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FROM THE EDITOR
Yoseph Bar-Cohen, JPL yos @jpl.nasa.gov

For many years, eectroactive polymers (EAP)
received reaivey little attention due to the smal
number of avalable maeids and ther limited
actuation capability. The recent emergence of
EAP materids with large displacement response
changed the paradigm of these materids and ther
potentia  capability. Their man atractive
characterigic is ther operaiond gSmilaity to
biologicd muscles particulaly thar reslience
and adility to induce large actuation drans.
Unique robotic components and miniature devices
are being explored, where EAP serve as actuators
to enable new technologies. In recognition of the
need for internationd cooperation among the
developers, users and potentid sponsors, an SPIE
Conference was organized for the first time on
March 1-2, 1999, in Newport Beach, Cdifornia
The conference was the largest ever on this topic
of EAP. It marked an important milestone for this
fiddd and turned the spotlight onto these emerging
materids and their potentia. Further, this WW-
EAP Newdetter was initiated to bring the world-
wide EAP community even closer.

A chalenge was posed to the EAP science and
engineering community to develop a robotic hand
that is actuated by EAP and able to win againg a
human in an am wredling match.  Progress
towards this god will lead to great bendfits,
paticularly in the medicd aea incduding effective
proghetics. Decades from now, EAP may be
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used to replace damaged human muscles, leading
to a "bionic human" of the future. My hope is to
someday see a handicapped person jogging to the
grocery store using this technology.



GENERAL NEWS

In 1999, the fidd of EAP has rgpidly evolved
to become an internationaly edablished activity.
Two annud conferences are now in place SPIE
(in Mach)- covering actuators and devices, and
MRS (in November) - covering materid science.
Moreover, two forums of communication were
initiagted: the WW-EAP Newdetter and the EAP
Worldwide Website.

SPIE Conference

In recognition of the need for internationd
cooperation among developers, users and
potentidd sponsors, an SPIE Conference was
organized for the firg time on March 1-2, 1999, in
Newport Beach, Cdifornia  This was the largest
conference ever hdd on the topic of EAP
involving aout 150 soentis and engineers.
Besdes the technical exchange, one of its mgor
achievements was the turning of the spotlight onto
these emerging materias and their potential.

49 papers and posters were presented and the
conference was wdl attended by leading world
experts and participants who have an interest in
EAP. The atendees conssted of individuds from
academia, research inditutes, industry, and
government agencies in the USA and oversess.
The conference was followed by a sesson entitled
"EAP in Action," which was intended to give the
participants hands-on experience with the various
date-of-the-at EAP materids. The proceedings
of the conference were issued in early June, and
ae now avalable from SPIE.  The next SPIE
conference on EAP will be hed on March 5-6,
2000. It will be held as part of the 7" Internationd
SPIE  Symposum on Smat Structures and
Materias. Abstracts are due on 9 August 1999.

For further information please see:
http://www.spie.org/web/meetings/cal | 5/ss00/ss04.html

MRS Meeting

To address issues relaed to the materid
stience of dectroactive polymers, a Symposium
FF, was organized by Qiming Zhang, Teakeo
Furukawa, Yoseph Bar-Cohen, and Jery
Scheinbem.  This Symposum is pat of the MRS
Fal 1999 Meeting and it will be held in Boston,
Massachusetts from Nov. 29 to Dec. 3, 1999. The
abstracts were due by June 21 and 75 were

submitted (a record number). Some of the topics
that will be covered incude ferrodectric
polymers, polymer compostes, polymer gds, and
thin polymer films for applications in smart
materidls, actuators, transducers, and micro-
electronics. For more information please see
http:/Aww.mrs.org/meetings/fall 99/

WW-EAP NEWSLETTER

This WW-EAP Newdetter was formed to
provide a timdy updae and technicd
communication plaform.  Efforts are made to
solicit input worldwide from experts who ae
devdoping new mechanicdly active polymers
and relaled  processes,  improving  our
underganding of these maerids and ther
electro-mechanical/ chemica Characterigtics,
exploring new agpplications, invedigating the
relationship between EAP and biology and
others.  The input forma is as an abdract
accompanied by contact name, e-mal address
and optiond graphics.

