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Aligned Nano-Porous Microwave Exfoliated Graphite Oxide
Ionic Actuators with High Strain and Elastic Energy Density
M. Ghaffari, W. Kinsman, Y. Zhou, S. Murali, Q. Burlingame, M. Lin, R. S. Ruoff, and
Q. M. Zhang*
Materials that can generate large actuation with a high force
level under external electrical signals are of great importance
for applications such as artificial muscles, precise motion and
position control, and micro-electromechanical systems.[1–9] It
is especially appealing if the large electro-actuation strain can
be induced and controlled by a few volts, since this may lead
to direct integration of these micro-actuators with advanced
micro-electronics to perform complex functions which are
not possible with existing actuators and actuation mechanisms.[1,4,5,7–12] The observation of the very large electro-actuation strains (> 50%) in a class of dielectric elastomers with an
elastic energy density > 1 J cc−1 in 2000 attracted a great deal
of attention for this reason.[3] The very high voltage (> 1000
V) required to induce such a high strain as well as the low
elastic modulus of the dielectric elastomers (≈1 MPa), however,
limited their applications. On the other hand, ionic polymer
actuators such as gels and soft polymers that contain a high
fraction of water can generate strains > 50% under a few volts.
Nevertheless, a major constraint of these gel actuators for
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practical applications is their extremely low elastic modulus
(< 1 MPa).[13–15]
Graphene, as a single atomic layer sheet conductor with
high mechanical strength and electric conductivity, represents perhaps an ideal material system for ionic actuators to
achieve high strain with high elastic energy density induced
electrically at low voltages. Although the graphene-based electromechanical actuator devices studied so far possess very limited strain,[16–18] we show in this paper that a class of aligned
activated “nano-porous” microwave exfoliated graphite oxide
(A-aMEGO) actuators with controlled nano-morphology can
generate an electro-actuation strain of more than 50% with
a high force generating capability, as measured by the large
elastic energy density (≈1.5 J cc−1) under a few volt electrical excitation. Another unique feature of the nano-porous
A-aMEGO actuators developed in this paper is the large anisotropy of the electro-actuation strain generated, resulting from
the nano-morphology of the high degree of alignment (orientation) of the nano-pores. Namely, the large strain is induced
along the direction of the average surface normal to the graphene sheets (see Figures 1a and 1b) while in the directions
perpendicular to that, the strain is negligible. Such a large
strain anisotropy is highly desired for most practical applications as will be discussed in the following sections.
The basic actuation principle of the A-aMEGO actuators to be developed in this paper is schematically illustrated in Figure 1a, where the ingression and/or depletion
of mobile ions in the nano-pores, in order to compensate
the changes in electronic charges on the A-aMEGO electrodes under external voltage, will cause changes in the
inter-sheet spacing. If the distance between the adjacent graphene walls is comparable to the change of this inter-sheet
space, a large strain (>50%) can be generated. Recently, Zhu
et al. reported the activation of MEGO with KOH where a
Brunauer-Emmett-Teller (BET) specific surface area (SSA) of
3100 m2g−1 can be achieved and because the nano-pore interwall space size is between 1 nm and 4 nm, the new graphene
material was named activated microwave exfoliated graphite
oxide (aMEGO).[19] Thus, if the aMEGO sheets can be properly assembled, these graphene-based ionic devices have the
potential to achieve giant electro-actuation strain induced
under a few volts.
For A-aMEGO actuators, the electro-actuation strain
illustrated in Figure 1a is predominantly along the direction perpendicular to the sheet surface. Hence, the ionic
actuator device should have the nano-morphology of aligned
(highly oriented) nano-porous aMEGO in order to translate the atomic layer actuation in Figure 1a into the largest
linear electro-actuation in an ionic device, as schematically
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Figure 1. (a) An illustration of ionic electro-actuation in graphene sheets where the ingression of the mobile ions (blue circles, cations here) into the
interlayer space upon the application of an external voltage generates large strain when the interlayer spaces are comparable to the mobile ion sizes.
e− represents the electron charges on the cathode (graphene sheets). (b) Schematic of the nano-morphology of highly oriented aMEGO sheets of an
ionic actuator employing the actuation mechanism in (a), generating large electro-actuation strain along the z-direction (‘thickness direction’). (c) SEM
image of A-aMEGO samples. (d) The chemical structure and dimensions (in Å) of BMIM+ and BF4− ions.[26]

