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An actuating system composed of nafion ionomeric polymer coated with single-walled carbon
nanotubes electrodes was studied as an electromechanical actuator. The actuator gives a sizable
mechanical response to low voltages~turn-on voltage of;2.5 V! under open-air conditions, i.e., in
the absence of a surrounding supporting electrolyte. The actuator is active under both dc and ac bias
and has a strong resonance at low frequencies which is dependent upon the size of the actuator. The
actuator was studied using Fourier transform infrared and vis-NIR spectroscopies, cyclic
voltammetry, and by the current-time response under an applied step voltage. An analytical model
is proposed to understand the electrical behavior, which is consistent with the spectroscopic results.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1760734#

I. INTRODUCTION

There is an increasing interest in using electroactive
polymers that convert electrical energy into mechanical en-
ergy for numerous applications in MEMS/NEMS
technology.1 Electrochemical and electromechanical proper-
ties of ionomeric polymer-metal composites2 ~IPMCs! have
attracted great attention due to their ability to provide effec-
tive mechanical actuation under low bias~several volts!, high
strain with respect to ferroelectric polymers, such as PVDF,3

and relatively fast response time compared to ionic gels4 and
conductive polymers.5 The most studied IPMC material is
nafion ~a perfluorinated ionomer!, a membrane with electro-
chemically plated Pt electrodes on both sides. The actuation
mechanism of this composite was described in terms of
electro-osmotic water transport driven by solvated cations
and charging of the double layer at the interface between
nafion and platinum2b or an interfacial stress~nafion/Pt! in-
ducing the composite motion.6 Recently, a general model
was proposed taking into account both the hydraulic and the
electrostatic effects in the IPMC.7,8

The discovery of single-walled carbon nanotube
~SWNT! electromechanical actuation9 introduced a unique
material enabling the conversion of an electrical stimulus to
mechanical displacement due to a novel quantum mechanical
mechanism. For low charge density, SWNT mats demon-
strate expansion and contraction with electron injection and
hole injection, respectively.9~a!,9~b! However, at high charge
density the electrostatic effect dominates and material expan-
sion occurs regardless of the charge sign~Ref. 9~a! and ref-
erences therein!. Therefore, such an actuating system, at high
charge density, principally cannot work in the bimorph can-
tilever geometry when asymmetrical electromechanical prop-
erties of both sides are required for cantilever bending. Also,
SWNT actuation needs an electrolytic solution to provide a
high charge concentration in the SWNT/electrolyte interface
~double layer!. Since ionomeric polymers represent a solid
electrolyte, their coupling with SWNTs, as electrodes, could

result in an efficient novel actuating system utilizing the ad-
vantages of IPCM and SWNT materials. Recently, actuation
of a SWNT-nafion composite prepared by the polymer dop-
ing of purified carbon nanotubes was reported.10 A high
SWNT conductivity through a percolation pathway within
the composite resulted in the displacement of the cantilever
with platinum electrodes~Pt concentration was maintained
below the doping metal level causing an independent nafion
actuation!.10 The carbon nanotubes in the study serve only as
a highly conductive filler in the polymer matrix and therefore
cannot exhibit their own actuation.

In this paper we report the electrochemical and electro-
mechanical properties of a composite material prepared by
spraying SWNTs onto both sides of a nafion membrane.
Such a composite structure allows not only the investigation
of electrochemical processes at the nafion-SWNT interface
but also amplifies the actuation with respect to pure SWNT
mats or IPMCs. Indeed, the SWNT cathode should exhibit its
own stretching at low bias voltage~quantum effect! which
coincides with the nafion stretching due to hydraulic and
electrostatic effects. In addition, as we will demonstrate, this
composite exhibits an efficient actuation in the open air as
distinct from SWNT mats and most IPMCs, which require a
liquid environment.

