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ELECTROACTIVE POLYMERSASARTIFICIAL MUSCLES- CAPABILITIES,
POTENTIALSAND CHALLENGES

Y oseph Bar-Cohent

Abstract

For many years, dectroactive polymers (EAP) recaved rdatively little atention due to the
andl number of avalldble maerids and ther limited actuation cgpability. The recent emergence
of EAP maerids with large displacement response changed the paradigm of these materids and
thelr potentia cgpability. The man atractive charecterigic of EAP is their operationa smilarity
to biologicd musdes, paticulaly therr reslience and ability to induce large actuation drans.
Unique robotic components and miniaiure devices are being explored, where EAP sarve as
actuators to enable new capabilities. In recognition of the need for internationa cooperation
among the developers, users and potentid sponsors, an SPIE Conference was organized for the
firg time on March 1-2, 1999, in Newport Beach, Cdifornia The conference was the largest
ever on EAP, and it marked an important milestone, turning the spotlight onto these emerging
materids and ther potentid. Following this success, an MRS conference was initiated to
address the fundamental issues related to the material science of EAP. The WW-EAP newdetter
was initiated to bring the worldwide EAP community even closer. A homepage was dso
created to link worldwide EAP research and development facilities webdgites.  In this paper, the
current cgpabilities and potentids as wdl as the chalenges of date-of-the at EAP will be
reviewed.

Introduction

Polymers are increasingly being chosen for aerogpace mechaniams for ther low dengty.
Initidly, these materids were used to produce components and dructures but in recent years
other characteristics of polymers have become attractive induding their reslience. A baloon
was used to cushion the deployment of the Mars Pathfinder lander on July 4, 1997, paving the
way for the recent large number of initiatives in the area of inflatable dructures.  Such
goplications have emerged in the form of rover (Figure 1), Aerobot, inflatable telescopes (Figure
2), radar antennas, and others. Some of these gpplications have reached flight experiment,
whereas others are now at advanced stages of development. Polymers were aso reported to be
used as actuators including (8) McKibben muscle actuators [Schulte, 1961] — These are air tubes
with an angulaly breeded fiber renforcement that contract Sgnificantly when inflated,
ddivering a large force a low frequency. Such actuators are being consdered for potentid
robotic applications and several demondration units have been reported; (b) Shape memory
polymers — These materids sustain a volume change of over 40 times using pressure and heet to
stow it in a compact form, whereas a temperature of 55°C causes a recovery of the pre-pressed
shape [Sokolowski, et a, 1999]; (c) Electrorhologica fluids — These are ectroactive polymer
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liquids that sugtain an increase in viscogty under dectricd fidd dimulation. They are used in
electricaly controlled-hydraulic mechaniams.

= 3 Inflatable Rovers

FIGURE 1: JPL rover using inflatable FIGURE 2: A Space Shuttle view of an
wheels (J. Jones, the Task Manager, is  inflatable structure experiment (May
shown in the photo). 1996). Left — During inflation and Right —
Fully open.

The use of polymers with eectroactive reaction has emerged only in this decade with the
introduction of EAP materids having Sgnificant displacement levels These materids are highly
atractive for ther low-dendty materids with large strain capability that can be as high as two
orders of magnitude greater than the drictiontlimited, rigid and fragile dectroactive ceramics
(EAC). Also, these materids are superior to shape memory dloys (SMA) in ther spectrd
response, lower density, and reslience. However, these materids reach thar dadtic limit a low
dresslevels, with actuation stress that falls far shorter than EAC and SMA actuators.

The mog attractive festure of EAPs is thar ability to emulate biologicd muscles with high
toughness, large actuation drain and inherent vibration damping. This Smilarity gained them the
name "Artifida Musdes' and offers the potentid of developing biologicdly inspired robots.
Such biomimetic robots can be made highly maneuverable, noisdess and agile, with various
shapes including insect-like.  Effective EAP offers the potentid of making science fiction idess a
faster redity than would be feasble with any other conventiond actuation mechanisms
Unfortunately, the force actuation and mechanica energy dendty of EAPs ae rdativey low,
limiting the potentia gpplications that can be consdered a the present time.  To overcome this
limitation there is a need for devdopment in numerous multidisciplinay aess from
computetional  chemidlry, comprehensve materiad  science,  eectromechanic  andyss  and
improved material processing techniques. Efforts are needed to gain a better understanding of
the parameters that control the dectromechanicd interaction. The processes of syntheszing,
fabricating, dectroding, shaping and handling will need to be refined to maximize their actuation
capability and robustness.