EAP Worldwide Website

To further enhance internationa collaboration
among the EAP developers, usars and interested
individuds a web-hub was formed (address
http://ndeaa.jpl .nasa.gov/nasa-nde/l ommas/eap/EA P-
web.htm) This web-hub contans generd
information, archive and links to research
organizations that are active in the field of EAP.
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FIGURE 1: Models for
emulation in Japan

Advanced Stimuli-Responsive Materials

In 1996, an Advanced Stimuli-Responsve
Materids program was edtablished in Jgpan with
the objective of developing indudrid materids

thet intellectualy emulate environmentd
repongve functions of biologicd sysems.  This
progran is sponsored by the Minigry of

Internationd Trade & Industry (www.nedo.go.jp)
program - Indudrid Science and Technology




Frontier. The objective is to deveop atificd
muscles through technicad cooperaion among
industry and academia within and outsde Japan.
The technology steering committee coordinator is
Y oshihito Osada and his addressis:
osada@sci.hokudai.ac.ip

Multifunctional & Smart Polymer Systems
This is an awmuad meding that addresses
multifunctiond  polymer-rdaed topics including
EAP. The 4™ workshop is organized by the
Biomedicd Environmentd Sensor  Technology
Center in Dublin, Irdand. It will be hed from
Sept. 20 - 23, 1999. Abstracts are due on June 30.
The previous workshops were held in Lower Huitt,
New Zedand (1996); Wollogong, Audrdia
(1997); and Pisa Ity (1998). For further

information contact Gordon Wallace
gordon wallace@uow.edu.au

AUSTRALIA
WOLLONGONG UNIVERSITY

Advancesin Polymer Actuators

Gordon G. Wallace, gordon wallace@uow.edu.au
Trevor W. Lewis, trevor |ewis@uow.edu.au and
Geoff S. Spinks geoff spinks@uow.edu.au,

The configuration of “solid dae”  polymer

actuators conssing of gold-PPy-solid ion source/
gnk-PPY-gold film is under invedtigaion in our
laboratory, IPRI.  The peformance of such
devices has recently been described in  the
references listed below. Currently the work at our
laboratory is focused on the optimization of these
actuators. This hasinvolved the following sudies.
(1) Electrochemical processes - It is important to
understand that the conductivity of ICPs changes
dramaticdly as they ae oxidized and reduced.
This effort is seeking to take advantage of the
presence of two-polymer eectrode actuators. The
increesed  resdance  upon  dectrochemica
reduction causes a potentia drop that lowers the
potentil  applied between the eectrodes,
preventing over-oxidation of the other component
of the device Optimization of the potentid
difference enables repeitive dimulaion of the dl-
polymer actuator to be carried out with no loss in
performance. (Submitted for publication in
Journd of Synthetic Metals).

(2) Device configuration - The performance of
dl-polymer devices is limited by the diffuson of
ions infout of the polymer. This is determined by
the compostion of the active polymer eectrodes
and solid polymer eectrolyte (ion source/sink)
and by the device configuration. Recently, we
have shown that the use of polymer-coated PTFE
fibers as active dectrodes increases the force
dendties achievable by an order of magnitude
compaed with the use of sSmple conducting
polymer  films. (To aper in Journd of
Synthetic Metds).
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FIGURE 2: Cyclic voltammogram of PPy-SPE-PPy
sandwich against a Ag/AgCl reference at 10 mV/sec.
PPy/CIO4/pTS films as working and counter

electrodes, and PAN/PC/EC/NaClO4 as SPE.

(3) New polymer actuator materials - In pardld,
we have developed synthess protocols for a
number of novel polythiophenes. These materids
have excdlent mechanicdl propeties and
importantly, as far as polymer actuators are
concerned, have a wide eectrochemica potentia
window.

(4) Novel solid polymer electrolytes - As active
ICP dectrode materids ae optimized, the
performance  (ionic  conductivity, —mechanicd
properties, environmentd gability) of the SPE
becomes the limiting factor in determining the
performance efficiency of dl polymer actuator
devices. Our dudies involve a range of solid
polymer  dectrolyte (eg.,  polyacrylonitrile,
Kynar, polyvinyl alcohol) and hydrogd (eg.,
polyacrylamide) ion sourcessinks. Figure 2
shows the CV obtained from one such device that
utilizes a polyacrylonitrile based solid polymer
electrolyte.



Refer ences:

Lewis, T.; Spinks, G.; Walace, G.; De Ross, D,
Pachetti, M., Polymer Preprints, 38(2), (1997) 520.

Lewis, T.; Moulton, S.;; Spinks, G.; Walace, G,
Synthetic Metals, 85, (1997) 1419.

Lewis, T.; Kane-Maguire, L.; Hutchison, A.; Spinks,
G.; Wdlace, G., Synthetic Metals (In Press).

JAPAN
HOKKAIDO UNIVERSITY
Chemical Motor Driven by

Polymer Gd in Organic Solvent
Y oshihito Osada osada@polymer.sci.hokudai.ac.jp
and Jianping Gong gong@sci.hokudai.ac.jp

Immersing

FIGURE 3: Experiment using generator in organic
solvent impregnated with gel.

