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ABSTRACT: Here we report a novel single-walled carbon nano-
tube (SWNT) based bimorph electromechanical actuator, which
consists of unique as-grown SWNT films as double electrode layers
separated by a chitosan electrolyte layer consisting of an ionic liquid.
By taking advantage of the special hierarchical structure and the
outstanding electrical and mechanical properties of the SWNT film
electrodes, our actuators show orders-of-magnitude improvements
in many aspects compared to previous ionic electroactive polymer
(i-EAP) actuators, including superfast response (19 ms), quite wide
available frequency range (dozens to hundreds of Hz), incredible

large stress generating rate (1080 MPa/s), and ultrahigh mechanical output power density (244 W/kg). These remarkable
achievements together with their facile fabrication, low driving voltage, flexibility, and long durability enable the SWNT-based
actuators many applications such as artificial muscles for biomimetic flying insects or robots and flexible deployable reflectors.
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power density

Electromechanical actuator materials that directly convert
electrical energy to mechanical energy have great potential
for many applications including artificial muscles for robots and
biomimetic flying, optical switches and microsensors, and so
on.' " In the last few decades, electromechanical actuators based
on carbon nanotubes (CNTs),”°"® conductive polymers,g’10
dielectric ~elastomers,'"  ferroelectric polymers,”> '* and
graphene®"® have been successfully realized. Among these
electroactive materials, dielectric elastomers and ferroelectric
polymers have shown large strain, fast response, and strong
electromechanical coupling, but they usually require high driving
voltages (typically >1 kV) and high activation fields (~150 MV/m)
which limit their application in some cases. 112 Recently, ionic
electroactive polymer (i-EAP) actuators have attracted increas-
ing attention due to their lightweight, low driving voltage, and
operability without aqueous solution.>* However, the slow
response (time scale of seconds to minutes), very low and
narrow available frequency range (usually <1 Hz), and insuffi-
cient mechanical output abilities severely discourage their develop-
ment and potential applications.*

CNTs have shown high specific surface area and excep-
tional mechanical and electrical properties, making them prime

candidates for high stren%th composites'®”'® and energy storage
—2

and conversion devices.” >' Recent research showed that by
introducing CNTs into the electrode layers, some electromecha-
nical performances like respond speed and strain (stress) gen-
erating rate of i-EAP actuators could be improved.”*** For
instance, Hata and co-workers have reported second-generation
dry i-EAPs actuators using supergrowth single-walled carbon
nanotubes (SG-SWNTs) as electrodes. Superb mechanical and
electrical properties of the SG-SWNT's sheets give their actuators
much faster strain and stress rates (2.28%/s and 3.26 MPa/s,
respectively).”> However, fabrication of i-EAP actuators with
superfast response and ultrahigh mechanical output abilities still
remain a great challenge because of the lack of perfect electrode
material and efficient synthesis method.

In this paper, we demonstrate a facile way to fabricate a novel
SWNTs-based bimorph i-EAP actuator. Instead of using dis-
persed CNTs as additives in the electrodes, we employed free-
standing SWNT films with hierarchal structure and superior
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Figure 1. Assembly and structural characterization of the SWNTs-based actuators. (a) Schematic diagram of the assembly and bimorph configuration of
an actuator. (b) Typical SEM cross-sectional image of a bimorph configured actuator. Inset: the enlarged image of a selected zone of the boundary.