In recognition of the need for international cooperation among the developers, users and
potential sponsors, an SPIE Conference was organized for the firg time in March 1999. This
conference that was the largest ever on EAP making an important miletone.  Following this
success, an MRS conference was initisted to address fundamenta issues related to the materia
science of EAP. As of 1999, the stience and engineering community is offered two annud
international conferences (SPIE and MRS) that are soldly dedicated to the subject of EAP. The
WW-EAP Newdetter was initiated (http://eisjpl.nasa.gov/ndesa/nasa- nde/newd trAWW-




EAP Newdetter.PDF) and a homepage was formed linking worldwide EAP research and
development webstes (http://ndeaa.jpl .nasa.qgov/nasa-nde/l ommas/eap/EA P-web.htm). Also,
government resources are being devoted at unprecedented levels to sponsor research in this area.
The increased research and the improved collaboration among the developers, users and sponsors
are expected to fogter to progress at a Sgnificantly high rate.

The author chdlenged the EAP community to develop robotic ams actuated by artificid
muscles that would win an am wrestling match with a human (Figure 3). Progress towards this
god will lead to great benefits, particulaly in the medica aea including effective prosthetics.
Decades from now, EAP may be used to replace damaged human muscles, leading to a "bionic
human." A remarkable contribution of the EAP fidd would be to one day seeing a handicapped
person jogging to the grocery store using this technology.

FIGURE 3: Grand Challenge for the EAP Community.

Need for an Established EAP Infrastructure

The fidd of EAP is rdative new, and it is highly atractive due to the materids capability
to induce grong displacements and emulate biologicd muscles. A system that is driven by EAP
materials can condst of components that are shown in the block diagram of Figure 4. While
each of the listed components is a various research phases, the fidd of EAP actuators is the least
advanced and requires extensive efforts as discussed in this paper.

Unfortunatdly, the materids that have emerged so far are ill exhibiting low force and/or
vey dow response, and are far from being effective.  Moreover, there are no commercidly
available robust EAP materids that can be considered for gpplication in practica devices. In
recent years, a series of EAP materids that induce large displacements were documented,
induding ion exchange membranes, gd polymes pefluorinated sulfonic polymers, sdf-
assembled mono-layered polymers, dectrodrictives, eectrogatics and piezodectrics [Bar-
Cohen, 1999a]. In order to be able to trangtion these materials from a development phase to
effective actuators there is a need to establish the required “infrastructure’.  The author’s view of
this infrastructure and the aeas needing Smultaneous development of effective materids,
processes and agpplications are shown schematically in Figure 5. There is aneed for an adequate
understanding of EAP maerids behavior and the requirements necessary to assure thelr
durability under various sarvice conditions. Further, enhancing their actuation force will require
the devedopment of modes that employ computationd chemistry, comprehensve materid
science, eectro-mechanic andytica tools and improved materids processes.  Efforts are needed
to gan a better understanding of the parameters that control the EAP dectro-activation force and
deformation. The processes of syntheszing, fabricating, eectroding, shaping and handling will
need to be refined to maximize ther actuation cgpability and robustness. Various configurations
of EAP actuators, sensors and potentid MEMS will need to be studied and modeled to produce



an asend of effective actuators. The development of the infragtructure is multidisciplinary and
requires internationd collaboration.
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FIGURE 4: A schematic diagram of the basic components of an EAP-driven system.

Biological Muscles and Science Fiction

In developing effective EAP materids, the characteristics of biologicd muscles can sarve as a
basdine. Generdly, the peformance characterisics of muscles are difficult to measure.
Documented measurements were made on the large shdl-closng muscles of scdlops. The data
shows a peak sress level of 150-300 KPa developed a a strain of about 25%. The maximum
power output is 150-225 W/kg, whereas the average power is about 50 W/kg with an energy
densty of 20-70 JKkg, decreasng with an increase in speed. The time scale for contraction is
about 0.1-1 second. Since mustle is fundamentd to animd life and changes little between
gpecies, we can regard it as a highly optimized system. It is dso a surprisngly complex system
depending on chemicdly-driven reversble hydrogen bonding between two polymers, actin and
myosin. In recognition of human muscle as a basdine, there is a need for cooperation between
the EAP maeids and the biomedicd community specidizing in biologicd muscles. Once
effective EAP materids can be made, biologicaly inspired robots and locomotives can be made
and wadking, flying, hoping digging, swvimming and diving robots would become feasble. This
initiative is compatible with the recent NASA god to develop robotic colonies.

Insects mobility is under extensve sudy and there is a rdatively large body of knowledge in
place, as for example at the University of Cdifornia, Berkdey [Full and Tu, 2990]. A windmill
was used with a photodastic coating (Figure 6) to sudy the detalled insects waking
mechanisms, where insects with various numbers of legs were invedtigated. Also, the sze of
electronic devices has become so smdl that insects can be insgrumented to perform tasks once
viewed as stience fiction. At the University of Tokyo, Japan, A spider and other insects were
insrumented as a locomotive to cary a backpack of wirdess eectronics (Figure 7).  Actuation
technology developments are expected to enable insect-like robots (Robosects) that can be
launched into dructures hidden aess (eqg., arcraft engine) to perform inspection and
maintenance tasks.
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FIGURE 5: EAP infrastructure and areas needing attention.

