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ABSTRACT

In recent years, dectroactive polymers (EAP) materids have gained recognition as potentia
actuators with unique capabilities having the closest performance resemblance to biologicd muscles.
lon-exchange membrane metalic composites (IPMC) are one of the EAP materids with such a
potentiad. The srong bending that is induced by IPMC offers attractive actuation for the
condruction of various mechanisms. Examples of applications that were conceved and
investigated for planetary tasks include a gripper and wiper. The development of the wiper for dust
remova from the window of a miniature rover, planned for launch to an asteroid, is the subject of
this reported study. The gpplication of EAP in space conditions is posing great chalenge due to the
harsh operating conditions that are involved and the critical need for robustness and durability. The
various issues that can affect the gpplication of 1PMC were examined including operation in vacuum,
low temperatures, and the effect of the eectromechanica and ionic characteristics of IPMC on its
actuation capability. The authors introduced highly efficient IPMC materids, mechanica modeling,
unique edements and protective coatings in an effort to enhance the gpplicability of IPMC as an
actuator of a planetary dust-wiper. Results showed that the IPMC technology is not ready yet for
practical implementation due to resdua deformation that is introduced under DC activetion and the
difficulty to protect the materid ionic content over the needed 3-years durability. Further Sudies are
under way to overcome these obstacles and other EAP materids are dso being considered as
dternative bending actuators.

INTRODUCTION

Congderation of practica gpplications for dectroactive polymers (EAP) has began only in this
decade as a result of the emergence of new materids that induce large displacements [Hunter and
Lafontaine, 1992; Kornbluh, et a, 1995; and Bar-Cohen, 1999a]. These materids are highly
dtractive for their low-density and large strain cagpability, which can be as high as two orders of
magnitude greater than the driction-limited, rigid and fragile dectroactive ceramics (EAC) [Ba-
Cohen, et d, 1997; and Osada & Gong, 1993]. Also, these materiads are superior to shape
memory dloys (SMA) in their spectral response, lower dengty, and reslience. However, EAP
materials reach their dadtic limit at low gress levels, with actuation gtress thet falls far shorter than
EAC and SMA actuators. The mod dtractive festure of EAP materids is their ability to emulate
biologicd muscles with high toughness, large actuation strain and inherent vibration damping. EAP
actuaion smilarity to biological muscles gained them the name "Artificid Musdles' and potentidly
can be usad to deveop biologicdly inspired robots.  Such biomimetic robots can be made highly



maneuverable, noisdess and agile, with various shapes including insect-like. Effective EAP offers
the potentia of making science fiction ideas a fagter redity than feasble with any other conventiond
actuation mechanism.  Unfortunately, the force actuation and mechanicd energy dengty of EAP
materias are reatively low, and therefore limiting the practica gpplications that can be congdered.
Further, there are no commercidly avalable effective and robust EAP materids and there is no
reliable database that documents the properties of the existing materids. To overcome these
limitations there is a need for development in numerous multidisciplinary areas from computationd
chemigtry, comprehensve materia science, dectromechanicd andyss, as wdl as actuaion
characterization and improved materid processing techniques. Efforts are needed to gain a better
understanding of the parameters that control the eectromechanica interaction. The processes of
synthesizing, fabricating, dectroding, shgping and handling will need to be refined to maximize their
actuation capability and robustness.

Since EAP can be used as actuators that are light, compact and driven by low power, the
authors sought to take advantage of their resilience and fracture toughness to develop space
goplications.  The harsh environment associated with space environment poses greet chalenges to
the gpplication of EAP. Addressing these challenges have been the subject of the NASA task
cadled Low Mass Muscle Actuators (LoMMAS), under the lead of the principa author and severd
EAP materids and applications were investigated. The emphasis of this paper is on lon-exchange
membrane metalic compostes (IPMC), which are bending EAP materids, first reported in 1992
[Oguro et a, 1992; Sadeghipour, et a, 1992 and Shahinpoor, 1992]. The various issues that can
be affect the gpplication of IPMC were examined including operation in vacuum, low temperatures,
and the effect of the eectromechanica and ionic characteristics of IPMC on its actuation capability.
The finding that IPMC can be activated at low temperatures and vacuum, paved the way for the
serious condderation of this class of materias for space applications [Bar-Cohen, et d, 1997]. Its
bending characterigtics offered the potentia to address the criticdl issue of planetary dust that affects
solar cdls and imaging ingruments on such planets as Mars.

Throughout the authors studies, severd problem areas were identified as needing attention to
assure the practicdity of IPMC for space gpplications. The authors addressed these issues and the
results of their sudy are reported in this manuscript.

