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(57) ABSTRACT

Ionic liquids are incorporated into transducers, actuators or
sensors which employ the ionic polymer membranes. The
ionic liquids have superior electrochemical stability, low vis-
cosity and low vapor pressure. The transducers, actuators and
sensors which utilize ionic polymer membranes solvated with
ionic liquids have long term air stability. Superior results are
achieved when a conductive powder and ionomer mixture is
applied to the ionic polymer membrane to form the electrodes
during or after the ionic liquid is imbibed into the ionic
polymer membrane.

8 Claims, 7 Drawing Sheets

10

12



U.S. Patent May 8, 2012 Sheet 1 of 7 US 8,172,998 B2

— — -ut
(OCFCP)7- OCF)CFy—SO3'H

CF4
Figure 1
14
20
/ 5 AN |
|
10 | L
L |
/ 16 |
8
12 12
Figure 2A Figure 2B
10°% ————————rry
t  initially hydrated
_ 10%
S 10"}
Q solvated with
e 10% ionic liquid
S a1t
7 10
e of
O 10-2L
= 10 . o
10-3k dried in
E vacuum oven
10-4' . ) e e
10 10’ 102
frequency (Hz)

Figure 3



U.S. Patent May 8, 2012 Sheet 2 of 7 US 8,172,998 B2

103
- 2L
9 10 1 ionic liquid ,J ionic liquid
5 ot dav 1 day 3
S YNl
.% 10! : \ 27\
% water day 3 )
o
Q
€ 10%  waterday 2
h
10' n PR R TS S U AT B 1 N PR R Y O W
100 10 102
frequency (Hz)
Figure 4
T T T T T
3 __ -—
2 L —
1 -
: |
5
(8]
-1 k_ -
2 ﬂ
-3 -
L L I 1 L
-1.5 -1 -0.5 0 0.5 1 1.5
voltage (V)

Figure 5



U.S. Patent May 8, 2012 Sheet 3 of 7 US 8,172,998 B2
| I l T
10
°T
<
E
z 0 7
o
3
5+
10+ -
I | | |
6 4 2 0 2 4 6
voltage (V)
Figure 6

_
(o]
N

strain (ULE/V)
S S
[ ] -

-
<
-— —
Q
[=]

ionic liquid

PR | : N TR il
10 102
frequency (Hz)

Figure 7



U.S. Patent May 8, 2012 Sheet 4 of 7 US 8,172,998 B2

F obtained from time data |
10%F
F
- ionic liquid
g o777
3 s Vd
s ;/
RS [
o
% 100F
i
10-1 T NP BT B
102 107 10° 10' 102
frequency (Hz)
Figure 8
2 L H T T T T
T
E
€
Q
£
13
[$)
Y
jo R
L
o
_2 1 1 S 1 1 A
0 5 10 15 20 25 30 35
time (sec)
Figure 9A
05 T T T T T

displacement (mm)
o

| 1 L

5 10 15 20 25 30 35
time (sec)

Figure 9B

1]
o
wn

o



U.S. Patent May 8, 2012 Sheet 5 of 7 US 8,172,998 B2

3
]
102

ionic liquid

10°
frequency (Hz)
Figure 10

A1 a1

100

I U T T T U R TS 1 VN S 11 ) L 1
b o @
o o o
-— Ll -

107"

(3/0) Aunnisuss



U.S. Patent May 8, 2012 Sheet 6 of 7 US 8,172,998 B2

(aV]
mrorr-rT 7T T |l1l|l| L] L o
L -—
A“
N e
=
> O
- [$] k
o 4 © ¢
I 1~ ¢ =
- i 2.2
L | [0
& W
- .
(=]
02 L 1 L 'l I O I | I o
-—
@ i @ %
o o o o
- -— -— ~

(9/2) Auaysues



U.S. Patent May 8, 2012 Sheet 7 of 7 US 8,172,998 B2

3
10 E- 7 T rroreg T T v rrrvry T T 1 1T 17¢71

- EY
o Q
- N

strain (LLE/V)

-
o
[«

10'1 1 a2l et Lt 13y
10° 10’ 102
frequency (Hz)
Figure 12
4000

2000

-2000

strain (LLE)

-4000

-6000

'80000 20 40 60 80 100

time (sec)

Figure 13




US 8,172,998 B2

1
IONIC SOLVENTS USED IN IONIC POLYMER
TRANSDUCERS, SENSORS AND ACTUATORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation 60/496,685 filed Aug. 21, 2003, and the complete
contents thereof are incorporated by reference.

This invention was made using finding from the National
Science Foundation, Grant Number CMS0070042, and the
U.S. government may have certain rights in the application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to ionic polymer
transducers, sensors and actuators.

2. Description of the Prior Art

Ionic polymers membranes are materials that behave as
solid-state electrolytes, making them useful in a variety of
applications, including fuel cells, water electrolyzers, trans-
ducers, actuators and sensors. lonic polymer membrane
actuators have existed in their current state since the early
1990s. See, for example, Sadeghipour, K., Salomon, R., and
Neogi, S., 1992. “Development of a Novel Electrochemically
Active Membrane and ‘Smart” Material Based Vibration Sen-
sor/Damper.”” Smart Materials and Structures, 1, pp. 172-
179; Oguro, K., Kawami, Y., and Takenaka, H., 1992. “Bend-
ing of an Ion-Conducting Polymer Film-Electrode
Composite by an Electric Stimulus at Low Volage.” Journal
of Micromachine Society, 5, pp. 27-30.; and U.S. Pat. Nos.
5,268,082 to Oguro, 6,109,852 to Shahinpoor, and 6,475,639
to Shahinpoor, each of which are herein incorporated by
reference. These devices are often based on a perfluorosul-
fonic or percarboxylic acid membrane backbone with
charged side groups. The addition of these charged groups
allows the polymer membrane to conduct counterions and
thus serve as a polymer electrolyte. This property also allows
the polymer membrane to behave as a distributed actuator or
sensor due to the redistribution of the cations within the
polymer under the application of an electric field or when a
stress is applied to the membrane.

In order for this phenomenon to occur, two conditions must
be met. First, the cations must be free to move about within
the polymer matrix. This is done by saturating the polymer
with a solvent. The solvent of choice prior to this invention
was water; however, U.S. Pat. No. 5,268,082 discusses the
use of salt water and physiologic salt water and indicates that
displacement with salt water is smaller than when operated in
pure water. The solvent dissolves the cations associated with
the pendant acidic groups and allows them to move within the
polymer. Second, the surfaces of the membrane must be made
to conduct electricity. This is accomplished by depositing a
thin metal electrode on both surfaces of the membrane.

Typically, the ion exchange properties of the polymer are
used to facilitate the deposition of the metal. The polymer is
pretreated by sandblasting, hydrating, and cleaning in a
strong acid. This acid wash also serves to ensure that the
polymer is fully saturated with protons. The membrane is
then placed into an aqueous solution containing ions of the
metal to be plated. These ions are allowed to exchange with
the protons in the polymer for a predetermined amount of
time and are then reduced to their neutral state at the surface
of the polymer by a reducing agent (typically NaBH4 or
LiBH4). In this solvated and electroded form, the ionic poly-
mer membrane can be made to bend towards the anode side
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when a small electric field (1-5 V) is applied across its thick-
ness, thus making it a soft, distributed actuator. These mem-
branes in this form can also be used as distributed sensors
since the transient voltage generated across the membrane is
correlated to the quasi-static displacement of the membrane.
More recently, Newbury and Leo have shown that the charge
generated at the surfaces of the membrane is proportional to
the strain in the material (see, Newbury, K. and Leo, D. I.,
2002, “Electromechanical Modeling and Characterization of
Ionic Polymer Benders.” Journal of Intelligent Material Sys-
tems and Structures, 13(1), pp. 51-60).