II. EXPERIMENT

SWNTs were synthesized by the arc discharge method
and purified~85%! using air oxidation, acid treatment, and
thermal annealing, as purchased from BuckyUSA, Inc. The
average diameter of the nanotubes was in the range of 0.8–
1.1 nm according to NIR absorption/Raman spectroscopy
and TEM observation. Nafion 117 membrane~180mm thick-
ness, H1-exchanged form! was purchased from Aldrich. The
SWNT/nafion/SWNT composite was prepared by airbrush
spraying of a SWNT suspension in chloroform~;0.8 mg/ml,
30 min sonication! onto both sides of nafion at 50–60 °C.
The deposited SWNTs form uniform and dense films~thick-
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ness about 15–20mm! with a high adhesion to the polymer
surface~Fig. 1!. Neither spin-cast nor coating methods could
provide the same film quality. The reference samples
graphite/nafion/graphite and gold/nafion/gold were prepared
by the airbrush technique at the same conditions and gold
sputtering~100 nm thickness!, respectively. Additional sets
of reference samples, for testing of possible actuation of
SWNTs without nafion in the open air, were prepared by
nanotube spraying onto the following substrates: glass, pa-
per, polyethylene~a nonionomeric polymer!, and nanoporous
alumina oxide soaked in the NaCl (1M ) solution. Finally, a
bimorph cantilever was fabricated from the composite to
form a strip ~;3320 mm2! and was clamped between two
glass slides using platinum foil to maximize electrical con-
tact with the voltage source.

I –V characteristics and current time scans in response
no step voltage were carried out with a Keithley-236 source-
measure unit. Cantilever displacement was measured by a
video camera coupled with an optical microscope and con-
nected to a computer video capture card. A Perkin-Elmer
Lambda 900 was employed to detect the vis-NIR spectra and
time scans. IR spectra were recorded with a Perkin Elmer
1650 Fourier transform infrared~FTIR! spectrophotometer.
Cyclic voltammetry was performed for the SWNT/nafion/
SWNT membrane without an electrolyte solution using a
Bioanalytical System CV-27 potentiostat. A Ag/AgCl refer-
ence electrode was in contact with the SWNT surface via a
small drop of 1M aqueous sulfuric acid serving as a ‘‘salt
bridge’’ between the reference electrode and working elec-
trode, which was on the same side of the membrane. The
other side of the membrane was the counter electrode. Such
a configuration allowed the study of the electrochemical re-
actions occurring in the interface area between the nanotubes
and the nafion.

III. RESULTS AND DISCUSSION

A. FTIR, vis-NIR spectroscopy and cyclic voltammetry

FTIR and vis/NIR spectroscopy were employed to elu-
cidate information such as structural or conformational
changes that may occur during the actuation mechanism.

The FTIR spectrum of pure nafion~Fig. 2! shows two
narrow bands~980 cm21 and 1063 cm21!, which can be
assigned to C-F bonds of the nafion backbone and the side
chains. An intense, broadband at 1200 cm21 ~off scale in Fig.
2! is assigned to an antisymmetric stretch of the sulfonate
groups.11 A strong broadband centered at 3470 cm21 is at-
tributed to fundamental hydrogen-bonded2OH stretching.
After SWNT spraying onto nafion, the structure of the spec-
trum in the range of 4000–1000 cm21 remained unchanged,
although with a slight increase in scattering. The FTIR spec-
tra were taken under various bias voltages up to 6 V, and
retained the original characteristics with the exception of in-
tensity changes in the pronounced peak at 3470 cm21. Figure
2 demonstrates the gradual decrease of this peak~3470
cm21! intensity~up to 12%! under increasing bias from 0 to
6 V. The intensity of this peak recovers to the initial value
after the bias is returned to 0 V. The dynamic characteristics
of the peak intensity with respect to applied voltage was
recorded by a time scan at constant wave number~3470
cm21! synchronized with the voltage sweep~0–10 V! with a

FIG. 1. Optical~left! and SEM~right! images of the cross section of SWNT/nafion/SWNT composite. SWNT film thickness is about 15mm.

