct metal deposition technique,
162-164

effects of electrode deterioration on force
generation, 209-211

electrocapillary transport modeling,
194-201

experiment, 168-172

fabrication of PAN actuator system, 174

force generation with pH difference,
203-209

graphite and gold fiber electrode woven
into PAN muscle as adjunct
electrode, 164

mathematical modeling of contraction and
elongation of C-PAN fibers,
176-194

nanofiber electrospinning in general,
172-174

other aspects of PAN muscle behavior,
201-203
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preparation of ionically active PAN,
158-162
toward nanoscaled artificial muscles and
motors, 164—-168
five-fingered hand design and fabrication
using PAN fiber bundle muscles,
211-216
additional mechanical property
measurement of single PAN fiber,
214-216
fabrication of five-fingered hand equipped
with fiber bundle PAN muscles,
213-214
micro-PAN fiber observation, 216
PAN characterization, 122—-149
effects of different cations, 130-133
electric activation of PAN fibers, 133
isoionic test, 123
isotonic characterization, 122-123
PAN actuator system design and
fabrication, 142, 145-147, 148-149
PAN casting experiment, 147
PAN film casting experiment, 143—-145
PAN performance testing in acidic
environment, 142-143
PAN synthetic muscle capability
measurements, 124—130
PAN fabrication, 119-122
PAN pH meters, 149-153

Ionic polymer(s), see also Ionic polymers, ionic

gels, and artificial muscles
capacitance related to, 35, 98
chain, 120
contraction, 201
dispersal of platinum particles within, 39
electrical activation, 9, 157
electrically induced bending and, 53
electrodes and, 50
electrothermodynamics in, 25
fluid circulatory migration in, 51
gel (IPG), 4, 8, 155
initial stretching of, 56
interstitial clusters within, 178
metal composites, 38
muscle design, 214
networks, 156
perfluorinated, 31
physical stretching, 92
selection of, 27
self-oscillatory phenomena in, 58
water structures within, 68

Ionic polymer conductor nanocomposites

(IPCNCs), 1, 23, 58, 293, see also
IPCNCs, modeling and simulation of
circulatory properties of, 48
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force capability of, 40
manufacturing recipe, 71
power density, 44
primary actuator, 344
scleral band, 364
sensing of, 294