mechanical and electrical properties as electrodes. Such SWNT
films are directly synthesized by floating catalyst chemical vapor
deposition (FCCVD), in which SWNTs are strongly bonded as a
hierarchal network during their growth at high temperature.
Long (micrometer scale) and strong interbundle shear-legs give
this SWNT film high electrical conductivity (2000 s/cm),
modulus (5 GPa), and strength (360 MPa).>*>® As shown in
Figure la, the SWNTs-based actuator was constructed by
sandwiching a half-dried chitosan/ion liquid electrolyte layer
with two pieces of as-grown free-standing SWNT films as
electrode layers via a facile and effective hot-press process (for
more experimental detail see S1 in the Supporting Information).
The biocompatible polymer chitosan and an ion liquid EMIBE,
are chosen here because they not only show good compatibility
with CNTs but also are promising candidates as supporting
polymer and mobile ion donor for electrolyte layers of i-EAP
electrochemical actuators.”” >° With such sandwich structure
and hot-press process, our actuators can benefit much from the
unique SWNT films. First, porous hierarchical structure of the
SWNT films and good compatibility among all components
permit good interlayer adhesions between the electrode layers
and the middle electrolyte layer (Figure 1b), which are very
crucial for any high-performance electromechanical actuators.
Second, superior electrical conductivity of the SWNT films
guarantees the extremely small surface resistance of the electrode
layers (10 Q/00), resulting in a very small voltage drop along the
actuator surface and making the whole actuator a parallel-plate
capacitor.”"** Combined with the high specific surface of CN'Ts,
charge injection and ion migration between electrodes are greatly
facilitated, which give rise to a large and fast bending displace-
ment response of the actuators. Third, owing to the outstanding
mechanical properties of the SWNT films, both modulus and
strength of the actuators are effectively enhanced.*® With the
well-bonded hierarchical SWNT networks as skeletons, the
electrode layers have a Young’s modulus about 12—14 GPa
and the average modulus for the whole actuator is about 1—2
GPa, which are significantly higher than that of the electrolyte
layer (400 MPa) and the actuators with dispersed CNTs based
composites as electrode layers (200 MPa).”* The average
strength of the actuator is 50 MPa, which is also much higher
than normal polymers and soft actuators based on them. These
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Figure 2. Electromechanical actuation mechanism of the SWNTs-
based actuator. (a—c) Actuation illustration of the bimorph configured
actuator under positive (a), negative (c), and no (b) extra electrical field.
(d—f) The corresponding photographs of an actuator with a positive
(d), negative (f), and no (e) applied voltage of S V, well confirm the
electromechanical actuation mechanism.

highly improved mechanical properties of the actuators essen-
tially lead to high mechanical output work and power densities.

Similar to previous reports, our electromechanical actuators
are expected to be charge injection and ion migration dominated
rather than Faradaically driven.>** A conceivable electromecha-
nical actuation mechanism is illustrated in panels a—c of Figure 2,
when an electrical field is applied between the two electrode
layers, steric effects induced by electrochemical charge injection
(double layer charging) and subsequent ion migration and
accumulation provide the expansion of cathode and the contrac-
tion of anode, which result in bending displacements toward the
anode.”*****° Panels d—f of Figures 2 show the corresponding
photographs of a typical SWNTs-based actuator with and with-
out an applied voltage of S V. The observed fast and large
displacements well confirm the electromechanical actuation
mechanism. Comparing to previous ionic polymer/metal com-
posites (IPMCs) like Pt—Nafion actuators that work in electro-
lyte solutions, actuations in these i-EAPs actuators require no
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Figure 3. Electromechanical actuation performances of the SWNT-based actuator. (a) Actuation amplitude (maximum displacement) of an actuator
under different square wave voltages with frequency of 1 Hz. Open squares represent the experimental data, and the red solid line shows a quadratic
function fitting. (b) Actuation amplitude for an actuator with a resonant enhancement around 30 Hz under a =4 V square wave potential with respect to
the driving frequency ranging from 1 to 60 Hz. Black open circles are the experimental data, a green dashed line is the best fitting line for the data away
from the resonance zone using the first order exponential decay (ExpDecl) function, and the blue solid line represents the resonance peak fitting to a
Lorentzian line shape with a quality factor Q = 8.8. The inset is an optical image of the actuator flapping at the resonant frequency of 30 Hz with
amplitude about 4 mm. (c) Geometry-dependent fundamental resonant frequencies for actuators scaling to t/L? which is well consistent with the beam
theory. The dashed line gives the expected value using (Y/ p)l/ 2 =850 m/s.

participation of water molecules; thus they do not have the draw-
back of relaxation behaviors induced by back diffusion of water.**
When triangle wave voltages of 1 Hz are applied to the actuator, the
displacement—voltage curves show that the displacement is propor-
tional to the voltage and the displacement loops exhibit little
hysteresis even at higher voltages (see S2 in the Supporting
Information), indicating the fast response of these devices.