Low-cos missons tha have high science pay-off with atention-grabbing technologica
achievements are very dtractive to the public. Mars Pathfinder was an excdlent example of the
success of such an gpproach where a low-cost exploration misson was executed with a plot
condging of a series of impressve activities JPL is planning to reach a growing number of
planets and smdl bodies insdde and outsde of our solar system with increased chalenges to
conduct in-Stu science over large areas of these planets a increasingly condrained costs and
grester complexites A mix of innovative science and technology with imaginative tasks that
are gpproaching science fiction levels would offer NASA exciting future missons. In future
years, EAP may emulate the capabilities of terredtrid creatures with integrated multidisciplinary
cgpabilities to launch missons with innoveive plots  Some biologica functions that can be
adapted include soft-landing like cats, traversng distances by hopping like a grasshopper and
digging and operating cooperatively as ants (Figure 8).
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FIGURE 6: A Schematic view of the UC FIGURE 7: An instrumented spider at the
Berkeley’s test system for insect walking University of Tokyo illustrates the potential to
http:/rjf2.biol.berkeley.edu/Full_Lab/FL_Publications/  NDE in terms of mobile sensors
PB_Posters/94ASZ_Turning/94ASZ_Turning.html [http://www.leopard.t.u-tokyo.ac.jp/].




FIGURE 8: Robosect colonies that emulate insect
capabilities and behavior offer exciting future
NASA missions.

As a scenario for futurigtic missons - multiple Robosects can be designed to search for evidence
of former/exiding life, resources, rare minerds and the presence of water, determine magnetic
and other forces, reach crevices, condruct miniature fixtures, examine the geophysics, carry
relays for remote communication as well as perform unique experiments. Sensing options such
as gndling and tading, usng chemicd sansors equivaent biological ones, can be consdered.
Robosects can be equipped with various practical locomotion techniques, such as hopping and
flying to traverse large distances, crawling to reach specific locations, as well as digging tunnels
for undergound operations. At low gravity and low ambient pressures, particulaly on smadl
bodies, hopping offers an effective form of traversng long disances. On wet planets and moons,
such as Europa, swimming and diving options can be added. The development of a cooperative
colony will offer redundancy adlowing for the execution of tasks tha are sgnificantly beyond the
capability of individua Robosects. Moreover, the option of "maintenance/emergency crews' can
be explored. Ant colonies are an excdlent modd for cooperative Robosects and it is not unusua
to see a group of ants carrying a large leaf, which is congderably larger and heavier than they are
individualy. Moreover, Robosects can be designed to peform sdf-cleaning for dust removad
from ther solar cdls to avoid losing the power-generating capability as can be encountered on
Mars. The posshbility of sdf-cloning can aso be explored.

Development of EAP Under JPL Lead

Under the author's lead, planetary applications usng EAP ae being explored while
improving the undergtanding, practicdity and robustness of these materids. EAP materids are
sought as a subgtitution to conventiond actuation components such as motors, gears, bearings,
screws, etc.  This research and development effort has been conducted since 1995 under the
NASA task of so-cdled Low Mass Muscle Actuator (LOMMAS), and the current team consists
of JPL, NASA-LaRC, VT, Rutgers Universty, and ESLI having cooperative efforts with Osaka
National Research Ingtitute, Japan, and, Kobe University, Japan [Bar-Cohen, et al, 1999¢].

Under the NASA task, longitudind and bending EAP ae being investigated for planetary
gpplications, and a dust-wiper, gripper and robotic am were demonstrated [Bar-Cohen, et d,
1999b]. The dust-wiper (Figure 9) is currently being developed for the Nanorover's optica/IR
window, which is pat of the MUSES-CN misson. The MUSES-CN is a joint NASA and
Japanese Space Agency misson scheduled for launch in January 2002, from Kagoshima, Japan,
to explore the surface of a smdl near-Eath ageroid. The team is tegting the use of highly
effective ion-exchange membrane metdlic compostes (IPMC) made of perfluorocarboxylate-
gold composte with two types of cations, tetra-n-butylammonium and lithum. Under a
potentid difference of less than 3-V, these IPMC materids are capable of bending beyond a
complete loop. A unique ~100-mg blade with fiberglass brush was developed by ESLI (San
Diego, CA) and subjected to a high voltage to repd dudt, augmenting the brushing mechaniam
provided by the blade.