ITonic polymer—metal nanocomposites (IPMNCs),

1,5, 23, 238, 293, 371
actuation performance, 105
actuators, 239, 329, 331, 333, 366, 372
adopted starting material for, 32
artificial coral reefs, 369
base materials, 61, 66
bending, 5, 240
blocking force, 92
Braille alphabet applications, 356
cantilever, electric field imposed on, 24
composites, heterogeneous, 117
contractile serpentine configurations, 339,
343, 344
electric field, 5
electrochemical method to study, 98
electromechanical relay switches, 354
evaluation of, 301
fins, 337
Flemion-based, 83
flying machine, 368
force capability, 40
force generation, 110
gripper concept, 330
hybridizing, 133
Li*-containing, 81
manufacturing, 27, 56, 69, 71, 299
mechanical properties, 35
medical applications, 364
—MEMS switches, 352
Nafion-based, 83
nano-, 51
oscillatory phenomena in, 58
performance, 87
peristaltic pumps, 362
popular products used as, 63
power density, 40
power harvesting capabilities of, 54
relaxation behavior, 84
response time, 303
samples, Taguchi, 79
sensing of, 294
sensors, 373
stiffness, 32, 79
surface morphology of, 103
thermodynamic efficiency, 36, 115, 117
undulating fin, 337
water structure, 66
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Ionic polymer—metal nanocomposites
(fundamentals), 23-59
advances in force optimization, 56-57
electric deformation memory effects,
magnetic IPMNCs, and self-
oscillatory phenomena, 58-59
performance characteristics, 32-55
cryogenic properties of IPMNC, 48
electrical performance, 35-38
improved performance, 3943
internal and external circulatory properties
of IPCNCs, 48-54
mechanical performance, 32-35
near-DC mechanical sensing,
transduction, and energy-harvesting
capabilities of IPMNCs, 54-55
thermodynamic efficiency, 44-47
view from linear irreversible
thermodynamics, 43—44
Tonic polymer—metal nanocomposites
(manufacturing techniques), 61-118
base materials, 61-69
general, 61-66
water structure, 66—-69
manufacturing techniques, 69-118
additional results on stretched IPMNCs to
enhance force generation, 92-98
economical approach, 106-110
effective surface electrodes, 98—106
effects of different cations, 80-87
electrode particle control, 87-91
force optimization, 74-80
general, 69-71
IPMNC and IPCNC manufacturing recipe,
71-74
scaling, 111-117
technique of making heterogeneous
IPMNC composites, 117-118
Ionic polymer—metal nanocomposites,
engineering, industrial, and medical
applications of, 329-370
aerospace applications, 366-370
composite wing-flap, 366
resonant flying machine, 366-370
biomedical applications, 357-365
artificial smooth muscle actuators,
362-363
artificial sphincter and ocular muscles,
364
artificial ventricular or cardiac-assist
muscles, 357-361
correction of refractive errors of human
eyes and bionic eyes and vision,
364-365
incontinence assist devices, 364
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peristaltic pumps, 362
surgical tool, 362
engineering and industrial applications,
329-357
biomimetic noiseless swimming robotic
fish, 333-338
continuous variable aperture mirrors and
antenna dishes, 354-355
diaphragm pumps using flexing IPMNC
strips and diaphragms, 343-349
electromechanical relay switches, 354
flat keyboards, data attire, and Braille
alphabet, 356-357
IPMNC contractile serpentine and
slithering configurations, 339-343
linear actuators, 338-339
mechanical grippers, 329-330
metering valves, 343
microelectromechanical systems,
349-354
musical instruments, 356
parts orientation/feeding, 356
robotic swimming structure, 331-332
slithering device, 356
three-dimensional actuator, 330-331
ITonic polymers, ionic gels, and artificial muscles,
1-21
history of electroactive polymers and
artificial/synthetic muscles, 1-8
conductive polymers or synthetic metals,
5-6
dielectric elastomer EAPs, 3
electrets, 3
electrically conductive and photonic
polymers, 2
electronic EAPs/ferroelectric polymers,
2-3
electrorheological materials, 7
giant magnetostrictive materials, 8
ionic EAPs/ionic polymer gels, 4
ionic polymer—metal composites, 5
liquid crystal elastomer materials, 4
magnetically activated polymers, 2
magnetic shape memory materials, 8
magnetorheological materials, 7
metal hydride artificial muscle systems,
67
nonionic polymer gels/EAPs, 4-5
shape memory alloys and small memory
polymers, 6
history of electromotive polymers, 818
contraction behavior, 17-18
mechanisms, 18
role of microparticles in contraction of gels,
18-21
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Ionoelastic beam dynamic deflection model, 308
IPCNC:s, see Ionic polymer conductor
nanocomposites
IPCNCs, modeling and simulation of, 237-291
continuum-diffusion electromechanical
model for asymmetric bending of
ionic polymeric gels, 248-262
continuum electrodynamics of ionic
polymeric gel swelling and
deswelling, 240-247
basic formulation, 240-242
computer stimulation of symmetric
swelling and contraction of
polyelectrolyte gels, 243-244
gel contraction/shrinkage example based
on continuum-diffusion model,
244-247
continuum microelectromechanical models,
262-268
numerical simulation, 266—268
theoretical modeling, 262-265
microelectromechanical modeling of
asymmetric deformation of ionic
gels, 269-275
time-dependent phenomenological model,
275-291
equivalent circuit modeling, 290-291
expanded ion transport modeling,
287-290
linear irreversible thermodynamic
modeling, 279-286
two-component transport model, 275-279
IPG, see Ionic polymer gel
IPMNCs, see Ionic polymer—metal
nanocomposites
Isometric contraction, force during, 20
Isometric force, drop in, 13
Isotonic characterization, 122, 123
Isotonic test apparatus, 122, 123

K

Kirchhoff’s law, 252

L

Lagrangian formulation, 243, 244
Lattice

gel-like, 165

hydration and, 69

-like organized structures, 7
LCE, see Liquid crystal elastomer
Leuco-emeraldin salt, 326
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LIGA, 351, 353
Linear actuator(s), 338, 372
activated PAN and, 160
applications, 324
bistrip type, 338
C-PAN-N muscles and, 219, 220
PAN nanofibers and, 171
Linear quadratic regulator (LQR), 319
Liquid crystal elastomer (LCE), 4
Load cell, 56, 182, 189, 203, 208
SCXI devices and, 66
sensor, 192
tip force and, 112
LQR, see Linear quadratic regulator