Yoshihito Osada and his research team of
Divison of Biologicad Sciences, Graduate School
of Science, Hokkaido University, have developed
a chemicd motor that obtains its rotary force by
immerdng a polyme gd in an organic solvent
such as dcohol (Figure 3). When a ge with
absorbed organic solvent is floated on water, the
absorbed organic solvent is discharged and
becomes active immediatdy and continuoudy.
This phenomenon is utilized as an EAP motor and
by feeding the gd continuoudy with the organic
olvent, the chemica motor continues to revolve
infinitely. The research team observes that there is
a great posshility of utilizing this chemicd motor
as a pollution-free "fud battery” that uses acohol
for regeneration as the energy source.

The research team opened smadl grooved
holes on both terminds of the rotor to
accommodate the  polymer gd, packed
polysearile acrylae (PSA) gd thee and
folowed with the addition of dcohol. The
grooved holes a both terminals are postioned in

opposite directions, so when the rotor is floated
on water, it sarts revolving with the dator as its
axis. The rotary speed of this chemicd motor is
changed radicdly with the motor's mass, and
with an experimentdly fabricated motor of 25
mg, a maximum speed of 400-rpm was attained.
Without supplementetion of organic solvent, the
motor revolved for amaximum of three hours. In
an expeiment in which a generaor was
connected to convert the chemica motor's rotary
energy into dectric energy, an insantaneous
dectromotive force of maximum 15-millivats
and power of 2.1 x 10  joules were obtained.
This corroborated that chemica energy can be
converted directly into motiond energy, and then
further into eectric energy.

OSAKA NATIONAL RESEARCH
INSTITUTE

Electroactive Tubular Actuator
Keisuke Oguro, oguro@onri.go.jp

FIGURE 4: Active Catheter guide using the
bending EAP type IPMC.

The joint research group of Osaka Nationa
Research  Inditute and Jgpan  Chemicd
Innovation  Inditte  has  devdoped an
electroactive bending tube made of an ion
exchange polymer tube and gold dectrodes
(Figure 4). The gold dectrode plated on the
outer surface of the tube was divided to four
drips in padld with the axis  The tubular
actuator (0.6 mm in outer diameter and 15 mm in
length) bends over 90 degrees for al directions
by 3 V dectric simuli between the eectrode
pars. It works as the tip of an active micro
catheter for intravascular surgery.

SHINSHU UNIVERSITY

Polymer Gel Generating Bending and
Crawling Motion

Toshihiro Hiral tohiral @giptc.shinshu-u.ac.jp




Nonionic polymer gd swollen with didectric

olvent shows tremendous action in ar by
aoplying a dc dectric fidd (Figure 5). Poly(vinyl
doohol) gd swdlen with dimethyl sulfoxide

showed swift bending and crawling motion under
the dectric fidd. The gd used is 10-mm in
length, 3-mm in width, and 2mm in thickness. A
bending angle of 90 degree was atained within
60-ms when the fidd was agpplied on both
surfaces of the gd. The gd dripe could crawl on
the aray of the dripe dectrodes These
phenomena were explained by a charge injection
into the gd and the flow of the solvated charge
that can induce an asymmelric pressure
digribution in the gel. This idea can be applied to
convertiond polymer maerids.  The motion is

not only large in magnitude but aso far quicker
than any other dectroactive polymer gel reported
0 far.
(1999)).

(Reference: SPIE, Vol. 3669, 209-217

-..ll

FIGURE 5: Polymer gl bending (Ift) and
crawling (right).

San Sebastian (SPAIN)

Facultad de Quimicas, UPV/EHU
Toribio Fernandez Otero gppfeott@sg.ehu.es
Conducting polymers based on  bilayer
polypyrrole-polymeric tapes ae being
invedtigated as atificdd muscles in our laboratory.
The flexible polymer tepe bends as a result of
reduction and oxidation processes tha cause
contraction and expansion, respectively. Using a
3x1.5-cm bimorph tape, 180° swings are observed
in 4-6 seconds under current dendties of 7-
mA.cm? Usng triple layer polypyrrole-tape-
polypyrrole, a sted bdl that is severa hundred
times heavier was made to move when placed

near the tip. When the movement is stopped, the
tape podtion does not redax to the lowest
mechanicd energy dage, because it would
require a padld chemicd or dectro-chemicd
reduction of the polymer. Our actuator operates
as both actuator and sensor. Moreover, by
meking a multi-layered polypyrrole sandwich the
actuator was made to work in air.