shown in Figure 1b. To realize that, a vacuum-assisted selfassembly process was employed, which can produce highly
aligned aMEGO sheets in device sizes from several microns
to macroscopic sizes (Figures S1a and S1b, Supporting Information).[20–23] In this study, packed A-aMEGO samples of
several millimeter lateral sizes and up to 0.05 mm thickness
were fabricated. As shown by the SEM image in Figure 1c,
the A-aMEGO samples thus fabricated indeed have highly
aligned nano-morphology. The dry A-aMEGO sheets fabricated into such films have a density of 1.25 g cm−3. Comparison with the density of graphite (2.2 g cm−3) indicates that
the films comprised of such A-aMEGO sheets have a pore
volume fraction of 43%.
For the ionic A-aMEGO/polymer nano-composite actuators, two polymer binders were investigated; the traditional
poly(tetrafluoroethylene) (PTFE) which is widely used for fabricating supercapacitor electrodes and has a dielectric constant
of 2.1 and a polar fluoropolymer poly(vinylidene fluoride/chlorotrifluoroethylene) (P(VDF-CTFE) 91/9 mol% composition)
which has a high dielectric constant of 12.[11,24,25] The high
dielectric constant binders may improve the mobile ion concentration in the nano-composite electrodes, resulting in higher
capacitance values and hence higher ion concentrations accumulated in these electrodes.[24]
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For ionic electroactive actuators, electrolytes play a critical
role by providing mobile ions for the actuations as illustrated
in Figures 1a and 1b.[4–7,10] In this study, an ionic liquid (IL)/
molecular liquid (ML) mixture was used as the electrolyte. An
imidazolium based IL, 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) whose chemical structure and dimensions are presented in Figure 1d, was selected as the IL.[26]
Imidazolium based ILs have been studied widely for ionic
electroactive devices because of their high ionic conductivity
and large electrochemical window.[4,7,27] Acetonitrile (AN) was
used as the ML in this study. Many studies have shown that a
proper IL/ML mixture can improve the ionic conductivity and
mobility markedly compared with a pure IL.[27] In addition to
the pure IL, the nano-composites were directly soaked in the
2M [BMIM][BF4]/AN electrolyte which resulted in a 60–62 wt%
of electrolyte in the final composite.
The electro-actuation strains in both the cathode and anode
of the ionic A-aMEGO/polymer nano-composites were characterized in a configuration as illustrated in Figure S2. Figure 2a
presents the cyclic electro-actuation thickness strain (along the
z-direction of Figure 1b) of the A-aMEGO/P(VDF-CTFE) with
[BMIM][BF4]/AN electrolyte under a peak voltage of 4 V at a
50 mV s−1 scan rate, measured at the cathode. Electro-actuation
strain of the actuators is calculated using Equation (1) as:
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Strain =

s − Initial Thicknes s
( Final Thicknes
) × 100
Initial T hicknes s

(1)

The strain value increases almost linearly with the voltage
and reaches the maximum value of 56.6% at 4 V. The electroactuation strains perpendicular to the thickness direction were
also characterized using an optical microscope, and showed
strain values less than 3%, which is more than 18 times
smaller than those along the thickness direction, and has a sign
opposite that of the thickness strain. Similar trends were also
observed for all the nano-composites investigated at different
peak voltages (from 2 V to 4 V). Such large electro-actuation
strain anisotropy is caused by the unique nano-morphology of
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Figure 2. (a) Applied voltage between the cathode and anode (top)
and electro-actuation strain of the cathode versus time (bottom) for
the A-aMEGO/P(VDF-CTFE) nano-composites with [BMIM][BF4]/AN at
50 mV s−1 scan rate. The strain shows a near linear response with the applied
voltage. (b) Electro-actuation strain on the cathode for the A-aMEGO/
polymer nano-composites investigated at different applied peak voltages
and 50 mV s−1 scan rate. The error bars are also indicated in the figure.