M

Magnetic activation mechanisms, 1, 6
Magnetic analog, ER suspensions, 7
Magnetic energy, 8
Magnetic ferrogel materials, 2
Magnetic field, 2, 7
Magnetic nanoparticles, 2
Magnetic shape memory (MSM) materials, 8
Magnetorheological (MR) fluid, 7
Manufacturing, see also Ionic polymer—metal
nanocomposites (manufacturing
techniques)
composite, 279
glitches, 194
IPMNC, 27, 56, 299, 371
MEMS and, 351
PAN fibers, 119
procedure, 120
Material testing system (MTS), 308
Mathematical modeling, PAN fiber
contraction/expansion, 178
Mechanical energy density, 2, 3
Mechanical properties
change of, 324
dissimilar, metal particles, 32
double-network hydrogels, 234
IPMNC, 356
LCE materials, 4
PAN fibers, 148, 193, 208, 214
polymers, 2
swelling and, 33
Membrane(s)
actuators, 330, 367
axon terminal and, 377
boots, 148
cantilever, 283
cation, 12
charge groups, 237
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conductance, 294

deformations, 13

elastic, 331, 332

electrode functioning, 138, 142

encapsulation by, 38

fabrication, 10

flexible, 145, 174, 180

flux of protons through, 288

fuel cell, 20

hydrogen-ion concentration, 10

ion-exchange materials and, 62

IPMNC, 356

layers, 63, 74

metallic platinum particles and, 28

molar flux of water in, 287

muscle

deformation in, 9
pH of solution surrounding, 10

PAN fibers, 133

perfluorinated ionic polymer, 31

permeability, 287

platinum x-ray counts across, 100

polyelectrolytes, 20

potential, resting, 378

PPy, 324

product, ion-exchange, 239

recast, 112, 115

shape, 70

swelling coefficient, 288

thickness, 44, 298

velocity of the liquid water in, 289

vibration, 367

water absorbed, 10, 11

water movement and, 29

weak acidic contractile polymeric, 9
MEMS, see Microelectromechanical systems
Metal hydride artificial muscle systems, 6
Metal precipitation reaction, 40
Microelectromechanical systems (MEMS), 349

-based devices, 351

manufacture, 353

technology development, 350

uses, 352
Microgripper, 352
Microrobots, 349
Migration

cation, 258, 274

charge, 5

circulatory, 52

electrically induced, 51

electrophoretic, 310

-induced hydraulic actuation, 45

ion, 16, 51, 53

stress magnitude and, 255

velocity of, 18
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Model
diffusion-controlled slab-type ionic gel, 179
diffusion-drift, 277
electric double layer, 13
gel, 179
impedance, 290, 291
ionoelastic beam dynamic deflection, 308
Modeling
beam, 315
conducting polymers, 324
deflection, 312
electrocapillary transport, 194
input, 315
ionic gels, 17, 20
IPMNCs, 371
mathematical
C-PAN fibers, 176
ionic gel deformation, 222
PAN fibers, 178
objective of, 178
PAN fibers, 158, 182
studies in, 232
viscous dampers for, 391
Modulus of elasticity, 32, 252, 260, 372
Molecular geometry, 158, 175, 177
Molecular interaction forces, 201
Molecular network
polymer, 65
structure, 156
Molecular plating, 70
Molecular shape, change of, 8
Molecular spring, 165
Molecular structure, PAN, 159, 171
MR fluid, see Magnetorheological fluid
MSM materials, see Magnetic shape memory
materials
MTS, see Material testing system
Muscle, see also Artificial muscle
characteristics, 375
contraction, 10
expansion, 10
fatigue, 383
mechanics, 391-393
membrane
acid groups, 10
deformation, 9
response, 10
tissue, 372, 375
Myosin, 165, 171, 219, 220, 379, 381, 391