Ionic polymer membrane actuators have several advan-
tages over other types of actuation technology. For example,
because they are soft and saturated with water, they are ame-
nable to implantation in the human body and therefore have
significant potential in biomedical applications. Also, as com-
pared to other many types of smart materials, these actuators
generate larger strains (>1%) and strain rates at lower applied
potentials (<10 kV/m) than over types of electroactive
devices based on the piezoelectric or electrostrictive effect.

However, there are some key limitations to currently avail-
able ionic polymer membrane technology that has prevented
it from experiencing widespread use. One of the most prob-
lematic limitations is the dependence of ionic polymer trans-
ducers on a solvent in order to function. As noted above, pure
water (and sometimes salt water or physiologic water) is used
as the solvent, but because the water will quickly evaporate in
air, the applications for these devices are limited by its use.
Also, the water will decompose into hydrogen and oxygen
gas once the electrolysis voltage limit is reached (around 1 V).
This decomposition will also contribute to rapid loss of the
water and a corresponding drop in the performance of the
polymer transducer.

One way around this problem would be to use a barrier
coating to contain the water inside the membrane. Bar-Cohen
et al reported that with the aid of a barrier coating they were
able to operate a sample in air for four months (see, Bar-
Cohen, Y., Leary, S., Shahinpoor, M., Harrison, J., and Smith,
J., 1999, “Flexible Low-Mass Devices and Mechanisms
Actuated by Electroactive Polymers” in EAP Actuators and
Devices. SPIE, vol. 3669, pp. 51-56, and Bar-Cohen, Y.,
Leary, S., Shahinpoor, M., Harrison, J. O., and Smith, J.,
1999. “Electro-Active Polymer (EAP) Actuators for Plan-
etary Applications” in EAP Actuators and Devices. SPIE,
vol.3669, pp.57-63). However, such a barrier coating will add
passive stiffness to the actuator device and reduce the amount
of strain that the device can generate. Furthermore, if the
electrolysis limit of the aqueous solvent is exceeded, the
formation of hydrogen and oxygen gases at the membrane
surfaces will create blisters beneath the barrier coating and
lead to de-lamination of this coating from the polymer trans-
ducer.

Although most of the work in the area of ionic polymer
transducers has focused on water as the solvent, there have
been a limited number of studies on the use of alternative
solvents. For example, Nemat-Nasser has demonstrated the
use of ethylene glycol and glycerol as suitable solvents for
these materials (see, Nemat-Nasser, S., 2002. “Microme-
chanics of Actuation of Ionic Polymer-metal Composites”
Journal of Applied Physics, 92(5), pp. 2899-2915, and
Nemat-Nasser, S., 2003. “Experimental Study of Nafion-and
Flemion-based Ionic Polymer-Metal Composites (IPMCs)
with Ethylene Glycol as Solvent” in EAP Actuators and
Devices. SPIE). These materials do not suffer from the dehy-
dration problem associated with water, but the speed of the
actuation mechanism in the transducers is reduced signifi-
cantly. Also, Shahinpoor and Kim have demonstrated that
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composites of poly(ethylene oxide) and poly(ethylene gly-
col) will exhibit electromechanical behavior under an applied
electric field with no aqueous solvent necessary (see, Shahin-
poor, M. and Kim, K., 2001. “Fully Dry Solid-State Artificial
Muscles Exhibiting Giant Electromechanical Effets” in EAP
Actuators and Devices. SPIE, pp. 428-435, and Shahinpoor,
M. and Kim, K., 2002. “Solid-State Soft Actuator Exhibiting
Large Electromechanical Effect” Applied Physics Letters,
80(18), pp. 3445-3447). In these materials, the very low
molecular weight poly(ethylene glycol) essentially serves as
the solvent, creating soft amorphous phases in the composite
polymer that facilitate motion of the cations.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
ionic polymer transducers, actuators and/or sensors that uti-
lize ionic liquids as hyper-stable solvents.

According to the invention, ionic liquids have been dem-
onstrated as viable solvents for ionic polymer transducers,
actuators and/or sensors. These new solvents overcome some
of the key limitations of using water as a solvent with these
devices, including evaporative loss of the solvent when oper-
ating in an air environment and low electrochemical stability
of the solvent. A comparison of ionic polymer transducers
solvated with water and ionic liquid has been made and
important differences in the responses of these transducers
have been identified. The results showed that transducers,
actuators and/or sensors made using ionic liquids as solvents
have a much more stable response when operated in air than
do the same materials solvated with water. Also, cyclic vol-
tammetry demonstrated that much higher voltages can be
applied to the ionic liquids before solvent breakdown.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed descrip-
tion of a preferred embodiment of the invention with refer-
ence to the drawings, in which:

FIG. 1 shows the chemical structure of an exemplary per-
fluorosulfonic membrane material commonly referred to as
Nafion;

FIGS. 2a and 25 shows schematic diagrams of an experi-
mental set up used to measure the free strain generated by the
transducer as an actuator, and the modulus and sensing
response of the transducer, respectively;

FIG. 3 is a graph showing the free strain response of an
ionic polymer transducer that is saturated with water, that is
dry, and that is saturated with an ionic liquid;

FIG. 4 is a graph showing the free strain responses of a
water and ionic liquid solvated ionic polymer over three con-
secutive days;

FIG. 5 is a cyclic voltammogram of water at a scan rate of
100 mV/sec;

FIG. 6 is a cyclic voltammogram of an ionic liquid at a scan
rate of 100 mV/sec;

FIG. 7 is a graph showing the free strain frequency
response of ionic liquid and water saturated ionic polymers;

FIG. 8 is a graph showing the free strain frequency
response of ionic liquid and water saturated ionic polymers
which highlights differences at low frequencies;

FIGS. 94 and 95 show the free cantilever time responses of
(a) a sample in the ionic liquid form to a 3.5 V square wave
input, and (b) a sample in the water form to a 1.5 V square
wave input;
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FIG. 10 is a charge-to-strain sensing response of samples in
the water and ionic liquid form;

FIG. 11 is a graph showing the charge-to-stress sensing
response in the water and ionic liquid form;

FIG. 12 is a graph showing the strain response of a sample
made by first imbibing the ionic liquid into the ionic polymer,
and then applying a metal powder electrode; and

FIG. 13 is a graph showing the time response of a sample
made by first imbibing the ionic liquid into the ionic polymer
and then applying a metal powder electrodeto a2.0V, 0.05 Hz
square wave input.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS OF THE INVENTION

This invention contemplates the use of ionic liquids as
solvents for ionic polymer actuators and transducers. Suitable
ionic liquids will have a low vapor pressure and a large elec-
trochemical stability window. Additional benefits may be
realized from solvents that have a high ionic conductivity. The
ionic polymers or ionomers employed by this invention are
able to conduct ions by virtue of the fact that they contain
ionic groups bound to the polymer chains. These materials are
characterized by having one type of ion (either anion or
cation) covalently bonded to the polymer chain with the other
ion being ionically bound. When the material is soaked with
a solvent the ionic bond is disrupted and-one of the ions
(either the cation or anion depending on the type of polymer)
becomes free to move about within the polymer matrix. A
common type ofionomer is Nafion. The chemical structure of
Nafion is shown in FIG. 1. There exist many other types of
ionomer membranes as well, including perfluorocarboxylic
acid membranes, sulfonated poly(arylene ether sulfone), sul-
fonated poly(arylene thioether sulfone), sulfonated poly
(ether ketone ketone), sulfonated polystyrene, and sulfonated
polybutadiene.