Figure 3a shows that when square wave voltages with a given
frequency are applied, the actuation amplitude (maximum dis-
placement) of the SWNT-based actuator quadratically increases
with the applied potential, indicating that the displacement
amplitude can be well controlled by changing the voltages. The
actuation amplitude, stress (strain) generating rate, and work
(power) density for the actuator with respect to the driving
frequency are shown in Figures 3b, 4a, and 4b, respectively
(calculation for related performance parameters see S1 in the
Supporting Information). As the frequency increases from 1 to
60 Hz, the actuation amplitude performs exponential decay along
with a prominent peak gain at about 30 Hz, which is assigned to
the resonant frequency of the cantilever-type actuator. At the
resonant frequency, the actuator provides astonishingly high
mechanical output capabilities. The maximum strain generating
rate is up to 9%/s. To our knowledge, this strain rate is the
highest value achieved in i-EAPs,”**° although still not compar-
able with the strain rate achieved in dielectric elastomers which
have a much faster electrostatic actuation mechanism.”'" The
derived stress generating rate is as high as 1080 MPa/s, which is
much higher than the peak capability of natural and other
artificial muscles (30 MPa/s).” Furthermore, the maximum
output work density is 2.03 J/kg, and the maximum power
density is 244 W/kg, which also far exceeds the peak capability of
human skeletal muscles (50 W/kg) and approaches the highest
value attained in animals (284 W/kg).?

It is common sense that the output capabilities of cantilever-
type actuators could be greatly amplified if they work at their
resonant frequencies. Nanomechanical resonators based on
single CNT's or their bundles working at their resonant frequen-
cies have already been successfully utilized for ultrasensitive mass
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measurement and force detection.>® 3" However, such resonant
enhancements were seldom realized for macroscale actuators at a
resonant frequency higher than 10 Hz,>” the working frequency
for many important applications such as biomimetic flying. For
most macroscale electromechanical i-EAPs actuators, the reso-
nant enhancements of their actuation amplitudes are not obvious
because of the limitation from their charge injection and ion
migration rates. As a result of inadequate charging, the actuation
amplitudes decrease dramatically as the frequency increases, thus
the resonant enhancements are restricted to very low levels,
which depress their potential for applications at high frequency.
In the case of our actuators, hierarchal SWNT electrodes permit
much faster charge injection and ion migration rates and result in
the large actuation amplitude and output abilities at resonant
frequency as we see.

To prove this, we excite the actuator with a square wave
potential. As shown in Figure Sa, its normalized displacement
versus time curve at 1 Hz expresses nearly square waveform with
a small-amplitude damping vibration. Steep rising (falling) edges
of the displacement indicate the fast actuation response of the
actuator, which can be seen more clearly from the enlarged
extracted period (Figure Sb). Following the initial steep rising
(falling), there are multipeaks which exhibit perfect sinusoidal
waveform with damped amplitude. We assign this unique
damping vibration to the instant actuating force excited by the
fast actuation response, which arises from the rapid charge
injection and ion migration in the actuator. The whole bending
process (up and down) can be described using a model which
combines a time-dependent charging (discharging) model with a
sinusoidal damping model. Here we name it the electromecha-
nical damping (EMD) model, in which the time-dependent
displacement can be expressed by following function
(derivation details and analyses for 2 and S Hz, see S3 and S4
in the Supporting Information)

O(t) = 0o(1 — e %) + Age P sin2rtfy(t + t.)] (1)

where 7T represents the electromechanical actuation response
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Figure 4. High mechanical output abilities of the SWNTs-based actuator.

Strain and stress generating rates in the electrode layers (a) as well as the

corresponding mechanical output work and power densities (b) as a function of the driving frequency.
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Figure S. Superfast electromechanical actuation response of the SWNTs-based actuator. (a) Normalized displacement versus time under 4 V square
wave voltage of 1 Hz. (b) One period extracted from (a) for model analysis. Black open circles represent the experimental data while the red and blue

solid lines are the best fitting lines using the EMD model (eq 1).

time constant and 5 and f; are the exponential decay rate and
damped natural frequency of the cantilever-type actuator, respec-
tively. A smaller T means a faster electromechanical bending
response, implying faster rates of charge injection and ion migration.
From Figure Sb, we can see that both the fitting lines for up and
down bending processes using the EMD model (eq 1) match the
experimental data very well. The fitting value for the response time T
is as low as 19 ms, which is much faster than the typical response
time scale of seconds to minutes for traditional i-EAP actuators, and
comparable with the response time scale of milliseconds for
electromagnetic actuators, piezoceramics, and natural muscles.*
With this superfast response time, the unique amplitude-
frequency curve for our actuator can be better understood. As
shown in Figure 3b, the green dashed line gives the best fitting
result for the data away from the resonance zone using the first-
order exponential decay function (ExpDecl), and a correspond-
ing frequency bandwidth as high as 18 Hz is obtained. It indicates
that with the increase of frequency up to 18 Hz, the decrease of
the raw actuation amplitude (without consideration of the
resonant enhancement) is still less than 50%. Even to the high
frequency of 30 Hz, the raw actuation amplitude is still larger
than '/5 of that at 1 Hz. Therefore, comparing with previous slow