FIG. 2. FTIR spectra of SWNT/nafion/SWNT sample under electrical
stimulation.~Inset! NIR time scan of absorbance peak~3470 cm21! during a
voltage sweep.
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rate of 0.2 V/s~Fig. 2, inset!. When a bias of 10 V was
applied a 20% decrease in peak intensity was observed but
this was completely recovered after the bias was removed
~Fig. 2, inset!. These data ruled out the possibility of hy-
drolysis, since this would cause an irreversible change in the
peak intensity. Intensity reversibility can be explained in
terms of decreasing numbers of2OH bonds, in accord with
the hydrogen-bonding scheme shown below.

It is known that the sulfonate groups of the nafion side chains
are capable of forming weak hydrogen bonds with the mo-
bile protons and the water within the nafion.11 Applied bias
induces cation and electro-osmotic water transport2,6–8 re-
sulting in the reduction of the number of2OH bonds com-
pared with their equilibrium concentration. The same mecha-
nisms contribute to IPCM cantilever displacement, therefore
the 2OH band intensity decrease can be attributed to the
beginning of the actuation process. Also, in our case, as will
be shown in the following section, SWNT/nafion/SWNT
cantilever displacement starts at about 2 V, which is consis-
tent with the sizable change in the2OH peak intensity.

The vis-NIR absorption spectra of the SWNT/nafion/
SWNT composite exhibited bands that are typical for semi-
conducting nanotubes~nafion is transparent in this spectral
range!. The broadband in the range of 1000–1700 nm corre-
sponds to the first principal transition (vs

1→cs
1) between Van

Hove singularities of the density of states of semiconducting
SWNTs ~Fig. 3!.12,13 The fine structure of the band~1000–
1700 nm! was similar to that observed for SWNTs prepared
by the HiPco process13 and there are at least four subbands,
which can be assigned to the distribution of nanotubes with
different diameters in the range of 0.8–1.1 nm. As a refer-
ence, a SWNT/glass/SWNT sandwich was used~prepared
under the same conditions for SWNT spraying as for the

SWNT/nafion/SWNT sample!. It was found that for the
SWNT/nafion/SWNT composite the absorbance intensity
consistently increases with an increase of the applied volt-
age, distinct from the reference sample, which exhibited no
voltage dependence. The same synchronized scan as used for
the FTIR measurement was applied to detect the intensity
change at constant wavelength for SWNT/nafion/SWNT and
reference samples~Fig. 3, inset!. An absorbance increase
cannot be associated with the mechanical/position change of
the SWNT/nafion/SWNT membrane as a result of actuation
because, for optical measurements, the membrane was fixed
from two sides in the holder. The absence of displacement in
this configuration was confirmed by the Fresnel technique up
to 10 V bias. This significant correlation between bias volt-
age and absorbance may be a result of complex changes in
the dielectric constant~imaginary and real parts! of the inter-
face medium between the SWNT and nafion due to the
double-layer effect strongly affecting the local polarizability.
Also, a transition of hydrated water to free water~as shown
above! as a result of proton flux can contribute to the dielec-
tric constant change, as will be discussed in the following
section.

Cyclic voltammetry provides information regarding
electrochemical reactions occurring at the interface between
the SWNT and nafion. The peak at 0.5 V can be assigned to
the oxidation of the oxygen-containing functional groups lo-
cated on the SWNTs surface~Fig. 4!. As reported in previous
studies,13,14 the formation of surface oxides on SWNTs can
be represented by an expressionvCvO1H11e2

⇔5COH. The weaker peak at;1 V is likely due to a simi-
lar oxidation at different sites on the nanotubes~e.g., tube
ends! or nanotubes of different chirality, analogous to the
chemoselectivity recently demonstrated by Stranoet al.15

The peak current at 0.5 V was found to have a nearly linear
dependence on scan rate. This result indicates that the oxida-
tion process occurs at the surface, according to the above
expression, and excludes a diffusion process.