FIGS. 2a and 25 show an ionic polymer membrane 10 (e.g.,
a perfluorosulfonic acid membrane such as Nafion or a per-
fluorocarboxylic acid membrane such as Flemion) having
electrodes 12 positioned on opposite sides thereof. In the
present invention, the ionic polymer membrane 10 is impreg-
nated with an ionic liquid. The generalized configuration can
function as an actuator (FIG. 2a) where current passing
between the electrodes causes the ionic polymer membrane to
flex. Similarly, the generalized configuration can function as
a transducer or sensor (FIG. 26) where the flexing of the
polymer membrane 10 caused by an applied force results in
the development of an electric field and charge flow between
the electrodes 12. The polymer membrane 10 can be con-
structed from a variety of materials, with the chief require-
ment being that the counterions that neutralize the charged
side groups are free to move about within the polymer matrix.
The polymer membrane 10 functions as a polymer electrolyte
whereby the cations within the polymer redistribute when an
electric field is imposed (the actuator of FIG. 2a) or when a
stress is applied to the membrane (the transducer or sensor of
FIG. 2b).

In the practice of this invention, the shape and size of the
ionic polymer membrane 10, as well as the nature of the
electrodes and the shape, size and position of the electrodes
on the ionic polymer membrane 10 can vary considerably and
will depend on the application for which the invention is used.
For example, this invention may be employed in a variety of
applications similar to those discussed in U.S. Pat. Nos.
6,475,639 to Shahinpoor, 6,108,852 to Shahinpoor, and
5,268,082 to Oguro, each of which are herein incorporated by
reference, including without limitation membrane grippers,
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three-dimensional membrane actuators, composite wing-
flaps, robotic swimming structures, robotic fish, resonant fly-
ing machine, surgical tools, metering valves, bellows pumps,
peristaltic pumps, microelectromechanical systems (MEMs),
electromechanical relay switches, artificial smooth muscle
actuators, artificial sphincter and ocular muscles, artificial
ventricular or cardiac arrest muscles, continuous variable
aperture mirrors and antenna dishes, linear actuators, slither-
ing devices, soft parts orientators, incontinence assist
devices, displacement sensor devices, pressure transducers
for joints, and blood pressure, pulse rate and rhythm measure-
ment devices.

Ionic liquids (sometimes known as “molten salts™) are
ionic compounds that exist in a liquid form at low tempera-
ture, without the need to be dissolved in a solvent. These
compounds may be used as electrolytes and have the added
benefit of low volatility over a wide range of operating con-
ditions and increased electrochemical stability window as
compared to water. This means that they can withstand higher
voltages than most common solvents before solvent break-
down. Ionic liquids also have a very low vapor pressure,
meaning that they do not evaporate easily, as some common
solvents (e.g., water) will. Therefore, when an ionic liquid is
used as the solvent for an ionic polymer membrane in the
place of water as contemplated by this invention, the resulting
device would have the benefit of a larger voltage range in
which it can be driven, as well as a much reduced tendency
towards loss of performance due to dehydration. The use of an
ionic liquid also overcomes the requirement for a suitable
barrier coating against solvent loss (although a barrier may
still be employed in some applications of this invention).
Thus, if an ionic liquid is used as the solvent in an ionic
polymer membrane transducer instead of water, the applica-
tions for these devices could potentially be increased dramati-
cally over the current state of the art.

In the practice of this invention, the preferred ionic liquids
are salts that exist in their liquid state at room temperature.
They preferably contain only charged species and are highly
stable. They preferably have no measurable vapor pressure,
electrochemical stability windows of 2-4 V or more (most
preferably 4V or more), and are thermally stable to tempera-
tures as high as 200° C. to 400° C. Furthermore, ionic liquids
used in the practice of this invention preferably have high
ionic conductivities and can be used as electrolytes for a
variety of applications, including photoelectrochemical solar
cells, electrochemical capacitors, conducting polymer actua-
tors, and as replacements for organic solvents in many com-
mon reactions.

The low melting point of these compounds is due primarily
to the bulky and cumbersome structure of the corresponding
ions, which inhibits the formation of a crystalline solid. One
of the advantages of ionic liquids are that they are non-
volatile, and in fact have no measurable vapor pressure,
meaning that they will not be lost to evaporation. Also, they
are able to dissolve a wide range of organic and inorganic
compounds, including some polymers and minerals. They are
also non-flammable, have a high thermal stability, and have a
high electrochemical stability. David Adam reports that
“Compared to the 300 organic solvents commonly used in the
chemical industry, there are over a trillion possible ionic
liquids . . . ” (See, “Ionic Liquids.” Nature Science Update.
URL: http://www.nature.com/nsu/000608/000608-15 html).
These compounds can also be tailored to give properties
desirable for specific applications.

Substituted imidazolium based ionic liquids are currently
being studied as electrolytes for battery and capacitor appli-
cations and may be advantageously used as ionic liquids in
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the present invention. The advantages that they can offer these
systems are high ionic conductivity, high electrochemical
stability, non-flammability, and non-volatility. These substi-
tuted imidazolium based ionic liquids may advantageously be
employed in the actuators, transducers, and fuel cells of the
present invention. U.S. Pat. No. 5,827,602 to Koch, which is
herein incorporated by reference, describes a variety of
hydrophobic ionic liquids which may be used as the ionic
liquid in the practice of this invention including substituted or
unsubstituted pyridinium compounds, pyridazinium com-
pounds, pyrimidinium compounds, pyrazonium compounds,
imadazolium compounds, pyrazolium compounds, thiazo-
lium compounds, oxazolium compounds, and triazolium
compounds. lonic liquids have also been used as electrolytes
for conducting polymer actuator systems, and would have
many of the same advantages in the present invention. Con-
ducting polymers are different than the ionic polymers of the
present invention in that conducting polymers do not contain
a bound ionic species, but rather are doped with an electro-
lyte. Also, the fundamental transduction mechanism in con-
ducting polymers involves the transport of ions in and out of
the polymer from or to a surrounding electrolyte, which gives
rise to their slow speed as compared to ionic polymer actua-
tors, in which the ion transport occurs within the polymer. As
a result, conducting polymer actuators typically have slow
response times as compared to ionic polymer-based actua-
tors.

Lu etal. found that polypyrrole and polyaniline conducting
polymer actuators operated in 1-butyl-3-methlyimidazolium
tetrafluoroborate and 1-butyl-3-methlyimidazolium
hexafluorophosphate ionic liquids exhibited larger induced
strains, less polymer degradation, and less electrolyte degra-
dation than the same polymers operated in aqueous or organic
(propylene carbonate) electrolytes (see, Lu, W., Fadeev, A.
G., Qi, B, Smela, E., Mattes, B. R., Ding, J., Spinks, G. M.,
Mazurkiewicz, 1., Zhou, D., Wallace, G. G., MacFarlane, D.
R., Forsyth, S. A., and Forsyth, M., 2002, “Use of lonic
Liquids for p-Conjugated Polymer Electrochemical Devices”
Science, 297, pp. 983-987). The use of ionic liquids as elec-
trolytes for conducting polymer actuators also allows for the
application of higher voltages due to the increased electro-
chemical stability of the ionic liquids as compared to the
water and propylene carbonate electrolytes. The use of ionic
liquids in ionic polymer transducers, sensors, and actuators
will also allow for the application of higher voltages as com-
pared to the use of water.