A reaxdion modd integrating dectro-
chemigry and polymer sdence is beng
developed able to explain the “anomaous’ (as
named in previous literature) dectrochemica
responses of the conducting polymers, as well as
the eectrochemicdly stimulated molecular motor
mimicking naturd musdes The influence of
different chemicd and dectricd vaiadles on
both movement raes and lifetime (number of
cycles) of the muscles has been dudied. To
address the need for high production rate for this
materid, our lab has devdoped a synthess
technique tha dlows mimicking inorganic
metds. This includes dectrodissolution and
electrodepogtion for producing the required
conductive S—
polymer.

Figure 6: The
bending actuator
is sufficiently

strong to move a
steel ball.

Reference:
T. F.,, Otero, et a, EP-9200095, 1992.

T. F. Otero, et al, EP-9200095, 1992

T.F. Otero & J. Rodriguez, M. Aldiss Ed., Kluwer
Academic Publishers, Netherlands, 179-190, 1993.

T. F. Otero, Modern Aspects of Electrochemistry, 33,
J. O'M. Bockris, R.E. White, B.E. Conway, Ed.
Plenum Press, New Y ork, 307-434, 1999.




TAIWAN
INDUSTRIAL TECH. RESEARCH INST.
Wen-Liang Liu WLLiu@n|.itri.org.tw

For many years, the man focus of the
Divison of Compodste Materids of Materids
Research Laboratories (MRL), at the Industria
Technology Research Inditute (ITRI), has been
on the indudrid agpplication of polymeric
materids.  This divison accumulated extensve
data and experience on materids sdection, CAE
gmulaion, dructurd design  and  product
devdlopment. Recently, the focus of the efforts
was shifted to include seeking gpplications for
EAP actuators that can meet air flow needs of the
computer, communication  and  consumer-
eectronic (3C) indudries. This effort involves
dructurd andyss and the deveopment of new
products The MRL Divison is recaving
technicadl assstance and data from Hokkaido
Universty and the Universty of Fisa incduding
information about EAP materids  densty,
modulus, drain, eectrochemical dtrain coefficient,
etc.

USA

ALLIED SIGNAL

Carbon Nanotube Artificial Muscles

Ray Baughman ray.baughman@alliedsignal.com

A new type of atificad musdle has been
demongrated by an internationd research team
led by Ray Baughman of AlliedSgnd that
involves key reseaches a the Universty of
Florida (Ganesville), Georgetown University, the
Univeesty of Wollongong (Audrdia), the
Universty of Fisa (Itay), and the Max Panck
Indtitute  (Stuttgart, Germany). The team dso
includes Lary Ddton (Univ. Washington), Vay
Vardeny (Univ. Utah) and Fotis
Papadimitrakopoulos (Univ. Connecticut).  Their
latest success has been described in the May 21
issue of Science and is the subject of a pending
patent gpplication of AlliedSignd.

The new actuators are composed of carbon
nanotubes  having  diamond-like  mechanicd
properties. Reflecting the mechanicd strength and
modulus of the individud carbon nanotubes as
well as the achievable actuator displacements, the
new actuaors have the potentid of providing

higher work per cycle than previous actuator
technologies and of generding much higher
mechanical dresses  Also, reflecting the high
theemd dgability of cabon, this new type of
actuator might eventualy be used at temperatures
exceeding 1000 °C, which far exceeds the
cgpabiliies of  dternative  high-performance
actuator materids.
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FIGURE 7: Schematic diagram showing
electrochemical double layer charging of two
carbon nanotubes and the force generated.

A cabon nanotube actuator can be
condructed in about ten minutes by Smply
laminating together two narrow drips cut from a
cabon nanotube shedt, usng an intermediate
adhesve layer which is dectronicdly insulating.
The reaulting “cantilever devicg® is immersed in
an dectrolyte, such as a sodium chloride
solution, and an dectrical connection is made to
the two nanotube gtrips. The application of about
a volt bends the actuator in one direction, and
reversng the potentid bends the actuator in the
opposite direction. Like bimetdlic drips used for
temperature regulation, this actuation depends
upon the differences in expanson for the two-
nanotube strips.

NOTE: Funded by DARPA grant N00173-99-2000
(under the EAP Program led by Dr. Steven Wax).

JPL
EAP Used to Develop a Dust-Wiper for
MUSES-CN Mission to an Asteroid
Yoseph Bar-Cohen, yosi @jpl.nasa.gov

A team conagsing of S Leay, JAL; J
Harrison, J. Smith and J. Su, NASA-LaRC; T.
Knowles, ESLI; in cooperation with K. Oguro,
Osaka National Research Indtitute, Japan, and S.