A correlation between the spectroscopic data and the cy-

FIG. 3. Vis/NIR spectrum of SWNT/nafion/SWNT
sample. The kink at 850 nm is a result of the lamp
switch. ~Inset! NIR time scan~1335 nm! of SWNT/
nafion/SWNT during a voltage sweep.
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clic voltammetry data can be explained by the exchange of
mobile protons between the SWNTs and the nafion. The cur-
rent induces a charge separation within the nafion, breaks
hydrogen bonds, and results in the production of mobile pro-
tons. The protons on the cathode can, in turn, be used to
reduce the surface oxides on the SWNT side of the interface.
Also, we can conclude that the SWNT-nafion interface can-
not be represented as a double-layer supercapacitor, in con-
trast to the results reported for SWNTs in aqueous NaCl
solution.9~a!,9~b! In our case, the peak at 0.5 V indicates that an
electrochemical process occurs at the SWNT-nafion interfa-
cial area, which can affect the interface resistance and ca-
pacitance.

B. Electromechanical study

The mechanical response of the SWNT/nafion/SWNT
bimorph cantilever under dc step voltage is shwon in Fig. 5.
The mechanism of actuation presumably can be associated
with the electromechanical properties of both the SWNTs
and the nafion, as mentioned before. To clarify the SWNT
role in the composite’s actuation two reference samples,

sputtered gold/nafion/gold and sprayed graphite/nafion/
graphite, were tested under the same conditions. Another set
of reference samples, SWNT/X/SWNT whereX is glass, pa-
per, polyethylene~a nonionomeric polymer!, and nanoporous
alumina oxide soaked in the NaCl (1M ) solution, was used
to elucidate nafion’s contribution to the mechanical response.
All of these samples exhibited no actuation under applied dc
bias in the range of 1–5 V. Thus, we can conclude that ac-
tuation occurs only for nafion-SWNT composites with a high
interface area resulting in efficient current flow. A high ionic
current through the composite due to proton mobility should
induce swelling of the cathode side and consequently canti-
lever bending toward the anode side. Apparently, only
SWNTs with a huge surface to volume ratio,9,12 with respect
to other tested materials, can provide the current values nec-
essary for the cantilever bending. Similar situations occurred
for IPMC composites, where a high interface area is the re-
sult of the fractal-like microstructure between nafion and
electrochemically plated platinum.2 However, for the SWNT-
nafion cross section, no interfacial fractal structure is ob-
served on the micron scale~Fig. 1!. This is likely to be as-
sociated with the nanoscale structure of nanotube bundles
whose diameter of 50–100 nm defines the characteristic con-
tact size between SWNTs and the polymer. Another distinc-
tion from IPMCs should be the contribution of SWNTs own
actuation9~a!,9~b! ~quantum effect!, which amplifies the nafion
displacement at low bias. However these two mechanisms
are difficult to separate from each other. As can been seen in
Fig. 5, the SWNT/nafion/SWNT actuator exhibits a mini-
mum reversal displacement under applied step voltage,
which is different from the IPMC actuators~Pt-nafion, and
metal-ion exchanged form of nafion! in aqueous
solutions.16,17For example, the reverse displacement after 50
s was more than 50% for a Li1-nafion cantilever,17 and
100% after several seconds for Li1-, Na1-, Cs1-nafion and
protonated nafion.16 The reversal mechanism in such cases
can be associated with interfacial tension and water back
diffusion due to osmotic pressures.6,16Applied bias to proto-
nated nafion in the SWNT/nafion/SWNT actuator induced
mostly proton flow toward the cathode without strong in-
volvement of the water molecules. Therefore, the back relax-
ation can be considerable lower than that for metal-ion-
nafion forms. Also, because experiments were carried out in
open air, the water concentration inside the nafion was less
than that in the IPMC samples immersed in the water.6,16,17

In addition, the interfacial tension during actuation between
SWNT and nafion can be less than tension between nafion
and platinum due to a high SWNT elasticity.12

I –V characteristics for SWNT/nafion/SWNT, graphite/
nafion/graphite, and gold/nafion/gold are consistent with our
assumption about the high current flow through the SWNT-
nafion interface. As can be seen from Fig. 6, beginning at 2.5
V the current density of the SWNT/nafion/SWNT sample is
significantly higher than that of the reference samples. At the
same voltage, the SWNT/nafion/SWNT cantilever begins to
exhibit an actuation.