Generdly, space agpplications are the most demanding in terms of operating conditions,
robusiness and durability. The team is jointly addressing the associated chdlenges. Severd
issues that are criticad to the operation of IPMC are examined, including its response in vacuum
and low temperatures, as wel as the effect of the materid’'s dectromechanica characteristics on
its actuation capability. The use of highly effective IPMC materids, mechanicd modeling,
unigue components and a protective codaing are increasing the probability of success for the
EAP-actuated dust-wiper. Another application of EAP actuators is the deveopment of a
miniature robotic arm with closed-loop control (Figure 10). A longitudind EAP, based on SRI
internationa developed actuator, is used to lift and drop the arm, whereas a 4-finger gripper is
used to grab rocks and other objects. The EAP fingers operate much like a human hand when
grabbing the rock as shown in Figure 11.

Generdly, the practical application of EAP materids is dill a greaet chdlenge. No effective
and robust EAP materid is currently avalable commercidly. Further, there is no established
database that documents the properties of the existing EAP materids.

FIGURE 9: Schematic view of the EAP dust
wiper on the MUSES-CN's Nanorover (right) and
a photograph of a prototype EAP dustwiper
(left).

FIGURE 10: A miniature robotic arm using EAP actuators to provide the lifting/dropping of the

arm and manipulate the gripper fingers.

FIGURE 11: 4-finger EAP gripper lifting a rock much like
a human hand (Discover, Vol. 19 No. 8 (August 1998),
p. 33)




Concluding Remarks

Electroactive polymers have emerged in recent years with greet potentid to enabling unique
mechanisms that can emulate biological systems. Much more research and devel opment work
gtill needs to be done before EAP will become the actuators of choice. The development of an
effective infragtructure for thisfidd is critica to the commercid availability of robust actuation
materials for practical applications. The challenges are enormous, but the recent international
trend towards more cooperation and greeter vishility to the field aswell asthe surge in funding
and research offer great hope for the future of these exciting materids. Science fiction tasks will
be trangitioned to redlity a an unprecedented rate once effective EAP materids become
avaladle.

Acknowledgement

The research a Jet Propulson Laboratory (JPL), Cdifornia Inditute of Technology, was carried
out under a contract with Nationd Aeronautics Space Agency (NASA). The author would like
to thank his LOMMAS team members Dr. Sear Leary, JPL, Dr. Joyceyn Harrison and Dr. Joseph
Smith, LaRC, Prof. Rick Claus, VT, Prof. Condantinos Mavroidis, and Charles Pfeffer, Rutgers
U., as wel as Dr. Timothy Knowles, ESLI. He would like to thank Prof. Paul Cavert,
Univergty of Arizona, for his materid on biologicd muscles and to Prof. Mohsen Shahinpoor
for providing the IPMC materid that was used in the early phases of the LOMMAS task. For
assiging with the devdopment of the EAP dud-wiper, the author would like dso to express
gpecid thanks to Dr. Keisuke Oguro, Osaka Nationa Research Indtitute, Osaka, Japan for
contributing the most recent IPMC materids and to Satoshi Tadokoro, Kobe University, Kobe,
Japan for andlytical modeling effort.

Reference

Bar-Cohen, Y., (Ed.), Proceedings of the Electroactive Polymer Actuators and Devices, Smart
Structures and Materials 1999, Volume 3669, pp. 1-414, (1999a).

Bar-Cohen, Y., S. Leary, M. Shahinpoor, J. Harrison and J. Smith, "Fexible Low-Mass Devices
and Mechanisms Actuated by Electroactive Polymers,” et d, pp. 51-56 (1999b).

Bar-Cohen, Y., K. Oguro, S. Tadokoro, S. Leary, J. Harrison and J. Smith "Chalenges to the
Trangtion of IPMC Artificid Muscle Actuaors to Practicd Application,” Proceedings of the
Fdl MRS Mesting, (1999¢).

Full, R.J., and Tu, M.S,, “Mechanics of six-legged runners.” J. Exp. Biol. V0l.148, pp. 129-146
(1990).

Schulte, H.F., "The Characteristics of the McKibben Artificia Muscle' Applications of Externd
Power in Prosthetics and Orthotics, Appendix H, Publication 874, Nationd Academy of
Sciences, Washington, pp. 94-115, (1961).

Sokolowski, W. M., A. B. Chmidewski, S. Hayashi and T. Yamada, "Cold Hibernated Elastic
Memory (CHEM) Sdf-Deployable Structures” Proceedings of the Electroactive Polymer
Actuators and Devices, Smart Structures and Materids 1999, Volume 3669, Y. Bar-Cohen
(Ed.), pp. 179-185, (1999).



	Text1:              Space Robotics Copyright (c) 2000