response i-EAPs actuators, the actuation amplitude of our
actuators gains more effective resonant enhancement (triple
the value at 1 Hz). Lorentzian fitting for the resonance peak
gives a mechanical quality factor Q of 8.8 for our actuator devices
(Figure 3b). Compared with the typical Q factor (40—200) for
the nanomechanical resonators,> ™7 this value is quite low. But
considering the vibration mechanism (ion displacement inside
the polymer), the ambient air pressure and temperature, and the
macroscale dimension (centimeter length) of our devices, this Q
value is reasonable. Because of the resonant enhancement, the
frequency bandwidth extends to 37 Hz (with amplitude decrease
less than 50%). This unexpected slow actuation amplitude decay
makes this actuator a promising energy convert device that can
work in a wide frequency range, such as slower bending displace-
ments for artificial limbs at low frequency and faster flapping
vibrations for biomimetic flying insects or robots at high frequency.

According to the beam theory, the geometry-dependent
fundamental resonant frequency of the singly clamped cantilever-
type actuator can be given by*°

Y

(2)

t
o =016
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where t, L, Y, and p are the thickness, free length, average
Young’s modulus, and mass density of the cantilever-type
actuator, respectively. Figure 3c shows the measured resonant
frequencies for actuators scaling to /L. Fits to the measured
data using eq 2 with specific modulus as free parameter show
good agreement with the experimental data. Therefore, by
changing the geometry of the actuator, its resonant frequency
can be easily tuned in a quite wide range from dozens to
hundreds of Hz, which fits the wing-beat-frequency of most
flying insects, for example, ~10 Hz for a butterfly, ~40 Hz for a
dragonfly, and ~200 Hz for a housefly. In particular, via shaping
the actuator like a wing and matching its resonant frequency with
the wing-beat-frequency of insects, a biomimetic flying insect or
robot may eventually be successfully designed in the future. Here
we give a demonstrated video for an actuator flapping at resonant
frequency of 30 Hz with magnitude about 4 mm (SS in the
Supporting Information).

For actuators working at resonant frequency, their durability
may be an issue. We also would like to mention that our actuators
have long durability besides their incredible large stress generat-
ing rate and high output power density. Bending measurements
indicate that under &5 V square wave potential at resonant
frequency of 30 Hz, the actuation amplitude has no obvious
decline within more than 6000 running circles. SEM images of
the actuator surfaces show there are no observable electrode
damages after the electromechanical actuation. This long dur-
ability can be attributed to the unique flexibility of SWNT's as
well as the compact and robust structure of the actuators. For the
cantilever actuators shown in this paper, mechanical/mass load-
ing will decrease their resonant frequency and displacement
amplitude, thus their work and power densities. In future studies,
their actuation performances under mechanical load need to be
investigated for biomimetic applications.

In summary, we demonstrate a novel bimorph configured
electromechanical actuator based on SWNT films, biocompati-
ble polymer chitosan, and an ionic liquid. Full exploitation of the
special hierarchal structure and the outstanding electrical and
mechanical properties of the as-grown SWNT film electrodes
facilitate the highly improved performances of the actuator,
including superfast response (19 ms), quite wide available
frequency range (dozens to hundreds of hertz), incredible large
stress generating rate (1080 MPa/s), and ultrahigh output power
density (244 W/kg). Furthermore, we established an EMD
model to evaluate the fast response of our actuator, which
provides excellent agreement with the experimental data, gives
better understanding of the electromechanical actuation me-
chanism, and also can be extended to simulate other damping
behaviors in mechanical systems based on kinds of different
mechanisms.

Considering of these remarkable achievements together with
their facile fabrication, lightweight, flexibility, long durability,
biocompatibility, low driving potential (several voltages), and
controllability in air (without aqueous solution), we believe the
SWNT-based actuators shown here will have great potential for
various applications, such as artificial muscles for biomimetic
flying insects or robots and flexible deployable reflectors and so
on.

B ASSOCIATED CONTENT

© Supporting Information. Experimental details, displace-
ment—voltage curves under a triangle wave potential, derivation

of the electromechanical damping (EMD) model (eq 1), fast
response analyses for 2 and S Hz with the EMD model, and a
video for an actuator flapping at resonant frequency of 30 Hz
with magnitude about 4 mm. This material is available free of
charge via the Internet at http://pubs.acs.org.
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