the highly oriented nano-pores of the aMEGO sheets, as illustrated in Figure 1b. Electromechanical actuators with such
large strain anisotropy are highly desirable for practical applications. Most practical electromechanical applications in fact
use electro-actuation strains along a single direction and the
electro-actuation strains induced in the perpendicular directions often create adverse effects which reduce the actuator
performance.[28,29]
Figure 2b summarizes the peak values of the electro-actuation
thickness strain on the cathode side of the A-aMEGO/P(VDFCTFE) as well as A-aMEGO/PTFE nano-composites at several
peak voltages with a scan rate of 50 mV s−1 using the IL/ML
electrolyte as well as the pure IL. The A-aMEGO/P(VDF-CTFE)
nano-composites with IL/ML exhibit the highest strain value
of 56.6% while A-aMEGO/PTFE with pure IL shows the lowest
strain value of 36.2% at voltages less than 4 V, which is still
quite large. The results also show that the nano-composites
with IL/ML electrolytes generate higher strain compared to
those with pure IL. The higher ionic mobility of the IL/ML electrolyte is responsible for the higher strain since for a fixed scan
rate, a higher ionic mobility will cause a higher excess mobile
ion concentration in the nano-porous electrodes.
The capacitance of the ionic A-aMEGO/polymer nano-composite actuators was measured with a potentionstat and the cylic
voltammetry (CV) curves at different scan rates for A-aMEGO/
PTFE sample with [BMIM][BF4]/AN is shown in Figure S3 as
an example. The CV curves for these samples are nearly rectangular which is an indication of non-Faradic charge transfer
in A-aMEGO-based electrodes. The specific capacitance for the
ionic A-aMEGO/P(VDF-CTFE) with [BMIM][BF4]/AN electrolyte nano-composites, deduced from CV cruves, was 192 F g−1 at
a 4 V peak voltage and a 50 mV s−1 scan rate, which is consistent
with earlier studies of supercapacitors based on nano-porous
aMEGO.[19] The results indicate that the nano-composite thus
fabricated possesses very large electrode/electrolyte interfacial
area and the graphene sheets in the nano-composite are mostly
in the single atomic sheet-form. The large specific electrode
area coupled with the high degree of alignment of the aMEGO
flakes in the nano-composite leads to the generation of the
giant electro-actuation in the nano-composites along the thickness direction. The specific capacitances of A-aMEGO/P(VDFCTFE) with pure [BMIM][BF4] electrolyte, A-aMEGO/PTFE
with [BMIM][BF4]/AN electrolyte, and A-aMEGO/PTFE with
pure [BMIM][BF4] electrolyte are also presented in Figure 3a.
The specific capacitances of A-aMEGO/P(VDF-CTFE) nanocomposites are larger than that of A-aMEGO/PTFE. Consistent
with earlier experimental results, the specific capacitance of the
nano-composites with the IL/ML electrolyte is higher than that
with the pure IL due to the increased mobile ion concentration
and high ionic conductivity in IL/ML solutions.[27]
Figure 3b presents the ratio of the electro-actuation strain on
the cathode over specific capacitance at different voltages and
a 50 mV s−1 scan rate for the prepared nano-composites. The
results show that the ionic A-aMEGO/polymer nano-composite
with higher specific capacitance also exhibits a higher electroactuation strain. These results also indicate that the strain
response of this class of newly developed ionic A-aMEGO/
polymer nano-composites is sensitive to the properties of constituents and electrolytes. A higher strain response might be
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Figure 3. (a) Specific capacitances of the ionic A-aMEGO/polymer nano-composites determined from the cyclic voltammetry at 4 V peak voltage and
50 mV s−1 scan rate. (b) The ratio of the strain over specific capacitance at different voltages and 50 mV s−1 scan rate. (c) Electro-actuation strain on
the anode side for the A-aMEGO/polymer nano-composites investigated at different applied peak voltages and 50 mV s−1 scan rate. (d) Strain at 4 V
peak voltage of the cathode at different scan rates. The error bars are shown in all figures. The legends are the same for all four figures.