Tadokoro, Kobe University, Japan, under the lead
of Y. Bar-Cohen, is developing a dust wiper usng
a bending EAP actuator for the NASA/NASDA
MUSES-CN misson. This dust-wiper is being
developed for the infrared camera window of the
misson's Nanorover (Figure 8). This joint NASA
and Japanese space agency mission, is scheduled
for launch in January 2002, from Kagoshima,
Japan, to explore the surface of a smal near-Earth
aderoid. The team is testing the use of the highly
effective  ionexchange  membrane  metdlic
composites (IPMC) made of
perfluorocarboxylate-gold composite with the two
types of cations, tetra-n-butylammonium and
lithium. Under a potentid difference of less than
3-V, these IPMC materials are capable of bending
beyond a complete loop. A unique <100-mg

blade with fiberglass brush was developed by
ESLI (San Diego, CA) and is powered with a high
voltage to repd dugt augmenting the brushing
mechanism provided by the blade.

i

FIGURE 8: Schematic view of the EAP dust wiper
on the MUSES-CN's Nanorover (right) and a
photograph of a prototype EAP dust wiper (left).
Generdly, space applications are the most
demanding in terms of operating conditions,
robustness and durability; the team is jointly
addressing the asociated chdlenges Severd
issues that are critica to the operation of IPMC
are examined, including its operdion in a vacuum
and low temperatures, as well as the effect of
IPMC's eectromechanica characteriics on its
actudion cgpability. The use of highly effective

IPMC materids, mechanicd modding, unique
elements and a protective coating assures high
probability of success for this IPMC actuated
dust-wiper.

Cold Hibernated Elastic Memory (CHEM)
Self-Deployable Structures
Witold Sokolowski, Witold.M.Sokol owski @j pl.nasa.gov

FIGURE 9: Stowed and deployed CHEM
structures.

The concept cdled “cold hibernated eastic
memory” (CHEM) utilizes polyurethane-based
shgpe memory polymers (SMP) in open cdlular
(foam) dructures. The CHEM gructures are sdf-
deployable use the foam's dadtic recovery and
shape memory to erect a structure. In practice,
the CHEM foams ae compacted to smal
volumes above ther softening (glass trangtion)
temperature Tg. They may then be stored below
ther Tg without condrant. Hedting to a
temperature above their Tg restores their origind
shape. The advantage of this excting new
technology is that dructures, when compressed
and stored below Tg, are a smal fraction of ther
orignd dze and ae lightweght. Examples of
sowed and deployed CHEM dructures are
shown in Figure 9.

The attractiveness of the CHEM structure is
the wide range of Tg resulting in a vaiely of
potentid space and commercid gpplications. In
commercid agpplications, the CHEM concept
could be gpplied to shdters, hangars, camping
tents, rafts or outdoor furniture to mention just a
few. The CHEM parts can be transported and
gored in smdl packages then expanded by
heating a the outdoor dte After expanson,
CHEM parts will be alowed to cool to ambient



temperature below their Tg, so tha they become
rigid as needed for use. CHEM foam materids are
under deveopment by the Jet Propulson
Laboratory (JPL) and Mitsubishi Heavy Industries
(MHI). The CHEM dructure technology was
designed to be developed in 3 phases. Phase 1.
Proof-of-CHEM concept (already completed),
Phase 2. Characterization and sub-scde CHEM
goplication development (present activities) and
Phase 3. Full-scde CHEM application technology
ground vaidation (future activities).

NASA-LaRC

Electrostrictive Graft Elastomersand
Applications

Ji U (NRC), |.su@larc.nasa.gov, Joycelyn

Harrison j.s.harrison@larc.nasa.gov

FIGURE 10: A bending actuator using the new
electroactive graft elastomer (A) Under no applied
voltage and (B) under applied voltage.

Recently, a new class of eectro-mechanicdly
active polymers was developed a NASA-LaRC
under the JPL’s task LOMMAS. The polymers are
grafted dastomers that offer high drain under an
goplied dectric fidd. Due to ther high
mechanicd modulus, these dastomers offer a
higher dran energy dengty than the previoudy
reported result for such eectrodrictive polymers
as polyurethane.  The didectric, mechanicd and
electromechanicd  propeties of  this  new
eectrodrictive eastomer ae currently  being
dudied as a function of temperature and
frequency. Also investigated ae  the
microgructure and mechanism of dectrodriction
in this grafted dastomer. X-ray diffraction and
differentid  scanning caorimetry are used in this
investigetion. This new EAP demondraied high

actudion dran and high mechanicd energy
densty combined with its designable molecular
compostion as wdl as excdlent processability.
An example of the bending response of a grafted
polymer configured as a bimorph is shown in
Figure 10.