N

Nafion™, 32, 63, 294, 368
absorption isotherm of, 67
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-based accelerometer, 239
-based IPMNC, 83
DSC responses for, 69
film, recast, 111, 112
isomer samples, dry, 80
property of, 65
types of water, 68
Nanoactuator, 158, 329, 371
Nanofiber(s)
C-PAN, 218
diameter, 168
electrochemomechanical actuation, 157
electrospinning, 158, 172
PAN, 166, 171
Nano-IPMNCs, 51
Nanomuscles, see Ionic polyacrylonitrile
chemoelectromechanical artificial
muscles/nanomuscles
Nano-PAN
fibers, 124, 127
activated, 131
manufacture of, 167
raw, 127, 129, 130
strain generation capabilities, 124
Nanoscaled artificial muscles, 164
Nanotransducers, see IPCNCs, modeling and
simulation of
Nanotube, 29, 50, 157, 216, 219
Natural frequency, beams, 314
Necking, 172
Neo-Hookean constitutive equations, 238, 252,
273, 278-279
Neo-Hookean type solid, 242
Nernst-Planck equation, 288
Nonionic polymer gels, 4
Nonlinear strains, AC field, 3
Nonlinear theories, ionic polymeric gels and, 20
Nylon wrapping lines, 120

o

Optical fiber switching, 352
Optical switch, MEMS, 352
Optimal design, fish fin actuators, 335
Orlon™, 119
Osmosis, 12, 249, 266
Osmotic pressure
anode, 178
cations, 9
change in, 252
counter-ions, 14
creation of, 156, 222
determination of, 223
difference, 167, 175, 179
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dynamic, 156, 222
electric field and, 178
Flory’s theory of, 253
importance of, 138, 172
induced, 162, 176, 178
overall, 177
PAN behavior and, 203
rubber elasticity and, 182
Oxidation, anode, 5
Oxy-PAN, 182

P

PAA, see Polyacrylic acid
PAM, see Polyacrylamide
PAMPS gel artificial muscles, 221-235
electroactive PAMPS gel robotic structures,
232-233
engineering strength considerations on
PAMPS gels, 233-234
gel preparation, 223-224
gel robotics, 234-235
PAMPS gel application, 224-232
adaptive optical lenses, 224-225
electrically controllable ionic polymeric
gels as adaptive optical lenses,
229-230
experimental results, 230-232
theoretical model, 225-229
PAN, see Polyacrylonitrile
PANI, see Polyaniline
Particle distribution control, 61
PCR, see Polymerase chain reaction
PD controller, 20
Peristaltic pump, 152, 362
Permittivity, 3, 173
Pernigraniline salt, 326
Phase transformation
ionic solid, 58
phenomenon, 222
Phase transition
competing forces, 14
isotropic—nematic, 4
mean free energy needed for, 14
phenomenon, 238
Physiology, see Human muscle, anatomy and
physiology of
Piezoelectric activity, 1, 6
Piezoelectric actuator, 351
Piezoelectric behavior, 3
Piezoelectricity, 3
Piezoelectric material, 1, 116
Piezoelectric polymer, 1, 2
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Platinum
metallization process, 41
precipitation process, 102
salt, 28, 29
PMMA, see Polymethyl methacrylate
Poisson—Boltzmann equation, 13, 199, 264, 372
Poisson equation, charge density and, 199
Poisson ratio, 45, 295
Polarization, 325
electric, 2, 3
wave, powering sequence of skeletal muscles,
348
Poling, 350
Polyacrylamide (PAM), 14, 159, 234, 245
Polyacrylic acid (PAA), 221, 222, 229, 237
electrically induced dynamic deformation,
155
gel contraction and, 18
mechanically stressed foil of, 8
Polyacrylonitrile (PAN), 4, 119, 221, 371
actuator system
design, 142, 145, 148, 180
fabrication, 174, 180, 184, 187
testing, 189
anode, 162
casting experiment, 147
characterization, 122
composition of, 119
conductivity, 219
contraction—elongation behavior, 177
fiber(s)
contraction/expansion, mathematical
modeling, 178
electrical activation of, 133, 162, 178
manufacturing, 119
film casting experiment, 143
ionically active, 158
molecular structure, 159
muscle(s), 372
apparatus, 155
behavior, 191, 201
capability measurements, 124
contraction, 157
degradation of, 120
dehydration of, 193
electrically controlled, 204
electroactive, 153, 161
evaluation of, 122
fast activating, 171
force induced by, 148
graphite and gold fiber electrode woven
into, 164
inner electrode and, 147
isoionic test, 123
modeling, 182
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response time, 127, 209
robot hand using, 211
skeletal muscles, 152
storage in water, 120
testing of, 193
woven fabric forms of, 203