ITonic polymer transducers can be made by depositing an
interpenetrating platinum or gold electrode onto each side of
a Nafion-117 (nominal thickness 183 microns) membrane.
This deposition is performed by first saturating the membrane
with Pt(NH3)4 2+ ions from a tetraammine-platinum chlo-
ride solution. The adsorbed ions are then reduced to platinum
metal by soaking the membrane in a solution of sodium
borohydride. This process results in a surface platinum elec-
trode that penetrates into the membrane up to a depth of
several microns. Penetration ofthe electrode can be enhanced
by repeating the electroding process several times. This pro-
cess may be done in aqueous solutions with the membrane in
a water-saturated state. However, in the current invention, if
aqueous solutions are used during formation of electrodes, a
solvent exchange following the electroding process is neces-
sary to incorporate the ionic liquid into the membrane.

Nafion based polymer transducers have been made previ-
ously using a platinum/copper co-reduction process followed
by electroless gold plating (see, for example, Bennett, M. D.
and Leo, D. 1., 2003. “Manufacture and Characterization of
Ionic Polymer Transducers Employing Non-Precious Metal
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Electrodes” Smart Materials and Structures, 12, pp. 424-
436). These samples are then dried under heat and vacuum.
An ionic liquid is then introduced into the sample by immers-
ing the sample in a mixture of the ionic liquid (60% vol.) and
methanol and sonicating the mixture at 65-75EC for 1-3
hours. This process is effective at imbibing the ionic liquid
into the membrane, but can result in damage to the metal
electrodes. Further study showed that the ionic liquid could
be incorporated into the membrane by simple heating,
although the process was much slower. However, the conduc-
tivity of the metal electrodes was often compromised during
this process and the copper in the electrodes was dissolved by
the ionic liquid. The cause of this loss of conductivity was
eventually found to be the large dimensional variations in the
film during processing. When the plated and water-solvated
transducers are dried and then re-solvated with the ionic
liquid, the resulting stress in the electrodes can cause
increases in the surface conductivity of more than six orders
of magnitude, effectively eliminating the electromechanical
response of the transducer.

In order to overcome this problem, a novel plating method
which is preferred in the practice of this invention uses a
co-solvent of water and methanol or ethanol. In this process,
the electrodes are composed of only platinum and are depos-
ited using the same concept of ion exchange and subsequent
reduction. However, the addition of 25-50% (vol.) alcohol to
the normally all-aqueous process results in increased swell-
ing of the polymer during the electrode deposition. Because
the initial size of the electrode is much larger, surface con-
ductivity is maintained when the film is dried and re-swollen
with the ionic liquid.

In fact, because the size of the membrane in the ionic
liquid-swollen state is usually smaller than its as-plated size,
the surface conductivity is often enhanced. The samples pre-
pared for the study reported in Example 1 were plated with
platinum using this new method; the method was repeated
four times to increase the platinum penetration depth. Fol-
lowing the platinum deposition a thin layer of gold was elec-
troplated onto the membrane to increase the surface conduc-
tivity. The membrane was then boiled in sulfuric acid to
exchange it into the proton form and finally was soaked for
three days in a pure water/methanol mixture to rinse out any
non-associated protons and excess anions.

After plating, small strips 5 mm by 23 mm were cut from
the parent sample. These strips were dried at 25 torr and 80°
C. for 6 hours. The dry weight of the samples was then
measured and they were placed into vials containing the ionic
liquids to be studied and heated to 100° C. for 41 hours to
incorporate the ionic liquids.

Another, plating method may improve the performance of
the current invention even further. In this more preferred
embodiment of the present invention, the conducting elec-
trodes are applied to the membrane as a powder. This may be
done, for example, by one of two methods. In the first method,
a conductive powder, which may be a powder of metal, a
conducting polymer, carbon nanotubes, or another material is
mixed with a solution of an ionomer. The ionomer solution is
comprised of an ionic polymer dissolved in a suitable volatile
solvent, where the ionic polymer may be the same or different
from that used in the ionic polymer membrane. A suitable
thickener like glycerol is sometimes added to the conductive
powder and ionomer solution. An amount of ionic liquid also
may be added to the mixture. A bare ionomer membrane is
prepared by incorporating a certain amount of ionic liquid
into the membrane by a suitable means. This conductive
powder/ionomer solution/ionic liquid mixture is then applied
to each side of the ionic liquid-containing ionic polymer
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(“ionomer”) membrane by brushing, dipping, spraying, or
any other suitable means. The identity of the ionic polymer in
the conductive powder/ionomer mixture and the ionic poly-
mer in the membrane need not be the same. The application of
the mixture to the membrane is typically done several times in
order to increase the thickness of the electrode layer. Follow-
ing the application of each layer, any volatile solvents in the
electrode layer are removed by baking the samples under
vacuum. After the electrode layers are applied and the sol-
vents are removed the electrode layers may be intimately
bonded to the polymer membrane by hot pressing or hot
rolling. In this way, electrode layers can be made on ionic
liquid-containing ionic polymer membranes such that the
electrode layers are composed of conductive particles sus-
pended in the ionomer matrix. This process therefore results
in a very large electrode/polymer interfacial area, which is
known to maximize the performance of ionic polymer trans-
ducers. A layer of platinum or some other appropriate metal
may also be first deposited on the ionomer membrane using
an impregnation/reduction process. This deposition may be
followed by the drying of the membrane and incorporation of
the ionic liquid and subsequent application

Also possible is a variation of this metal powder deposition
process in which the two electrode layers are cast separately
of the membrane from a solution. In this embodiment of the
invention, a conductive powder is mixed with a solution of an
ionomer and an amount of ionic liquid and poured into a
casting mold. The conductive powder may consist of a metal
powder, a conductive polymer powder, carbon nanotubes, or
any other appropriate powder of an electron-conducting
material. Once the solution is poured into the mold any vola-
tile solvents are removed by evaporation. Annealing after
solvent evaporation may also be employed to improve the
layer morphology. An advantage of this casting approach is
that it allows for improved control of the morphology of the
electrode layer. Changes of the rate of evaporation of the
volatile solvents can be easily affected by heating or cooling
the electrode during curing. The speed with which the elec-
trode cures will affect the dispersion of the conductive pow-
der within the thickness of the electrode layer. Slower curing
will result in more of the conductive particles being accumu-
lated near one surface while faster curing will result in a more
even distribution of the conductive particles within the elec-
trode layer. Application of an electric field may also be used
to control the arrangement of the conductive particles within
the electrode layer. This will be particularly useful if carbon
nanotubes are utilized in the electrode, as carbon nanotubes
are known to align in an electric field. The application of an
electric field around the electrode layer during curing will
serve to align the conductive particles in a desirable way to
maximize the performance of the resulting transducer, actua-
tor and/or sensor.