EAP ACTUATOR DRIVING DUST WIPER

Lessons learned from Viking and Mars Pethfinder missions indicate that operation on Mars
involves an environment that causes accumulation of dust on hardware surfaces. The dust
accumuletion is a critical problem that hampers long-term operation of opticad instruments and
degrades the efficiency of solar cdlls to produce power. To remove dust from surfaces one can use
a gmilar mechanism as automobile windshied wipers. Contrary to conventiona actuators, bending
EAP has the ided characterigtics that are necessary to produce a smple, lightweight, low power
wiper mechanism.  Specificaly, the IPMC responds to activation signas of about 0.3-Hz with a
bending angle that can exceed 90 degrees span each way depending on the polarity. For dust
cleaning from windows, it is necessary to place the wiper outsde the viewing area and move it
inward to clean the window. This necessitates the use of two wipers that are placed on opposite
gdes of the window as shown in Figure 1.

To demondtrate the wiping capability, an IPMC was attached to a blade with a fiberglass
brush and it was used to mechanically remove 20-nmm dust particles that were sprinkled onto a glass
plate (see bottom of Figure 2). Since this mechanism effectively addressed the criticd issue of dudt,
the MUSES-CN mission sdlected it as a basdline technology for the Nanorover's infrared camera



window. This misson is ajoint effort of NASA and the NASDA (Nationd Space Development
Agency of Jgpan), which is scheduled to be launched from Kagoshima, Japan, in January 2002, to
explore the surface of a small near-Earth asteroid. A photograph of the dust-wiper, a schematic
view of therover and an artist view of the misson, are shown in Figure 2.

s
FIGURE 1 A schematic view showing the area that is covered by )
two bending EAP-actuators sweeping a window from two opposite

Sdes.

A unique ~100-mg wiper blade was constructed by ESLI (San Diego, CA) using a composite
(graphite fibers and DuPont Kapton™ resin)
beam with fiberglass brush see Figure 3). The
blade was processed at temperature of 623K
(350°C) and tested at 77K demondtrating wide
temperature durability. A 15-mm x 6-mm
IPMC film was bonded to the ESLI blade using
platinum e ectrode strips bonded on its other end
to provide eectrica excitation of the EAP wiper.
Since mechanicd wiping of a surface usng a soft
brush may not remove minute dust particles,
which are smdler than the distance between the
whiskers, a high voltage repulson mechanism
was introduced. The blade (beam and brush)
was coated with gold and activated by 1-2-KV

bias DC voltege, whereas the EAP wiper was  F| GURE 2: Schematic view of the EAP dugt-

bring the technology to space flight readinessthe  gng a photograph of a prototype EAP dust-wiper
critical issues associated with the IPMC materid (ignt-pottom).

as an actuators were addressed.

Biased with 1-2KV for dust repulsion
Actuated by 1-3 volts

MODELING THE ACTUATOR \
Design and prediction of the response

of the IPMC dust wiper requires an *
effective andyticd modding of the

material  and  its  mechanicd

congraints. For this purpose, the o :
K anno-Tadokoro model was T/GURE3:A schematic view of the EAP actuated dust-wiper
adopted using a gray box gpproach relating the experimenta input and output data. The voltage
goplied to an actuator is transformed to current distribution through the membrane. The current
generates digtributed interna stress, which causes rain in the IPMC materid and it is affected by its
viscodadtic properties.  The resstances of surface layers and RC eements approximate the

experimental voltage-current response as the eectric property. The stress generation property and
the viscodadticity were expressed by an equation Smilar to the piezoeectric equation.




w?s
S+ My, s+w.
Where: s - internd gtress; D(S) — mechanicd characterigtics incuding mass, damping and diffness; e
- gtrain vector; e - transformation tensor of stress generation; i — current through the actuator; and z
and wj, -delay parameters of the 2™ order.

s =D(s)e- @

The 2nd order delay approximeates the time delay until ionic distribution reaches equilibrium and the
interna stress is generated by swelling and dectrogtatic force. This equation was used to smulate
the response of the IPMC actuators
and in Figure 4a the results for 15-mm
long 8mm wide actuator drip in
shown. The dtrain near the electrodes
cdamp (fixture) is larger than the tip.
Andyss, usng this modd, has shows
that current concentration near the
electrodes causes imbadance of drain
digribution. The response speed is
faster near the dectrodes because of
the RC dements and therefore, it is
better to design shorter actuator. The
whole membrane deforms to curve in
two dimensons, where deformation in
the direction of width obstructs the
wiper motion. When a 2mm long

section of the IPMC tip is constrained ’ : 5
preventing it from deformation, the Rigid Part
bending displacement is improved as (b) With rigid part 2 mm long

shown in Figure 4b. Therefore, cross- FIGURE 4: Smulation result of actuator mation.
piece desgn is important for efficient

actuation.