PENN STATE UNIVERSITY
Electroactive Polymerswith High
Electrogtrictive Strain and Elastic Power
Density

Qiming Zhang, gxz1@psu.edu

FIGURE 11: Left - The bimorph with no voltage
applied to it. Right - The same bimorph after the
voltage was turned on.

In many polymeric materids, a dructure or
conformational transformation is often associated
with large dimensond change. However, it is
dill a chdlenge to make use of these
trandformations and dectricdly  induce the
trandormation  without much hyseress  for
practical actuator gpplications.  Recently, we
found tha in  Poly(vinylidene  fluoride-
trifluoroethylene) (P(VDF-TrFE)) copolymers, a
giant eectrodriction (strain >5%) can be induced
when the polymer is treated with properly high
energy  dectron  irrediation  (Figure  11).
Furthermore, the polymer has a high edadic
modulus (~1 GPa) and the fidd-induced drain
can operate at frequencies higher than 100 kHz,
which result in a very high dasic power dengty
compared with any dectroactive polymers
reported.

The new polymer actuators can be operated in
ar, vacuum, or water and in a wide temperature
range. Extensve dructurd  invedtigations
indicate that high dectron irradiation bresks up

the coherence  polarization  doman  and
tranforms the polymer into a nanomaterid
conading of locd nanopolar regions in a



nonpolar matrix. It is the dectric fied induced
change between non-polar and polar regions that
is respongble for the giant eectrodriction
observed in this polymer.

SDSM&T AND MSU
Active Polymers: Propertiesand Applications
C.H.M. Jenkins, South Dakota School of Mines &
Tech. (SDSM&T), SD CIENKINS@taz.sdsmt.edu
A.M. Vinogradov, Montana State University (MSU),
MT vinograd@me.montana.edu

Current research interests concern the use of
active polymers for space gpplicationss. MSU is
investigating polyvinylidene fluoride (PVDF) for
active  vibration  control  in  microgravity
environments. The polymer can be characterized
a a ligt, compliant materid that exhibits
condderable didectric drength, high sengtivity to
mechanical loads and dable piezodectric
propertiesin diverse chemica environments.
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------- Predicted by DMTA

A Measured at 91.57% yield
a Measured at 76.29% yield
o Measured at 59.88% yield
o Measured at 15.71% yield
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FIGURE 12: Creep of PVDF (material direction
1).

Creep tests of PVDF thin films under room
temperature conditions demonstrate that linear
viscod adtic theory based on Boltzmann's
superposition principle accurately represents the
time- dependent response of PV DF, provided that
the gpplied stresses remain below certain limits.
Beyond these limits, creep properties of PVDF
must be characterized by anonlinear viscodastic
condiitutive modd (Figure 12).

The Compliant Structures Laboratory a
SDSM&T has shown in Smulations thet
meanipulating the boundary (rim) of an inflatable
membrane reflector reduced the figure error in the
inflated profile. An inflated membrane reflector
was Smulated using the nonlinear FEM code
ABAQUS. PVDF actuators were smulated to

apply radial boundary displacements (Figure 12).
Table 1 shows the rms surface error for two cases
of uniform radid boundary displacement after
inflation: 2.54 mm and 5.08 mm, respectively. It
is seen that the surface error is sgnificantly
reduced by the boundary manipulation.

Table 1. Comparison of precison metrics, with
and without uniform radia boundary
displacements (F=1.04).

Boundary Pressure 1/2 w0 RMS %
displacement aperture surface | improve-
Error ment
mm kPa mm mm mm
0.0 5.17 533 64.0 1.31 --
2.54 7.72 536 64.5 1.12 14.5
5.08 10.2 538 64.8 0.886 32.4

SRI INTERNATIONAL

Electrostatically actuated EAP showing large
actuation strain

Ron Pelrine, ron.pelrine@sri.com

Roy Kornbluh, roy.kornbluh@sri.com

For the past seven years, SRI Internationa
has been deveoping an actuator technology
based on the deformation of  soft-rubbery
didectric materids under the influence of high
dectric fidds A key fedaure of this technology is
the use of highly compliant eectrodes that dlow
thin polymer films to expand in aea as they
compress in thickness. Initid work was focused
on the devdopment of atificdd musde
microactuators as part of Japan's Micromachine
Program, sponsored by MMC/NEDO/MITI.
This effort is led by Dr. Ron Pdrine.  The
research team incdludes individuds working in the
aeas of physcd eectronics, polymer chemidry
and mechanica and eectrica enginesring.