After two such electrode layers have been fabricated by the
above described casting procedure, the two electrode layers
can be adhered to an ionomer membrane that has been previ-
ously incorporated with an ionic liquid by hot pressing or hot
rolling. The advantage of the two described electrode depo-
sition processes that utilize a conductive powder is that the
ionic liquid is incorporated into the ionomer membrane prior
to the application of the electrodes. Thus, these processes
overcome the issue of the electrode degradation during the
incorporation of the ionic liquid. Furthermore, these pro-
cesses improve the control of the electrode layer morphology
as compared to the impregnation/reduction process. After the
interpenetrating conductive layer is deposited using a con-
ductive powder, a second conductive surface layer is applied
to improve the conductivity of the electrodes. This layer does
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not incorporate any of the ionic polymer and it can be any
conductive material but is preferable a metal and is most
preferably gold. This layer is deposited by using any appro-
priate technique that will not disturb the previously deposited
layer, most preferable by sputter-coating.

The membranes electroded in this way are able to generate
an applied strain when a voltage is applied, or generate a
voltage when a strain is imposed (e.g., sensor applications). In
order to impregnate these materials with ionic liquid, pro-
vided they are not already impregnated as discussed above in
conjunction with the powder applied electrode embodiment
described above, the first step after the plating process is to
completely remove the water from the membranes. This may
be done in the manner described above or by baking the
samples in a vacuum oven, at a temperature of 70-80° C. and
a pressure of 25 torr (absolute) for at least one hour. After
dehydrating the polymer samples, they are placed into a mix-
ture of 40% methanol (by weight) and 60% ionic liquid and
sonicated at 65-75° C. for 1-3 hours. This technique has been
proven effective in imbibing the ionic liquid into the ionic
polymer membrane. The ionic liquid may also be incorpo-
rated by soaking the dry membranes in the neat ionic liquid
with no alcohol at room temperature or at an elevated tem-
perature and/or in the presence of a physical enhancement
such as sonication.

Examples of three ionic liquids which have been studied
are composed of the 1-ethyl-3-methylimidazolium (EtMelm)
cation; the three anions investigated are bromide (Br), bis
(trifluvoromethanesulfonyl)imide  (TFSI), and trifluo-
romethanesulfonate (TFMS). In order to evaluate the effec-
tiveness of the ionic liquid as a solvent for these materials, the
free strain response of a sample in both the water- and ionic
liquid-solvated forms was measured, as shown in FIG. 3. The
free strain frequency response is acquired by actuating the
sample in a cantilever configuration and measuring the tip
deflection with no imposed load using a laser vibrometer 14
(FIG. 2a). The sample is actuated with a random voltage
signal and the input voltage and output displacement are fed
into a Fourier analyzer, which calculates the frequency
response between input voltage and free tip displacement.
This free strain response is computed by using the geometry
of the bender and assuming that the response is constant
curvature.

For the result depicted in FIG. 2, the bromide derivative
ionic liquid was used. As can be seen in the figure, the free
strain generated in the actuator is decreased by about four
orders of magnitude after dehydration, whereas after incor-
poration ofthe ionic liquid the free strain response recovers to
about half ofthe response with the water solvent. Note that the
very small response of the sample in the dehydrated state is
likely due to a small amount of residual water inside the
polymer; complete dehydration of the material is difficult to
achieve.

The evaporative stability of the ionic liquid solvents has
also been evaluated and compared to water. Two identical
samples, one in the ionic liquid form (bromide anion) and one
in the water form, were tested on consecutive days to deter-
mine the effect of leaving the samples exposed to ambient
conditions, with no effort made to protect them from dehy-
dration or other degradation As can be seen from FIG. 4, a
dramatic difference in the responses from day one to day two
is evident in the water-solvated sample. This is due to the
evaporative loss of the water between the two tests. Further
change in the response of the water-solvated sample is wit-
nessed from day two to day three. The specific reason for this
is unknown, but it may have been caused by changes in the
relative humidity of the testing environment. Also, it should
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be noted that although this sample had lost most of the water
solvent by the second day of testing, it was not completely
dry. Rather, the water content inside the sample becomes
equilibrated with the water content of the surrounding air,
hence there is still a quantifiable amount of water inside the
polymer and some electromechanical eftect is still evident.
By contrast, the sample that was dried in the vacuum oven is
much drier and generates almost an unmeasurably small
amount of strain (see FIG. 3). This is closer to the condition
that such a device is likely to encounter if used for space
applications.

The sample that was solvated with ionic liquid did not
display the same changes in its free strain response, however.
As can be seen from FIG. 4, the response changes very little
from one day to the next. This is due to the fact that the ionic
liquid is so much more stable than water. Thus, although in
the present form there is some loss of strain caused by using
ionic liquids as solvents instead of water, the advantage of
long-term stability in air is achieved.

The electrochemical stability window of the ionic liquids
and water was also studied. The electrochemical stability
window defines the range of operating voltage below which
there will be no degradation of the solvent. Typically, cyclic
voltammetry is used to determine this range. The process is
relatively straightforward: as the applied voltage to the sol-
vent exceeds its stability limit, the current draw of the elec-
trochemical cell noticeably increases. This is because the
breakdown reaction of the solvent is consuming current;
below the stability limit the current draw is due only to charg-
ing of the double layer created by the electrodes and the
solvent (capacitive effect) and to the small leakage current
through the solvent (resistive effect). The increase in current
above the stability limit can be clearly seen on a cyclic vol-
tammogram—see FIG. 5. This is a cyclic voltammogram of
water for voltage limits from +0.5 to £1.5V in 0.5 V incre-
ments; the voltage scan rate was 100 mV/sec.

As can be seen from FIG. 5, at voltages approaching and
exceeding 1 V the current begins to rise exponentially. This
sharp increase in the current is indicative of breakdown of the
water, which can be problematic for ionic polymer transduc-
ers. The cyclic voltammogram of ionic liquid (TFSI anion) is
shown in FIG. 6. From this figure it is evident that the ionic
liquid is able to sustain much higher voltages before break-
down. The large increase in the current draw does not become
apparent until the applied voltage exceeds 3 V. There are some
unexplained artifacts of this plot. However, it is a compelling
result in that it shows that an ionic polymer transducer sol-
vated with this material could safely be driven at three times
the voltage of the same material solvated with water, thus
generating up to three times the mechanical energy.

A more comprehensive study was performed using
1-ethyl-3-methylimidazolium trifluoromethanesulfonate
ionic liquid. This study involved fabricating a group of iden-
tical transducer samples and comparing the properties of
these samples in the water form and the ionic liquid form. The
transducers were prepared from Nafion 117 polymer mem-
brane and chemically plated with gold. After the gold plating
the polymer was soaked overnight in 0.5 M LiOH to exchange
into the lithium ion form. Four strips of materials were then
cut from the sheet, each 5 mm wide and 25 mm long. Two of
these samples were tested in the water-solvated form and two
were dehydrated and put into the ionic liquid form. The dehy-
dration was done by baking the polymer samples in a vacuum
oven at 85° C. and 25 torr for one hour. The dry samples were
then sonicated in a solution of 70% (vol.) ionic liquid and
30% (vol.) methanol at 80° C. for one hour. Upon removal
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from the ionic liquid/methanol mixture the samples were
blotted with a clean towel to remove residual solvent on
surface.