IPMC ASA BENDING EAP ACTUATOR

Driving a dust wiper usng EAP materias requires that materia be cgpable of bending under
electro-activation. As can be seen in the firgt issue of the WW-EAP Newdetter [Bar-Cohen,
1999h], severd types of EAP materids can be made to bend under dectrical excitation. The
authors concentrated on the use of the ion exchange polymer membrane metal composite (IPMC)
which has meta dectrodes deposited on both sdes. Two types of base polymers were used
including Nafion® (perfluorosulfonate made by DuPont) and Femion® (perfluorocaboxylate, made
by Asahi Glass, Jgpan).  Prior to usng these polymers as EAP base materid, they were widdy
employed in fud cells and production of hydrogen (hydrolysis). The operation as actuators is the
reverse process of the charge storage mechanism associated with fud cells. In the current study,
Nafion® #117 was used with a thickness of 0.18-mm and perfluorocarboxylate films were used
having a thickness of 0.14-mm. Initid studies involved the use of Patinum as the metal dectrodes
however recent studies have shown that gold coating provides superior performance [Y ashiko, et
a, 1998]. The gold layer was applied in 7-cycles resulting in a dendritic Structure as shown in a
cross section view in Figure 4. The counter cation congsts of tetra-n-butylammonium or lithium and
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these two species showed significantly greater bending response than sodium, which was used
earlier. Under less than 3-V, such IPMC materids were shown to bend beyond acomplae loop
and the response follows the ectric fidd polarity.

FIGURE 4: Perfluorocarboxylate membrane with tetra-n-
butylammonium cation and 7 cycles of ion exchange and reduction
(resulting dendritic growth) of the gold dectrodes

When an externd voltageis gpplied on an IPMC film, it causes
bending towards the anode & aleve that increases with the voltage, up until reaching saturation, as
shown in Figure 5. Under AC valtage, the film undergoes swinging movement and the digplacement
level depends not only on the voltage magnitude but also on the frequency. Generdly, activation a
lower frequencies (down to 0.1 or 0.01 Hz) induces higher displacement and the displacement
diminishes as the frequency risesto severd tens of Hz. The drive voltage level a which the bending
displacement reaches saturation depends on the frequency and it is smdler a higher frequencies.
The gpplied dectrica current controls the movement of the film but the response is strongly affected
by the water content of the IPMC serving as an ion transport medium.
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Figure 5 The response of the bending EAP to
various voltage amplitudes a three different
frequencies (data obtained for sodium base
IPMC).
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The authors addressed severd issues that were determined critical to the gpplication of IPMC (both
the Nafion® and Flamion® base):

Film moigure: IPMC is highly sengtive to its moisture content. To maintain the moisture content
there is a need for a protective coating that acts as the equivaent of skin, otherwise the materia
stops to respond after few minutes of activation in dry conditions. Using an etching procedure and
dlicon coating, an IPMC film was shown to operate for about 4 months. This Dow Corning coating
meaterid alows operdaion in a wide range of temperatures with greet flexibility and is durable under
UV radiation. However, since the MUSES-CN mission requires operation over 3-years, the 4-
month protection period is too short. Analysis of the cause of the degradation indicates that the
silicon coating is water permeable and the rate is 3000 cm® x 10 per sec/cm?cm at STP and 1
cmeHg pressure difference [Dow Corning, 1999]. Assuming 2 cnf electrode area with 0.1-mm
thick slicone coating shows awater loss rate of ~40-50mg/24 hrs.  This rate is Sgnificantly higher
than observed for IMPC and it does not account for the IPMC eectrode layers, however it



indicates the saverity of theissue. To overcome this limitation various aternative coating techniqus
are being congdered including the use of a metdlic Sdf-Assembled Monolayer as an overcoat.
Electrolysis: The wetness of IPMC and the introduction of voltages a levels above 1.03-V
introduce eectrolysis during electro-activation causing degradation, heat and release of gasses. This
ISsue raises a great concern since the emitted hydrogen accumulates under the protective coating
and leads to blistering, which will rupture the coating due to the high vacuum environment of space.
The use of tetra-n-butylammonium cations was shown to provide higher actuation efficiency adlowing
to reduce the needed voltage and to minimizing the eectrolys's effect.

Operation in vacuum and low temperatures. In space the temperature can drop to sgnificantly
low levels and the ambient pressure is effectively vacuum. The ahility to protect IPMC from drying
dlowed performing tests in vacuum and low temperatures. These tests showed tha while the
response decreases with temperature, as shown in Figure 6, a Szeable displacement was il
observed at -140°C. This decrease can be compensated by an increase in voltage. It is interesting
to point out that, a low temperatures, the response reaches saturation at much higher voltage levels.
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Besdes the need to address the low temperature issue, the materia ability to sustain temperatures as
high as +125°C is dso necessary. For this purpose, severd solvents with higher boiling points than
water were examined for their potentid use as a solvent for the IPMCs.  This solvents were
examined for their performance equivalence to "antifreeze" in automobile radiators. Various solvents
were conddered and ther effect on the sweling characteristics of Nafion® was investigated.