obtained by further tailoring material parameters in the nanocomposites. Nevertheless, these experimental results have
already demonstrated an exceptionally high electro-actuation
strain generated at voltages less than 4 volts.
The electro-actuation strain on the anode side was also
characterized as represented in Figure 3c, which is positive
but much smaller than that on the cathode side. The difference in the strain values between the cathode and the anode
might be caused by different sizes of the cation and anion (the
cation's volume is about 3 times larger than that of the anion)
in the electrolytes.[30,31] A recent direct observation using Timeof-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) in
the ionic polymer nano-composite membrane actuators with
1-butyl-2,3-dimethylimidazolium chloride (BMIM-Cl) as the
electrolyte, also showed similar behavior where both cathode
and anode electrodes exhibited positive strains.[32] The anode,
due to the smaller size of the anions, exhibited much smaller
strain compared with that at the cathode.[32] The results indicate
that by varying the size of cations and anions in ILs, the strain
level at the two electrodes can be tailored.
The actuator responses at higher frequencies (100 mV s−1
and 500 mV s−1 scan rates) under 4 V were also characterized
and presented in Figure 3d. As expected for ionic devices such
4

wileyonlinelibrary.com

as supercapacitors and ionic actuators, increasing operation
frequency reduces the capacitance of supercapacitors and the
actuation strain in ionic actuators. Even so, when increasing
the scan rate from 50 mV s−1 to 500 mV s−1 the strain for the
A-aMEGO/P(VDF-CTFE) with IL/ML electrolyte is still 20.3%
under 4 volts. Since the operation frequency of these ionic
actuators is limited by the net time for the mobile ions to enter
and leave the nano-composite electrodes, one can increase the
operation frequency while maintaining high strain response by
reducing the path length for the mobile ions to travel in the electrodes.[7,24,25] For the A-aMEGO/polymer nano-composites here,
this means a reduction of the actuator lateral dimension (along
the x-directon in Figure 1 which forms the aligned mobile ion
transport pathways). Since the mobile ion transport in the nanoporous electrodes is through both the drifting (the time constant
is proportional to the distance) and diffusion (the time constant
is proportional to the square of the ion transport distance), by
reducing the actuator lateral dimension, for example, from the
current 2 mm to smaller values such as 0.1 mm, will result in a
more than 20 times improvement in the actuator speed.
In addition, the strain rates as functions of applied voltage
and scan rate at the cathode are summerized in Figure S4.
As shown, in the voltage range measured (<4 V) the strain
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Figure 4. (a) Elastic energy density of the ionic A-aMEGO/polymer nano-composites at 4 V and 50 mV s−1 scan rate. Error bars are indicated in the
figure. (b) Schematic of a micro-valve constructed using the cathode of the A-aMEGO actuator where the arrows indicate the flow direction. With a
0.1 mm thick cathode, a strain of >50% in the cathode will generate a 50 μm displacement to close the flow. The anode and the gel electrolytes are
not shown in the figure.