Testing of these transducer samples involved measurement
of four metrics: free displacement, elastic modulus, charge
sensitivity, and electrical impedance; these metrics were all
measured with the sample in a cantilevered position using
either the laser vibrometer 14 of FIG. 2a or the electromag-
netic shaker 16 and linear potentiometer 18 in conjunction
with the load cell 20 of FIG. 254. FIG. 7 is a plot of the free
strain response of two samples of the gold-plated polymer in
the water form and two samples in the ionic liquid form. As
can be seen from the figure, the first resonant peak of the
samples in the ionic liquid form occurs at a lower frequency
than that of the water-solvated samples. This reduction in the
resonant frequency is consistent with a reduction in the stiff-
ness of the device and correlates with a reduction in the
measured elastic modulus, from about 250 MPa in the water
form to about 85 MPa in the ionic liquid form. In order to
determine the amount of water and ionic liquid absorbed by
the polymer, precise measurements of the weight of the dry
and water- and ionic liquid-saturated transducers were made.
Based on the weight measurements and the density of the
solvents, the polymer absorbed 0.226 mL of water and 0.201
mL of ionic liquid per gram of dry polymer; these figures
were arrived at by assuming that only water or ionic liquid
was inside the polymer. However, volume measurements of
the samples indicated that the ionic liquid samples were about
14% more swollen that the water samples, which is consistent
with the lower modulus of the ionic liquid samples. This
discrepancy is likely explained by the presence of residual
methanol in the sample.

Another interesting characteristic of the free strain
response of these materials is the large difference in the strain
at low frequencies. FIG. 8 shows the low frequency response
of the ionic liquid samples was determined from time
response data; the low frequency response of the water
samples is a representative fit inferred from the step response
but is intended only for reference. The ionic liquid samples
seem to display a higher strain response at low frequencies
than the hydrated samples. Typically, ionomeric transducers
solvated with water are hindered at low frequencies by a
characteristic relaxation in the material. However, the ionic
liquids do not exhibit this relaxation and in fact generate
larger strains at low frequencies. Based on this data, a reason-
able explanation is that the strain generated by the ionic liquid
samples at higher frequencies is limited by the speed of the
ionic diffusion within the polymer. This difference canalso be
seen in low frequency square wave responses of the two
materials as shown in FIGS. 9a and 5. As can be seen, the
ionic liquid sample has a much slower rise time than the water
sample, but does not exhibit relaxation in the response. Simi-
lar phenomena have been observed by Onishi et al. in Flemi-
onrm polymers and by Nemat-Nasser and Wu in Nafion™
polymers when using mobile cations of different sizes (see,
Onishi, K., Sewa, S., Asaka, K., Fujiwara, N., and Oguro, K.,
2001. “The Effects of Counter Ions on Characterization and
Performance of a Solid Polymer Electrolyte Actuation” Elec-
trochimica Acta, 46, pp. 1233-1241, and Nemat-Nasser, S.
and Wu, Y., 2003. “Comparitive Experimental Study of Ionic
Polymer-Metal Composites with Different Backbone Iono-
mers and in Various Cation Forms” Journal of Applied Phys-
ics, 93, pp. 5255-5267). This slower behavior of the ionic
liquid samples is similar to the responses of water-solvated
samples in the tetrabutylammonium ion form and is likely due
to the large and bulky 1-ethyl-3-methylimidazolium cation in
the ionic liquid.
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Also characterized was the sensing response of these poly-
mers as displacement transducers (see FIG. 25 for an experi-
mental set up). Previous work has shown that ionic polymer
membranes generate a charge in response to an induced stress
or strain in the material. FIG. 10 shows a frequency response
of the charge output to induced strain in the water-and ionic
liquid-solvated samples. As can be seen in the figure, the
charge sensitivity of the water-solvated samples is higher than
that of the ionic liquid-solvated samples. However, the water
samples have a higher elastic modulus than the ionic liquid
samples. When the sensing data is adjusted for the difference
in the modulus and plotted as charge-per-stress, the responses
agree more closely—see FIG. 11. This would seem to indi-
cate that the fundamental sensing mechanism in these poly-
mers is stress induced and not strain induced. Also, the effect
of'frequency on the sensing data is not as pronounced as in the
free strain data.

EXAMPLE 1

The five ionic liquids used in the current study are com-
prised of substituted phoshonium or pyrrolidinuim cations
and either the bis(trifluoromethylsulfonyl)imide anion or the
tris(pentafluoroethyl)trifluorophosphate anion. Also studied
was the more common 1-ethyl-3-methylimidazolium cation
with the trifluoromethanesulfonate (triflate) anion. A listing
of these ionic liquids and their identification numbers to be
used in this paper are given in Table 1.

TABLE 1

ID# Ionic Liquid

1 trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide

2 trihexyl(tetradecyl)phosphonium
tris(pentafiuoroethyl)trifluorophosphate

3 1-butyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide

4 1-butyl-1-methyl-pyrrolidinium
tris(pentafiuoroethyl)trifluorophosphate

5 l-ethyl-3-methyl-imadazolium trifluoromethanesulfonate

These five ionic liquids were studied for their ability to swell
the plated perfluorosulfonic acid (e.g., Nafion™) membrane
by monitoring the weight uptake and Young’s modulus of the
samples periodically during the incorporation process. The
modulus is measured by deforming the tip of a cantilevered
sample and measuring the resulting deflection and reaction
force. This is then used to compute the bending stiffness and
ultimately the elastic modulus. The volume of solvent in the
samples was computed by measuring the difference in the
solvated weight of the membrane and the dry weight and
dividing this weight uptake by the measured density of the
ionic liquids. It was determined that the modulus of the
Nafion membrane is inversely proportional to the volume
fraction of solvent in the membrane and this relationship is
independent of solvent. Furthermore, the relationship
between modulus and degree of solvation obeyed the -4/3
power law.

In order to probe the internal structure of the Nafion-117
membranes with the ionic liquid solvents, Small-Angle
X-Ray Scattering (SAXS) testing was performed. SAXS test-
ing of polymers is useful for making determinations of long-
range order in the polymer matrix. In the case of Nafion,
SAXS testing is useful for investigating the cluster morphol-
ogy of the polymer, specifically the spacing between the
clusters and the regularity of the spacing. The samples with
the ionic liquids all showed some ordering in the polymer. It
was found that the degree of order was the least for the
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phosphonium ionic liquids, numbers L. 1 and IL. 2 of Table 1,
which also have the largest degree of swelling (46% for IL 1
and 54% for IL 2, as a percentage of the total swollen vol-
ume). The substituted pyrrolidinium salts exhibited more
order and are less swollen than the phosphonium salts (13%
for I 3 and 24% for IL. 4). The mean center-to-center cluster
spacing in these two samples was very similar and on the
order of 30 angstroms. The imidazolium-based ionic liquid
sample contained 32% ionic liquid by volume and its relative
order fell between the other two groups of samples. The mean
cluster spacing in this sample was 50 angstroms. These
results indicate that long-range order in the form of ionic
clusters is present in these ionic liquid-solvated membranes
as in water-solvated membranes and that both the range and
degree of this order are related to the solvent uptake by the
membrane.

In order to determine the effectiveness of using ionic lig-
uids as solvents for ionic polymer transducers, a character-
ization of the samples made in the current study was per-
formed. lonic polymer transducers are known to operate as
distributed bending actuators and sensors. Furthermore, the
capacitance of these devices has been shown to be strongly
linked to their performance as transducers. For this reason,
the charge sensing response as well as the strain-to-voltage
and strain-to-charge actuation responses and the electrical
impedance and capacitance of these samples was measured.