nanofibers, 166

performance testing, 142

pH meters, 149

raw, 182

Polyaniline (PANi), 2, 157, 216, 324

actuators, 327, 328
strain, 326

Polyelectrolyte(s)

biomembranes, charged, 237
charged, 13
charge migration and, 5
cross-linked macromolecular, 221
deformation, 13
dynamic deformation of, 25
feedback controls and, 21
fibers, 17
flexibility of, 357
gel(s), 159
computer stimulation, 243
cross-linked, 17
electroactive, 159
neo-Hookean constitutive equations and,
238
PVA-PAA, 16
shear modulus of, 234
linear actuators and, 338
membrane, 310
shape changes, 17
solid-state, 367
solutions, electrostatic potential in, 199

Polymer

chain, charge distribution of, 9
cross-linking of, 9
density, 173
electrical attraction between solvent and, 156
electrospinning of, 173
gel
anionic, 14
muscle assembly structure, 333
nonionic, 4
PAMPS, 235
regions, 254
surfactant molecules on, 223
water-swollen, 17
molecular network, 65
molecule, contraction of, 8, 9
piezoelectric, 1, 2
—polymer affinity, 222
resistance, 98
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Polymerase chain reaction (PCR), 351
Polymeric artificial muscles, sensing,
transduction, feedback control, and
robotic applications of, 293-322
evaluation of IPMNCs for use as near-DC
mechanical sensors, 301-308
advances in sensing and transduction, 308
background, 302-303
discussion, 307
experiment results, 304-307
experiment setup, 303-304
sensing capabilities of IPMNCs, 293-301
basics of sensing and transduction of
IPMNCs and IPCNCs, 294-295
electrical properties, 295-299
experiment and discussion, 299-301
simulation and control of ionoelastic beam
dynamic deflection model, 308-322
dynamic case, 313-316
feedback control in bending response of
IPMNC actuators, 319-320
results, 320-321
static deflection, 310-313
summary, 318-319
variable moments, 316-318
Polymethyl methacrylate (PMMA), 91, 346
Polypyrrole (PPy), 5, 117, 157, 216, 324, 325,328
behavior of, 326
compactness of, 327
membranes, 324
properties of, 323
Polytetrafluoroethylene (PTFE), 111, 225, 347
Polyvinyl alcohol (PVA), 9, 156, 159, 221, 237
Poly(vinylidene fluoride) (PVDF), 3, 373
Potential energy, chemical, 17
Power, 2
AC, 367
amplifier, 66
augmentation, 349, 363
bending, 363
density, 38, 45
energy and, 389
generation, secondary, 348
generator, three-phase, 331
harvesting capabilities, IPMNCs, 54
head assembly and, 333
input, 85, 117
-law exponent, 174
output, 20, 44, 308
source, 151, 230
stroke of contraction, 381, 382
supply
high-voltage, 168, 169
low-voltage, 7
tens of VDC, 218, 219
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terminals connected to, 329
transcutaneous, 347
-to-weight ratio, 20
PPy, see Polypyrrole
Proton diffusion reaction, 16
PTFE, see Polytetrafluoroethylene
PVA, see Polyvinyl alcohol
PVA-PAA, 20
copolymer, 9, 19
hydrogel rods, deformation of, 20-21
polyelectrolyte gel, cross-linked, 16
PVDEF, see Poly(vinylidene fluoride)
P(VDEF-TrFE) copolymer, 3