Nafion® drips with an initid sze of 5.8mm x 38.1mm were immersed in a series of solvents for a
period of 4-days at ambient temperature and the change in mass and sze were measure. The
results are listed in Table 1 and show both swelling and increasse in mass due to water absorption.

Examination of IPMC films that were immersed for 24-hours in various solvents, including ethylene
glycol, showed a sgnificant reduction in the induced bending amplitude.

Low actuation force: Udng thin IPMC with a thickness of 0.14-mm was found to induce a
ggnificant bending displacement. However, the induced force was found rdaively smdl making it

difficult for the wiper to overcome the eectricd forces that are involved with the dugt-repdling high-

voltage. Further, even though the wiper blade is rddively light, weighing about 104-mg, it is il

respongible for sgnificant bending due to gravity pressing the blade onto the window surface and

condraning its movement. Alternative 0.18-mm thick film is currently being sought to provide the
necessary force.

Permanent defor mation under DC activation: Unfortunately, under DC voltage IPMC drips do
not maintain the actuation displacement and they retract after severd seconds.  Further, upon
removal of the eectric field an overshoot displacement occurs in the opposite direction moving
dowly towards the steady date postion leaving a permanent deformation. This issue was not
resolved yet and would hamper the application of IPMC.



TABLE 1. Changesin mass and 9ze as aresult of immersang Nafion® in various liquid media for 4-

days at ambient temperature.
Solvent Initid mass, g | Final mass, g | Change, Dimensions after soaking
% [width x length (mm)]

Water 0.0722 0.0838 16 5.8x43.0
N-methyl-2- 0.0721 0.1124 56 6.4 x 50.8
pyrrolidinone (NM P)

Ethanol 0.0707 0.1113 57 6.4 x 50.8
Dimethylformamide 0.0606 0.0974 61 6.4 x 44.5

(DMF)

Ethylene glycol 0.0720 0.1104 53 6.4 x 50.8
Ammonium hydroxide 0.0719 0. 0795 11 58x414

Challenges and solutions: To dlow future desgn of EAP mechanisms actuated by IPMC, the
chalenges and solutions were summarized and are listed in Table 2. While most challenges seems
to have been addressed, two issues still pose a concern: the introduction of permanent deformation
and the need for an effective protective coating. Unless these issues are effectively resolved the use
of IPMC for planetary applications will be hampered.

TABLE 2: Chdlenges and identified solutions for issues regarding the application of IPMC.
Challenge Solution

Fluorinate base - difficult to bond Pre-etching

Sengtive to dehydration (~5-min) Etching and coating

Electroding points cause leskage Effective compact eectroding method was devel oped

Off-axis bending actuation Use of load (e.g., wiper) to congtrain the free end

Most bending occurs near the poles | Improve the metd layer uniformity

Electrolyss occursat >1.03-V in - Minimize voltage

Nart/Pt - Use IPMC with gold electrodes and cations based
on Li* or Perfluorocarboxylate with tetra-n-
butylammonium

Survive -155°C to +125°C and IPMC was demonstrated to operate at -140°C

operate at -125°C to + 60°C

Need to remove aspectrumof dust | - Use effective wiper-blade design (ESLI, San Diego,

gzesin the range of >3mm CA)

Apply high bias voltage to repe the dust
Reverse bending under DC voltage | Limit application to dynamic/controlled operations

Developed codting is permesble - Alternaive polymeric coating

Metdlic Sdf-Assembled Monolayer overcoat
Resdua deformation Sill achdlenge
No established qudity assurance . Use short beamvfilm

Efforts are underway to tackle the critical issues

CONCLUSION
In recent years, dectroactive polymers have emerged as actuators with great potentia to enable
unique mechanisms that can emulate biologica systems. A study has taken place to adapt IPMC to



planetary applications in an effort to develop a dust wiper for a mission to an asteroid. A series of
chdlenges were identified as obgstacles to the trangtion of such materids to space flight missons.
Some of the key issues were effective addressed while some needing further studies. The
unresolved issues include the permanent deformation under DC activetion and the water
permeability of the developed protective coating. Ancther issue is the limited force that is induced
by IPMC, which require compromising between the bending displacement and the actuetion force.
Further sudies are under way to overcome these obstacles and other EAP materids are dso being
consdered as dternative bending actuators.
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