The free tip displacement of cantilevered samples 5 mm
wide with a 13 mm free length were measured up to 100 Hz
using a non-contact laser vibrometer (an example being
shown in FIG. 2a). This displacement was then used to com-
pute the strain in the samples by assuming that the sample
deforms with a constant curvature. In equation 1, € is strain, d
is tip deflection, t is the membrane thickness, and L is the free
length of the sample.

e=(dn)/L? Eq. 1

All of these samples were in the proton counterion form
and were rinsed to ensure the absence of any excess free
electrolyte. The samples with the ionic liquid exhibited strik-
ingly different frequency responses than the water sample.
One reason for the differences may be the high viscosity of
the ionic liquids. The viscosities of the five ionic liquids that
were used in this study are summarized in Table 2. Also
presented are the measured densities of the ionic liquids and
the densities and viscosities available from the literature. The
reasons for the discrepancies in the measured values and
those from the literature are unknown, but could be due to the
presence of impurities in the ionic liquid used for the current
study.

TABLE 2
specific  volume
viscosity melting  conduc- percent Young’s
(cP)@ density point tivity solvent modulus
ID# 298K (g/mL) (K) (mS/em) (%) (Mpa)
1 322 1.083 — — 45.8 14.7
2 348 1.171 — — 54.0 3.6
3 76 1.396 — — 15.4 246.6
4 224 1.598 — — 23.7 197.3
5 35,45, 1.321,1.390 264, 8.6 325 152.9
43 1.383 263 9.3
Water 1 1 273 45.0 63.2

High frequency data was collected with a Fourier analyzer
with a random voltage input signal to the polymer. In order to
obtain accurate low frequency strain data, the response of the
polymer to single frequency inputs was also measured. Data
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was not collected for ionic liquids 1 and 2 because of the very
large volume percents of these solvents in the swollen mem-
brane, which led to highly cracked electrodes and a loss of
surface conductivity, as well as a very low elastic modulus.

From the viscosity and the high frequency data it was
determined that the higher viscosity of the ionic liquids limits
the diffusion of ions within the polymer membrane, leading to
a decline in the strain response at higher frequencies. This is
especially evident in ionic liquid number 4 (IL #4). The
reason for the small response in the sample solvated with 1L,
#3 is the small volume fraction of solvent in the membrane
and the corresponding high modulus and low ionic conduc-
tivity. Even in the least viscous ionic liquid the limited mobil-
ity of the ions is evident, although this effect manifests itself
at higher frequencies than in the other two samples. From
these results it seems that IL. #5 possesses an appropriate
combination of low viscosity and intermediate swelling that
will lead to desirable transduction in ionic polymer actuators,
and may be preferred in a number of applications. Further-
more, this ionic liquid has an electrochemical stability win-
dow of 4.1V as compared to about 1.2 V for pure water. This
means that these actuators can be driven at higher voltages
without degradation of the solvent, leading to higher available
energy output. This ionic liquid has also been shown to be
thermally stable up to 400° C. In the proton form, the sample
solvated with this ionic liquid actually demonstrated higher
induced strains than the water sample, with the advantages of
about twice the electromechanical stability window and neg-
ligible vapor pressure at room temperature.

Because the transduction in these materials is driven by the
motion of the mobile charges, a more elegant way to interpret
these results is to measure the generated strain per unit charge
(per unit area) into the polymer sample. Graphical analysis
showed that the strain-to-charge response for all of the
samples is constant as a function of frequency up to the
mechanical resonance of the sample. This indicates that
although some of'the samples exhibit a very small electrome-
chanical response, the attenuation is due to low charge mobil-
ity in the polymer, not a reduction in the fundamental cou-
pling mechanism. This reduced charge mobility is likely due
to the higher viscosity of the ionic liquids and the lower
volume percent of solvent, both of these effects leading to a
reduction in the ionic conductivity of the solvent/polymer
composite. Perhaps most interesting is the fact that the sample
solvated with water demonstrated the least coupling between
charge and strain. This likely indicates that although the pro-
tons in this sample are very mobile, leading to high capaci-
tance, they are not very large in size, and thus when displaced
do not generate significant strain in the polymer. Further-
more, the mobility of the protons seems to decrease with
increasing frequency, as was evidenced by the decay in the
free strain response and capacitance. It is unusual that the
water-swollen sample had a higher capacitance than the ionic
liquid samples but exhibits a lower strain response. This result
would seem to suggest that the ions in the ionic liquid may be
playing a role in the actuation.

Testing with the imidazolium ionic liquid number 5 (IL #5)
was also performed on samples in the lithium counterion
form. The lithium sample in the water-swollen form exhibits
a strain response an order of magnitude larger than the water
sample in the proton form. The ionic liquid sample in the
lithium form has almost exactly the same response as in the
proton form, however.

The capacitance of the water sample was determined to be
much larger than the ionic liquid sample and if the strain was
normalized by charge, the responses become remarkably
similar. Again, this seems to indicate that although the mobil-
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ity of the charges is reduced in the ionic liquid, the generated
strain is related directly to the displacement of those charges.

Also, the samples solvated with IL, #5 had nearly identical
strain and capacitance responses in both the proton and
lithium ion form and had very similar volume fractions of
solvent (32.5% for H* and 36.8% for Li*). However, a large
difference in the strain and capacitance curves was observed
between the two ionic forms of the water-solvated samples,
which were swollen 45.0% in the H* form and 51.7% in the
Li* form. This difference is due to the fact that the lithium ion
forms a large solvation shell in water, increasing its size
dramatically as compared to the proton. However, it appears
that this solvation shell is not present in the ionic liquid or
Nafion membrane samples, as the volume percent solvent and
the response curves between the two ionic forms are very
similar, indicating that the sizes of the ions in these two
samples are very similar.

The time-domain responses of these samples to step volt-
age inputs were also measured. The samples that were sol-
vated with water exhibited a characteristic back relaxation
that is larger in magnitude than the initial response of the
device. This back relaxation is problematic for applications
where DC positioning with ionic polymer transducers is
required. The ionic liquid samples did not exhibit this relax-
ation phenomenon.

There was also a difference in the speed of the responses.
The water samples had a very small rise time in response to a
step, which is characteristic of the low solvent viscosity and
corresponding high ionic mobility in these samples. The
samples in IL5 had a slightly longer rise time, but still reach
their peak within 500 ms. The samples in ILs 3 and 4 have
very long rise times and are still deforming at 250 s. This slow
response was also evident in the frequency responses of these
samples and is associated with limited ion mobility and decay
in the response with increasing frequency.

The sensing responses of the transducer samples solvated
with water and ionic liquids was also characterized. The
sensing response of the samples in ionic liquids 3 and 4 (ILs
3 and 4) were very similar, much like their free strain
responses. Also, the sensing response of the samples in ionic
liquid 5 (IL #5) seemed to be independent of the cation, which
is consistent with its strain response. The sensing response of
the samples in the water form appeared less sensitive to the
cation than the strain response of the samples. Also, the
response of the proton-form sample decreased at higher fre-
quencies, which was also observed in its free strain and
capacitance responses.

Finally, the stability of one of the ionic liquid-solvated
transducers was evaluated by driving the sample continu-
ously in air with a 1.5V (peak), 2 Hz sine input and monitor-
ing the tip displacement with a high-speed camera. Although
the tip displacement decreased gradually over the course of
the test, the strain after 250,000 cycles was still 75% of the
initial value. This decrease in displacement was accompanied
by a darkening of the electrodes. Two possible explanations
for this behavior are decomposition of impurities in the ionic
liquid and absorption of water by the hygroscopic Nafion™
polymer or the ionic liquid, which is miscible with water.
Although the actuation performance of this sample did not
match its water-swollen counterpart, the air stability of this
device represents a drastic improvement over water.