More detailed information about the actuation mecha-
nisms can be obtained from the temporal current response to
a step voltage. Figure 7 shows the current decay of SWNT/

FIG. 4. Cyclic voltammogram of the SWNT/nafion/SWNT membrane.

FIG. 5. Displacement of SWNT/nafion/SWNT cantilever driven by 3.5 V
rectangular dc voltage.
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nafion/SWNT, graphite/nafion/graphite, and gold/nafion/gold
samples as a response to a 3.5 V step voltage. The qualitative
evaluation demonstrates at least two distinctive features be-
tween SWNT/nafion/SWNT and the reference samples. First,
the SWNT/nafion/SWNT average lifetime is longer than that
of graphite/nafion/graphite and gold/nafion/gold samples.
Second, the SWNT/nafion/SWNT decay cannot be fitted by a
monoexponential function while such a fit is quite satisfac-
tory for the reference samples~Fig. 7!. A biexponential func-
tion gives excellent fits to all experimental curves, but a pro-
nounced difference between the monoexponential and
biexponential fit is observed only for SWNT/nafion/SWNT
composite. According to a previous study,17 a ;t20.5 func-
tion should be more appropriate for the current response than
an exponential decay if a fractal-like interface is responsible
for actuation~distributed model!. We did not find any satis-
factory fit by the power function;t2n ~even with a varied
power n! to the experimental SWNT/nafion/SWNT decay,
which is consistent with our SEM image of the interface
~Fig. 1!, where no fractal-like structure was observed. Hence,

biexponential decay with a long time component can be con-
sidered as a sign of an electromechanical effect@Fig. 8~a!#.

To explain the above features we propose a model based
on an electrical circuit that simulates the current-time re-
sponse in the actuating system~Fig. 9!. Herer 0 is the inter-
nal polymer resistance between SWNT electrodes;r 1 , c1 ,
and r 2 , c2 are leakage resistances and capacitances of both
of the SWNT-nafion interfaces. The actuating process leads
to an asymmetry in electrochemical properties of the ca-
thodic and anodic interfaces, and consequently to the differ-
ences between resistances and capacitances at both sides of
the cantilever. The solution of the current-time response,i (t)
on the step voltagee, for such a circuit is as follows:

i ~ t !5B1 exp~2z1t !1B2 exp~2z2t !1B0 , ~1!

wherez15d11d2 , z25d12d2 ,

d15

c1S 11
r 0

r 2
D1c2S 11

r 0

r 1
D

2c1c2r 0
,

d25

S Fc1S 11
r 0

r 2
D2c2S 11

r 0

r 1
D G2

14c1c2D 1/2

2c1c2r 0
, ~2!

x5
e

~z22z1!~r 01r 11r 2!r 0r 1c1
, ~3!

B15x~r 01r 11r 22z2r 0r 1c1!~12r 1c1z1!,

B252x~r 01r 11r 22z1r 0r 1c1!~12r 1c1z2!, ~4!

B05
e

r 01r 11r 2
. ~5!

The current decay of the SWNT/nafion/SWNT sample at
step voltages below and above the actuating threshold~Fig.
8! exhibits a significant difference in thei (t) function ~Table
I!. At low voltage~0.8 V! the decay is almost monoexponen-
tial (B1 /B2;10,B1 /B0;40) and the major contribution is
defined by the short-time component~0.5 s!. At voltages of
3.5 V and greater~i.e., above the actuation threshold! the
contribution of the long-time component is increased dra-
matically along with an increase of the background value
(B1 /B2;1,B1 /B0,0.1). Also, the magnitude oft25z2

21 is
increased by a factor of 3 with respect to the low voltage
case. Thei (t) decay can be described by a monoexponential
function according to the above model~Fig. 9! if r 15r 25r
andc15c25c. Then,

i ~ t !5
e

r 012r S 11
2r

r 0
DexpS 2

t

RcD ,

where

R5
r 0r

r 012r
. ~6!