Slicone rubber materids (based on
polydimethyl gloxane) have rdidly shown the
grestest drain deformation. A variety of other
rubbery didectric polymers have dso shown
large drains. Recently, SRI has been able to
reproducibly achieve more than 100% drain in a
planar direction with a dretched slicone rubber
film (see Figure 13). The specific dadic energy
of such materids is comparable to the best fidd-
actuted  materids, incduding  sngle-crystd
piezodectrics. The good dectromechanica
regponse of these materids, as wdl as other
Characteristics such as good environmenta




tolerance and long-term durability, suggest a
wide-range of possible gpplications. SRI has made
actuators in configurations such as bending beams
(unimorphs  and bimorphs), linear extenders,
digphragms, rolls, tubes, stacks as well as some
nove configurations. Rotary and liner motors,
that rectify the oscllation of linear actuator
elements, have aso been demonstrated.

Woltage off

Woltage on

FIGURE 13 Stretched Silicone-rubber film with
carbon-grease electrodes (dark area) undergoing
117% strain in the transverse direction.

These dagomeric  polymer  transducers
present many unique chdlenges in desgn,
febrication and integration with  high-voltage
electronic drivers that may ultimady affect ther
uitability for specific gpplications.  Applications
thaa ae wunder active invedigaion incude
acoudic actuators for smart skins and low profile
peakers, microactuators for pumps, vaves, and
optics, artificdd musle actuators for biomorphic
waking, flying and serpentine robots. SRI has
adso recently begun invedtigating these materids,
not only as actuators, but aso as eectric power
generators for converting human motion and other
mechanica work into eectricity.

UNIVERSITY OF ARIZONA

Layered hydrogelsasédectrically driven

muscles

Paul Calvert calvert@engr.arizona.edu &ZengsheLiu
Natural muscle develops a peak stress of about

300 kilopascals a a contraction of about 25%.

Chemicd energy in the foom of ATP and cdcium

ions causes a liner contraction a  roughly
condant volume in highly digned fibers of a
combination of two polymers, actin and myosn.
Even for naure, this was apparently quite
difficult to develop, because essentidly the same
sysem is used across the whole anima kingdom
from nemaodes to humans. A synthetic muscle
for robotics should a least maich the stress and
regponse time of naturd muscle but should be
driven dectricdly. In past work, applying an
eectric fidd to hydrogd polymers caused
bending or a volume change, but not a smple
linear contraction. By combining two polymer
gels, one contractile and one acting like a passve
sponge, we can achieve a linear contraction of
10% reversbly, without driving water out of the
System. The active layer contracts in 3
dimensgons and causes the "gponge' layer to
contract with it dong x and y but expand dong z.
As a whole the system gets narrower and thicker.
This is shown in the figure. The sydem is far
from optimized but does illustrate how a practica
gel muscle could be constructed.

Ref: SPIE Proceedings 3669, (1999) pp. 236-241.
http://www.aml.arizona.edu/faculty/cal vert/index.html
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FIGURE 14: Cycling of a gel stack from +3V to
0V to -3V to OV.

UNIVERSITY OF CALIF., SAN DIEGO (UCSD)
Electr omechanical Response of | onic Polymer-
Metal Composites
Sa Nemat-Nasser, UCSD sia@halebopp.ucsd.edu
An ionic polymer-metd composite (IPMC)
conggting of a thin Nafion shedt, platinum plated
on both faces, undergoes large bending motion
when an dectric fidd is applied across its
thickness. Conversdly, a voltage is produced
across its faces when it is suddenly bent. A




micromechanicd moded accounts for the coupled
ion transport, dectric fidd and dadtic deformation
to predict the response of the IPMC, quditatively
and quantitetively. Fird¢, the basc three
dmendond  coupled fidd eguations ae
presented, and then the results are applied to
predict the response of a thin sheet of an IPMC.
Centrd to our theory is the recognition that the
interaction between an imbalanced charge densty
and the backbone polymer can be represented by
an edgendress fidd. The conditutive parameter
connecting the eigendiress to the charge densty is
cdculated directly usng a Imple microgtructura
mode for Nafion. The results are applied to
predict the response of samples of IPMC, and
good corrdaion with experimental data is
obtained. Experiments show that the voltage
induced by a sudden impogtion of a curvature, is
two orders of magnitude less than that required to
produce the same curvature. The theory
accurately predicts this result.  The theory adso
shows the reative effects of different counter
ions, eg., sodium versus lithium, on the response
of the composte to an agpplied voltage or
curvature.