rate increases with the applied voltage and scan rate. At 4 V
and 500 mVs−1 scan rate, a 2.54% s−1 can be obtained for the
A-aMEGO/P(VDF-CTFE) nano-composite actuator with IL/ML
as electrolyte.
Besides the electro-actuation strain, the ability to generate
stress is another critical parameter for actuators. The elastic
energy density is used to characterize an actuator material's
strain and stress generation capability.[1–3,33] Following Hooke's
law, the stress generated is proportional to the elastic modulus of
the actuator material. The elastic modulus Y of the A-aMEGO/
polymer nano-composites with the electrolytes swelled along
the z-direction (see Figure 1b) when the composite actuators
were not charged (under no voltage) was characterized by an
AFM using a tapping method[34,35] (see Supporting Information) and a value of 67.5 ± 12.5 MPa was obtained. This elastic
modulus value is similar to the other ionic polymer actuators
swelled with electrolytes in previous studies.[7,36] The elastic
modulus of the composite actuators under applied voltage was
also characterized by measuring the induced strain under different mechanical stress (see Figure S5). The elastic modulus
was reduced to 9 MPa at 56.6% strain (under 4 V) for the
A-aMEGO/P(VDF-CTFE) nano-composites with IL/ML electrolyte, which is still quite high. Such a high elastic modulus
coupled with the high electro-actuation strain generates a high
elastic energy density.[1–3]
Because of the high strain level, the elastic energy density
Um is derived from the mechanical energy generated divided by
the actuator volume [2,34,37]

Um =

l

Y ln (x)d x

(2)

l0

where x = l/l0, l0 is the initial composite thickness and l is the
thickness after the electro-actuation (see Supporting Information). The initial nano-composite volume (Vol = A×l0) is used in
calculating the elastic energy density in Equation (2) where the
area A does not change with the voltage due to the large elastic
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anisotropy of the A-aMEGO/polymer nano-composites. Here,
the change in elastic modulus by strain was taken into consideration in Equation (2). The elastic energy densities calculated
for various A-aMEGO/polymer nano-composites investigated
at 4 V and 50 mV s−1 scan rate are summarized in Figure 4a
which are in the range of 0.5 – 1.5 J cc−1 for different samples.
These values are among the highest for ionic actuators performing under voltages lower than 4 V. Table 1 compares the
A-aMEGO/P(VDF-CTFE) with [BMIM][BF4]/AN as the electrolyte with several high performance ionic electroactive polymers
(with high electro-actuation strains) reported in the literature,
which shows the high strain and high elastic energy density of
this newly developed actuator materials.[3,11,38–43] In the Table,
the high strain dielectric elastomers are also included, which
require very high voltage (> 1000 volts) and high electric fields
(> 200 MV m–1) to induce high strains with the elastic energy
density comparable to the A-aMEGO nano-composite actuators
Table 1. Comparison of the strain, elastic modulus, elastic energy density and applied voltage for A-aMEGO/P(VDF-CTFE) actuators with high
performance electroactive systems reported in the literature.
Material

Strain
(%)

Elastic
Modulus
(MPa)

Elastic Energy
Density
(J cc−1)

Applied
Voltage
(V)

aMEGO/P(VDF-CTFE)

56.6

9.0 – 67.5

1.5

4

Polypyrrole[39]

35

-*

−

1

Polypyrrole[40]

34

6.7

−

0.9

Meso-carbon
microbeads[42]

40

−

−

5.0

Polyaniline[43]

20

−

-

0.4

Silicone[3,11]

120

0.1 – 1.0

<1.0

> 1,000
(350 MV m−1)

Acrylic [3,11]

380

1.0

3.4

> 1,000
(440 MV m−1)

*: data not reported.
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reported here.[3,11] Some of these high performance actuators have anisotropic properties similar to the actuator system
reported herein.[39,41] The high performance features of the
A-aMEGO actuators render them potentially valuable systems
for micro-electromechanical systems (MEMS) applications
such as micro-values, as illustrated in Figure 4b.
In conclusion, making use of the nano-porous aMEGO with
highly anisotropic nano-pores and single atomic sheet graphene walls which possess high electronic conductivity and
high mechanical strength, this work demonstrates a new class
of A-aMEGO/polymer nano-composite based actuators that can
exhibit higher than 50% electro-actuation strain with an elastic
energy density > 1 J cc−1. Unique nano-morphology of A-aMEGO
actuators leads to a large anisotropy in the electro-actuation
strains, which is highly desired for most electromechanical
applications. These A-aMEGO/polymer nano-composite actuators can be fabricated using the self-assembly method in both
the micro-scale and macro-scale, making them suitable for applications over a broad length scale. Also, the unique anisotropic
features of the proposed actuator system make them useful for
applications requiring unidirectional force and displacement, as
demonstrated in Figure S6. These attractive features, plus the
low operation voltage, provide an opportunity for direct integration of these micro-actuators with advanced micro-electronics,
which may expand the device paradigms beyond the reach and
functionality of traditional actuators and micro-electronics.