This is consistent with the low voltage case when no actua-
tion is observed and consequently there is no asymmetry in
the properties of both sides of the cantilever~i.e., equal in-

FIG. 6. I –V characteristics for SWNT/nafion/SWNT~1!, graphite/nafion/
graphite~2!, and gold/nafion/gold~3! composites.

FIG. 7. Current time scans of SWNT/nafion/SWNT~circles!, graphite/
nafion/graphite~triangles!, and gold/nafion/gold~squares! composites at ap-
plied step voltage of 3.5 V and monoexponential fit curves~solid lines!.
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terface capacitances and resistors!. The monoexponential fit
of the experimental decay~0.8 V! by Eq. ~6! gives r 0

520 kV, r 5400 kV, andc560mF.
For the i (t) dependence at 3.5 V~biexponential decay!

we can make quantitative conclusions about the resistances
and capacitances. Using the asymptotic behavior of Eq.~1!
and simple approximations,c1 , c2 , r 0 , r 1 , and r 2 can be
expressed viaz1 , z2 , B0 , B1 , and B2 . First, according to
Eq. ~5! and theB0 fit value, the sum of the resistances is
r 01r 11r 251.4 kV, which indicates considerable reduction

of the resistances compared with the low voltage case: at
least one order of magnitude for the internal polymer resis-
tance (r 0) and two orders for the leakage/interface resis-
tances (r 1 ,r 2). Second, as thez1 parameter is much higher
than z2 (z1@z2 , Table I!, an approximationd15d2 is pos-
sible and from Eq.~2! it follows that r 0

21'r 1
211r 2

21

1r 0 /(r 1r 2) leading tor 1 , r 2>r 0 . A similar relationship be-
tween interface and internal resistances for voltages below
the actuation threshold was found. Hence, an actuation pro-
cess reduces not only interface resistances but also the inter-
nal polymer resistance, and this value is lower than that at
the SWNT-nafion interface. Third, from the above conditions
(d1'd2) it follows that z1'2d25c1

21(r 0
211r 1

21)

FIG. 8. Current time scans of SWNT/nafion/SWNT cantilever at applied step voltage of 3.5 V~a!, 2.5 V ~b!, 1.5 V ~c!, and 0.8 V~d! and corresponding
monoexponential~dash! and biexponential~solid! fit curves.

FIG. 9. Electrical circuit simulating the current response in the SWNT/
nafion/SWNT composite.

TABLE I. Parameters for the best fit of thei (t) function by biexponential
decay at different values of the step voltage.

Volts t1 (s) z1 (s21) t2 (s) z2 (s21) B1 /B2 B1 /B0

0.8 0.5 2.0 5.2 0.19 9.2 41
1.5 0.5 2.0 4.7 0.21 5.3 24
2.5 0.7 1.43 11.8 0.084 1.3 1.1
3.5 0.7 1.43 21.8 0.046 1.1 0.08
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1c2
21(r0

211r2
21). As r 0 , r 1 , andr 2,1.4 kV, thenr 0

21, r 0
21,

and r 2
21.7.131024 V21, which gives z1>1.431023

(c1
211c2

21). Taking z151.43 s21 ~Table I!, we can get an
estimate for the interface capacitances under actuation:c1 ,
c2>1 mF.