R

REDOX cycling, 5
REDOX reaction, 325
Relaxation
back, 282
behavior, IPMNCs, 84
bending, 275
length of period, 383
muscle
functions, 375
simulated, 152
tensile force and, 123
partial, 384
Resistance, 249
alkalides and, 119
area, 63
cross-, 252, 260
dynamic, 98
electric, granular nanoroughness and, 29
gel, 223
IPMNC actuator, 366
mass transfer, 127
near-boundary, 296
PAN, mineral acids, 119
polymer, 98
specific, 226
surface, 75, 91, 98, 105, 109
arbitrary, 35
-electrode, 35, 296
swelling, 159, 171
viscous, 278
Resonance
frequency, 302
IPMNC flying machine, 368
modes, 319
state efficiencies, 47, 117
Response time
bending actuation, 223
contraction, 167
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C-PAN, 219, 220
electrorheological materials, 7
electrospinning and, 158
fiber segmentation and, 120
gel contraction, 18
IPMNC, 303, 350
magnetically activated gels, 2
open-loop, 319
PAN muscles, 127, 167, 209
reduced, 204
short, 188
Robot
gel, 233
gripper, 19
hand, PAN muscle and, 211
mollusk-type elastic, 235
underwater, 338
Robotic arm, 330, 353
Robotic finger, 212
Robotic fish, 332, 334
Robotic gripper, soft parallel jaw, 51
Robotic microarticulation, 350
Robotics
actuator applications, 326
applications of ER fluid to, 7
aquatic, 372
artificial muscles in, 155
controls and manipulation, 9
electroactive polyelectrolytes and, 17
gel, 234
ionic polymer and, 9
structures
PAMPS gel, 232
swimming, 221, 222, 223, 331, 333
Rubber elasticity, 156, 182
Runge—Kutta integration method, 311

S

Salt, 10, 14, 223

cation, 10, 11, 12

co-ions and, 65

concentration gradients, 16

layer, 127

leuco-emeraldin, 326

metal containing, 56

noble metal, 71

pernigraniline, 326

platinum, 28, 29, 70

removal, 8

solution, weak, 9
Saponification temperature, 214
Sarcomere(s), 219, 220, 378, 379, 381, 391

connecting filaments and, 165
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C-PAN artificial, 162
relaxed state of, 121
Scaling, 61, 111
Scanning electron microscopy (SEM), 27, 94, 169
Scanning tunneling microscopes (STMs), 351
SEM, see Scanning electron microscopy
Sensor(s), 20
artificial muscles, 354
dynamic, 239, 293, 308
important feature of, 298
IPMNC, 351, 359, 373
cryogenic characteristics of, 48
tip, 54
load cell, 192
manufacture, 349
MEMS-based, 352
near-DC, 301
piezoelectric, 294
pressure, 345
resistance force, 291
solid-state polymeric, 348
Serpentine configurations, IPMNC contractile,
339, 343, 344
Shape memory alloy (SMA), 6, 58, 350, 351
actuator(s), 6, 338
bias-force, 6
design, 6
spring-biased, 6
electric deformation, 58
ferromagnetic, 8
IPMNC materials and, 350
material, magnetically controlled, 8
MSM effects of, 8
Shear modulus, 45, 234, 242
Shear strain, 302
Shrink—swell phenomenon, 15
Silver, electrochemical deposition of, 103, 105
Simulation, see also IPCNCs, modeling and
simulation of
artificial muscle chemoelectrodynamics, 182
computer, 202
ionoelastic beam dynamic deflection model,
308
IPMNC, 371
numerical, 19, 20, 201, 235, 372
Simulink, 318
Skeletal muscle tissues, 375
Sliding filaments, 165
SMA, see Shape memory alloy
Small memory polymers (SMPs), 6
Smooth muscle tissue, 375
SMPs, see Small memory polymers
Soft actuators, 25
Soft robotic actuators, 25
Sol-gel method, 209
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Stiffness, 268, 293
changes in, 50
composite wing-flap, 366
elastic, 281
IPMNGC, 32, 79, 343
local, 53
modulus, 3
spring constant and, 148
STMs, see Scanning tunneling microscopes
Strain(s), 8
actuation, 31, 350
compressive, 33
elongation state and contraction state, 188
gauges, piezoresistive, 353
generated, 84
generation capabilities, PAN, 124
induced, 3
longitudinal, 203
negative, 33
PANI, 326
rate, 79
response, electric field activation, 1
reversible, 328
shear, 302
stress versus, 32
Stress(es)
buildups, 148
Cauchy, 242
critical, 14
-free state, 225
gradient, electric field lines and, 14
imposed, 27, 293, 295
maximum, 43
relationships, 242
—strain curves, 80, 112, 214
strain versus, 32
tensile, 66
tensor, 33-34
ultimate, 148
uniform, 189
voltage signal and, 3
Swelling, 20, 62, 85
addition of ions and, 5
capacity, 9
changing degree of, 18
coefficient, 288
continuum electrodynamics, 240
electrically induced, 155
equilibrium, 8
force, 167, 175, 179
free, 16
induced, 221
initial degree of, 201
kinetics, 238
lateral, 13
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mechanical properties and, 33
PAN resistance to, 159, 171
polymer, 327
rate, 16
ratio, 20
resistance to, 159, 171
shrinking—, 14
state, 216
symmetric, 243
zone, 230
Swimming robotic structures, 221, 223, 238, 331,
333
Synthetic metals, 5