In this example, ionic liquids have been demonstrated as
viable solvents for ionic polymer transducers. Actuation
responses of 200ue/V have been achieved using the ionic
liquid  1-ethyl-3-methylimidazolium  trifluoromethane-
sulfonate. This ionic liquid is has a melting point of -10° C.,
an electrochemical stability window of 4.1 V, and no measur-

5

10

15

20

25

30

35

40

45

50

55

60

65

16

able vapor pressure. The low viscosity and favorable swelling
properties of this ionic liquid also make it well-suited for use
in ionic polymer actuators and sensors. Charge sensitivity of
the ionic liquid samples is on the order of 50uC/e. The long-
term air stability of transducers solvated with ionic liquids
demonstrated that transduction in these materials is directly
related to motion of charges in the polymer regardless of the
nature of the solvent. The possibility exists that the constitu-
tive ions in the ionic liquid are playing a role in the transduc-
tion.

EXAMPLE 2

In order to overcome the problem of dehydration and elec-
trode stability, a new method for fabricating ionic transduc-
ers, sensors and/or actuators has been developed that com-
bines the use of ionic liquids and metal powder painted
electrodes in the same device. In this method, a bare ionic
polymer membrane, such as a Nafion membrane, is first
exchanged from the proton counterion form into one of the
alkali metal (e.g., Na+, Li+) forms. This is to prevent charring
of the membrane during the drying step, which has been
witnessed when Nafion membranes in the acid form are
heated for extended periods of time. After ion exchange, the
membrane is dried in an oven at 150° C. under vacuum for 12
hours. The dry membrane is then immersed in neat 1-ethyl-
3-methyimidazolium trifluoromethanesulfonate (EmI-Tt)
ionic liquid and heated to 150° C. for 4.5 hours. The uptake of
ionic liquid during the immersion step is 60% by the dry
weight of the membrane.

After the ionic liquid has been imbibed into the membrane,
the electrodes are applied using the metal powder painting
technique. A polymer/metal solution is prepared containing
47% (by weight) of 5% Nafion solution, 47% glycerol, and
6% RuO2 powder (particle size 3 to 5 nm). This solution is
painted directly onto each surface of the ionic liquid-contain-
ing Nafion membrane. The glycerol and alcohol solvents (in
the Nafion solution) are removed by baking the membrane at
130° C. under vacuum for 15 minutes between each electrode
layer; a total of four layers are applied to each side of the
membrane. Following the electrode painting process, the
membrane is dried at 130° C. under vacuum for an additional
10 minutes to ensure complete removal of all volatile com-
ponents from the composite. Based on the weight change of
the membranes, the loading of ruthenium dioxide is estimated
to be around 3-5 mg/cm?2 of membrane area. After the ruthe-
nium dioxide layers have been painted onto the surfaces of the
membrane and dried, the three layers of the composite are
intimately bound together by a hot-pressing process. This
hot-pressing was carried out at 4 MPa and 210° C. for 20
seconds. After the hot-pressing, the composite is placed back
into the EmI-Tf ionic liquid to allow the ionic liquid to satu-
rate the newly formed electrode layers. This saturation is
carried out at 130° C. for 1.5 hours. At this point the mem-
brane is ready to be used as an electromechanical transducer.
However, the surface conductivity of the RuO2 layers is not
high enough to allow for effective charging of the device. In
order to decrease the surface resistance from greater than 100
kW/cm to less than 1 W/cm, the surfaces of the membrane are
painted with an air-drying silver conductive paint.

The membranes prepared in this way are tested for their
free strain generation in the time and frequency domains and
their elastic modulus. As can be seen in FIG. 12, the ability of
the sample to generate strain at high frequencies is limited by
the mobility of the mobile charges, likely in the ruthenium
dioxide layer. Probably the more dominant reason for the
slow response is the low electrical conductivity of ruthenium
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dioxide as compared to platinum. This will create a high
resistance through the thickness of the electrode and reduce
the ability of charge to diffuse into this region.

At sufficiently low frequencies significant strains can be
generated, however. FIG. 13 shows the time response of this
sample to a2V, 0.05 Hz square wave input. As can be seen, the
maximum strain generated in the sample is more than 1.0%
peak-to-peak for a +2.0 V input. Also, there is no character-
istic back relaxation observed in the response. The sample
containing the ionic liquid can be driven at a higher voltage
because the electrochemical stability window of the ionic
liquid is larger than that of water. Bonhdte et al., and Cooper
and Sullivan have reported that the electrochemical stability
window of EmI-TT ionic liquid is 4.1 V.

The elastic modulus of the composite is measured to be
around 100 MPa, which is low as compared to samples made
using the traditional impregnation/reduction method and sol-
vated with water. The traditional platinum-plated and water-
solvated samples have an elastic modulus on the order of 250
MPa; the reason for the low modulus of the new sample is the
large amount of ionic liquid present in the sample. Addition-
ally, the capacitance of this sample was measured to be 16.9
mF/cm?2 at 1 Hz, while at lower frequencies the capacitance
increases to approximately 60 mF/cm2. The maximum mem-
brane capacitance that can be obtained when using the
impregnation/reduction method and water solvent is about 5
mF/cm2. The main advantage of this new method is the
ability to vary many of the fabrication parameters indepen-
dently. Because such things as which ionic liquid is used, the
amount of ionic liquid in the membrane, the size and type of
metal powder used, and the number of electrode layers can be
controlled precisely and independently, this new method pro-
vides the opportunity to optimize these transducers to achieve
the maximum performance and to be suited to specific appli-
cations. The main advantage is that because the electrode is
now applied after the ionic liquid has been imbibed into the
Nafion membrane, the problem of electrode stability is elimi-
nated and the design space is expanded to include a much
broader range of parameter combinations.

While the invention has been described in terms of its
preferred embodiments, those skilled in the art will recognize
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that the invention can be practiced with modification within
the spirit and scope of the appended claims.

Having thus described our invention, what we claim as new
and desire to secure by Letters Patent is as follows:

1. A transducer, actuator or sensor, comprising:

an ionic polymer membrane having at least a first ion

selected from the group consisting of cations and anions
covalently bonded to said ionic polymer membrane, and
wherein said at least a first ion can ionically interact with
a second ion which is not bonded to said ionic polymer
membrane;

electrodes adhered to opposite sides of said ionic polymer

membrane; and

an ionic liquid positioned in said ionic polymer membrane,

wherein said ionic polymer membrane is configured to

permit deformation.

2. The transducer, actuator or sensor of claim 1 wherein
said ionic polymer membrane is comprised of a perfluorosul-
fonic acid polymer.

3. The transducer, actuator or sensor of claim 1 wherein
said ionic liquid is selected from the group consisting of
substituted or unsubstituted pyridinium compounds,
pyridazinium compounds, pyrimidinium compounds, pyra-
zonium compounds, imadazolium compounds, pyrazolium
compounds, thiazolium compounds, oxazolium compounds,
and triazolium compounds.

4. The transducer, actuator or sensor of claim 1 wherein the
ionic liquid is 1l-ethyl-3-methylimidazolium trifluo-
romethanesulfonate.

5. The transducer, actuator or sensor of claim 1 wherein
said electrodes are formed from a conductive powder and
ionomer solution.

6. The transducer, actuator or sensor of claim 1 further
comprising an input voltage which is applied to said elec-
trodes to cause said ionic polymer membrane to deform.

7. The transducer, actuator or sensor of claim 1, further
comprising a means for measuring a charge in said ionic
polymer member due to deformation.

8. The transducer, actuator or sensor of claim 1 wherein
said ionic polymer membrane is in a cantilevered configura-
tion which permits a tip end to flex.
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