A decrease of the resistances and increase of the capaci-
tances can be understood in terms of ionic conductivity,
change of the water dielectric constant, and electrostatic ex-
pansion of the SWNTs with charge injection. When an ap-
plied bias is enough to induce proton flux from the anode to
the cathode, internal and interfacial resistances are reduced
due to imbalanced charge carriers. According to the model,7,8

such a redistribution of mobile cations results in polymer
chain contraction between nafion hydrophilic clusters at the
anodic side and chain expansion at the cathode. This electro-
static mechanism of cantilever bending should prevail over
water osmotic stress by at least in one order of magnitude,7

especially for our case: nafion is not water swollen; open-air
conditions~nonaqueous environment!; and proton transport
~as distinct from metal cation transport! does not necessarily
involve the water molecules.8 However, even in the rela-
tively dry nafion, there is enough hydrated water~bound to
protons! to strongly affect the dielectric constant upon ap-
plied bias.

It is known that free water has a dielectric constant of 78
at room temperature and this value can be reduced by an
order of six for hydrated water bound to ions in the
solvents.18 When an electric field moves protons, an excess
of free water near the anodic side can strongly increase the
dielectric constant at the SWNT-nafion interface. Moreover,
at the cathode side the protons bind to the surface oxides of
SWNTs~as was discussed previously! and cannot participate
in the water hydration, which results in an increase of the
free water at the cathode interface and consequently an in-

crease of the dielectric constant. Since interface capacitance
is given asc;(e/d)S, wheree is the dielectric constant,S is
the SWNT-nafion contact surface, andd is the thickness of
the interface double layer, thee value change should increase
the interface capacitance at both sides of SWNT/nafion/
SWNT cantilever. Also, charge injection in the SWNTs
should enlarge the SWNT-nafion contact surfaceS due to
electrostatic repulsion between SWNT bundles and indi-
vidual nanotubes inside the bundles.19 This effect can also
contribute to increase of the interface capacitances.

Of special interest presents is the cantilever response to
ac voltage and dependence of its displacement on ac fre-
quency. We detected the cantilever displacement in the fre-
quency range up to 100 Hz with ac voltage 2.5, 3.5, and 5 V
~sine function!. It was found that SWNT/nafion/SWNT
samples have resonance frequencies depending on cantilever
size. According to expectations, the resonance frequency
peak was shifted to higher frequency with reduction of its
length ~Fig. 10!. The SWNT-nafion composite demonstrates
a high robustness with respect to the graphite-nafion refer-
ence sample. Carbon nanotube material sprayed onto the
nafion surface was strongly adhered and did not show any
aging or peeling for more than two months after composite
preparation and storage at normal conditions. In contrast, the
graphite adhesion was poor and the graphite layer could be
easily removed from the nafion surface. Cantilevers fabri-
cated from the fresh SWNT-nafion composite and from an
aged composite~two months! did not exhibit any difference
in actuation properties. Also, we tested the actuation lifetime
under ac signal at the resonance frequency: the cantilever
demonstrated remarkable continuous actuation for 810 000
cycles~6.25 h, 36 Hz, 1.2 V! at the resonance frequency with
an amplitude reduction of less than 10% from the initial
value.

FIG. 10. SWNT/nafion/SWNT cantilever displacement
at an ac bias of 3.5 V as a function of the frequency at
different cantilever lengths.
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In conclusion, we have shown that trilayer composites of
nafion and single-walled carbon nanotubes can be used to
fabricate effective actuating systems. The actuators give siz-
able response under modest voltages and in the absence of a
supporting electrolyte. The mechanism of actuation is similar
to the traditional IPMC systems at high applied voltages,
depending upon an electrostatic imbalance at the two sides of
the cantilever. This conclusion was supported by an electrical
circuit model that allowed us to estimate the changes in the
interfacial resistances and capacitances in the actuator. The
parameters determined using this model imply a significant
change in the proton flux in the nafion under applied bias,
which was consistent with the decrease of the hydrogen
bonding stretch in the FTIR spectrum. The vis-NIR spectros-
copy suggested that the semiconducting SWNTs were re-
sponsible for some of the actuation, implying that there is a
contribution from quantum effects in the SWNTs, as well.
Finally, the large surface area of the SWNTs appears to be an
important component in these systems.
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