Skeletal Muscle asa Biological Example of a
Linear Electro-Active Actuator
Richard L. Lieber, rlieber@ucsd.edu UCSD and
Veteran's Affairs Medical Center

Skeletd muscle represents a classc biologica
exanple of a dructure-function reationship.
Muscle anatomy demongtrates molecular motion
on the order of nm distances that is converted to
macroscopic . movements  in skeletd  muscle.
Muscle anatomy provides a dructura bass for
underganding the basc mechanicd properties of
kdetd muscle namdy, the lengthrtenson and
force-veocity rdationships.  The length-tenson
rdaionship  illustrates that muscle  force
genegration is extremey length-dependent due to
the interdigitation of the contractile filaments.
The force-velocity reaionship is characterized by
a rgpid force drop in muscle with incressng
shortening velocity, and a rapid rise in force when
muscles are forced to lengthen.  Findly, muscle
achitecture the number and arangement of
muscle fibers has a profound effect on the
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megnitude of muscle force generated and the
magnitude of muscle excurson. These concepts
demondrate the degant manner in which muscle
acts as a biologicdly regenerating linear motor.
These concepts can be used in developing
atifidd musdes as wdl a in peaforming
aurgical  recondructive procedures with  various
donor muscles.

UNIVERSITY OF MICHIGAN, ANN ARBOR
Organic Polymer Light-Emitting Devicesand
Displays

Y. Heand J. Kanicki, kanicki @eecs.umich.edu
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FIGURE 15: Spectral distribution of the OLED
luminance under different operating current
densities. The inset shows the OLED brightness
Versus injection current.

Through optimization of the organic polymer
light-emitting device (OLED) dructure and
modification of the polymer's chemica dtructure,
we have fdoricated high-performance organic
polymer light-emitting hetero-structure  devices
on both glass and flexible plagtic subdtrates. The
OLEDs fabricated on the glass substrate showed
a brightness of ~10,000 cd/n?, externd quantum
efficiency of 3.8%, emisson efficency of 145
cd/A, and luminous efficiency of 226 Im/W.
Usng a unigue charge-coupled device (CCD)
cdibration method developed in our group, we
have obtaned the spectrd didribution of the
luminance, photon emisson of the organic light-
emitting device. Today we are trying to develop
the active-matrix organic polymer light-emitting
displays on both glass and plagtic subgtrates. The
active-matrix arrays are based on hydrogenated
amorphous dlicon thin-film trangstor
technology.
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Refer ences:

HeY., et a, Appl. Phys. Lett., 74, 2265-2267, (1999).
HeY., et d, Proc. of Asia Display’ 98, 1095-1098,
(1998).

FEORC, VIRGINIA TECH
Muscle Actuator s Fabricated by the Electro-
static Self-Assembly Process

Rick Claus, roclaus@vt.edu
' 1

FIGURE 16:
Muscle
actuator
synthesized
by ESA
process,
working in
air.

Under the NASA tderobotic task entitled
LoOMMAS, reseacches a FEORC  have
successfully  fabricated muscle actuators by the
nove eectrogtatic df-assembly (ESA) process.
This method dlows the dternate adsorption of
caionic and anionic molecules from separae
water-based solutions a room temperature and
pressure to form multilayered thin films with
excdlent uniformity a the molecular levd. A
conducting €ectrode and ultrahard protective
coating technique were developed usng metd
nanoclusers sdf-assembled  with  polymers  to
produce the electrodes. Prior FEORC work has
shown tha such ESA thin films have dectricd
conductivity on the order of that of bulk metds,
suggedting that the ESA process avoids the
defects and impurities that typicaly leed to much
larger thin-film resgtivity. For low-mass muscles,
the ability to atan such high conductivity in a
vay thin and vey flexible dectrode is a

sgnificant advantage. Several kinds of prototype
MEMS devices and actuators have been designed
and faoricated by optimizing the combination of
the synthess of piezodectric thin films, dectrode
films and hard coaings (Figure 16). Current
research is focused on deemining the
mechanical degradation effects on the eectrodes
after they are repeatedly cycled, and developing
and synthesizing novel eectroactive materids by
the ESA process for muscle actuators.

UPCOMING EVENTS

Sept. 20-23, | 4™ Workshop on Multifunctiona &

1999 Smart Polymer Systems, Dublin,
Ireland, CdineHeay@dcu.ie

Nov. 29to MRS, Boston, MA, Website:

Dec. 31999 | http:/AMmww.mrs.org/meetings/fall 99
Icfp/sympasalft.html

March 6-7, | SPIEjoint Smat Materidsand

2000 Structures and NDE, Newport
Beach, CA., Pat Wight
patw@spie.org Website:
http:/Amww.spie.org/welb/meetings/
calg/'ss900/ss04.html
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