T

Tactile feedback, 7
Taguchi design, 56, 61, 74
Taylor cone, 172, 173
TEM, see Transmission electron microscopy
Temperature, 249, 250
absolute, 13, 15, 176, 178, 199, 252, 253, 264
annealing, 160
bath, 56, 74
changes, 190, 191
difference, 47
extremes in, 7
increase, 4
muscle, 384
PAN muscle performance and, 177
polymer sensitivity to, 14
reduced, 16
room, flow rate of water at, 347
saponification, 214
shape change and, 58
solution, 148, 180, 181
-treated PAN fibers, 138
uniform, 120
water, 189
water-freezing, 69
Tensile force, 123
Tensile stress, 66
TERFENOL-D, 8
Thermodynamic efficiency, 44, 47, 115, 117
Thermoplastic materials, hydrophobic, 62
Time constant, 180, 319
Tip
bending deflection, 281
force, 291
Tissue
connective, 376, 386, 391
human, 372
inelastic, 385
muscle, 372, 375
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plant, 51
sheaths, 391
vertebrate connective, 14
Transformation
chemical, 299
ionic solid phase, 58
martensitic, 8
phase, 222
Transmission electron microscopy (TEM), 29

U

Underwater robot, 338

\%

van der Waals forces, 201-203, 226, 269, 352
Venus flytrap, 51, 52
Vibration
damping, 295, 308, 350
dynamics, collective, 332
membrane, 367
Viscous drag, 84
Viscous effects, liquid solvent medium and, 19
Viscous interactions, polymer-liquid, 156
Viscous polymer solution, 172
Voltage, 63
accelerating, 170
actuation, 294
applied, 174, 325
change, 191
composite wing-flap, 366
constant, 86
control, 319, 353
controller, 221, 229
critical, 173, 174
-to-current relationship, 320
DC, 14, 47
decomposition, 36
deformation shapes versus, 58
divider method, 303
drop, 45, 99, 105, 226, 252
electromechanical relay switches, 354
followers, 302, 305
force generation and, 209
gradient, 10, 155, 157, 223, 225, 249, 252
imposed, 90
increase in, 194
initial, 66
input, 44, 188
membrane muscle, 332
Midas Rectifier, 138, 143
musical instruments, 356
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operating, 180
oscillatory step, 47
output, 66, 239
oxidation and, 5
peristaltic pumps, 362
produced, 301
proportional, 302
robotic swimming structure, 331
signal
induced, 3
input, 367
step, 58, 86, 110, 281, 282, 298, 299
threshold, 18

‘Water

absorption, membrane, 11
content, 11, 288

free, 68

increase in, 67
deionized, 152, 223, 224
density, 259
distilled, 8, 133, 138, 171, 203
droplets, release of, 17
electrolysis, 115, 157, 160, 204, 372
expulsion of, 372
exudation, 156, 222, 234
flux, 294
freezing, 69
hydrated, 18, 53, 255, 259, 298
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influx, osmotic pressure-driven, 138
ionic group interaction with, 27
IPMNC fin survival in, 337
leakage, 31, 42, 47, 87, 90, 110, 116
migration, 275

molecule, 389

movement, 29, 53, 103, 105
nonhydrated, 275

permeability constant, 267
pressure, 51

pure, 120, 138, 152

splitting, 63

structure, IPMNC, 66

-swollen polymer gel, 17
temperature, 189

transference coefficient, 267
transport, 89, 182

types of, 68

uptake, 85

volume, 10, 11

X

X-ray line scan, 40, 108, 300

Y

Yield strength, 7, 218
Young’s modulus, 3, 20, 45, 79, 218, 260
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