Experimental Section
A-aMEGO fabrication: The synthesis of what we here refer to as
‘nano-porous aMEGO’ has been presented in detail in Ref. [19]. We used
a vacuum-assisted self-assembly method to fabricate the highly aligned
nano-porous aMEGO sheets (as well as A-aMEGO/P(VDF-CTFE) nanocomposites).[20–23] To fabricate highly aligned aMEGO, nano-porous
aMEGO (10 mg) was dispersed in N,N-dimethylformamide (DMF,
Aldrich, 5 ml). Next, this mixture was vacuum filtered using a Buchner
funnel and an Anodisc filter membrane (Whatman, 0.02 μm pore size)
in order to align aMEGO sheets, as illustrated in Figure S1a. Finally, the
oriented nano-porous aMEGO disk was air dried for 2 hours and vacuum
dried in air at 70 °C for 1 hour. As illustrated in Figure S1a, the alignment
process takes place by a uniform capillary force imposed by vacuum
through the pores in the Anodisc membrane. During this filtration
process, nano-porous aMEGO layers are pulled towards the Anodisc
surface and these layers of nano-porous aMEGO stack successively on
top of each other as shown in the SEM image of Figure 1c.
A-aMEGO/PTFE nano-composite fabrication: In order to prepare
a nano-composite containing 10 wt% PTFE (Aldrich) as a binder and
90 wt% A-aMEGO as the matrix, a commercially available 60 wt%
dispersion of PTFE in water was diluted by isopropyl alcohol and used.
The A-aMEGO disk was placed in a petri dish containing the PTFE
dispersion (with 10 wt% of PTFE). In order to allow PTFE polymer
chains enough time to penetrate through nano-porous aMEGO sheets
and make a uniform composite, different exposure times were evaluated
using a well-controlled evaporation rate chamber. It was found that after
a slow water/isopropyl alcohol evaporation over one week, homogeneous
well aligned nano-porous aMEGO/PTFE nano-composites were formed,
which were then annealed at 140 °C and kept in a dry box for further
testing. The volume content of the PTFE binder in the nano-composites
can be tailored by varying the amount of PTFE infiltrated into A-aMEGO.
A-aMEGO/P(VDF-CTFE) nano-composite fabrication: A one-step
vacuum-assisted self-assembly approach was directly used to prepare
P(VDF-CTFE)-based nano-composite. First, a solution of P(VDF-CTFE)
(Solvey, Solef 31508) in DMF (0.2 wt%) was prepared along with a
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dispersion of aMEGO (10 mg) in DMF (2 mL). Then the P(VDF-CTFE)
solution and aMEGO dispersion were mixed together in a 1:1 ratio and
sonicated for half an hour to ensure a uniform dispersion. The mixture
was then filtered through an Anodisc similar to the previous example.
Finally, the obtained disk was dried and annealed at 140 °C. Weight
measurements indicated that the weight ratio of A-aMEGO to P(VDFCTFE) was 9/1. This process is shown in Figure S1b. The volume content
of P(VDF-CTFE) in the nano-composites can be varied by changing the
ratio of the solution of P(VDF-CTFE) vs. aMEGO dispersion.
Ionic liquid infiltration: To fabricate the ionic actuators, the A-aMEGO/
polymer composites were swelled by a properly selected electrolyte
(that was thus absorbed into the composite). Both the pure room
temperature IL of [BMIM][BF4] (Iolitec) and its 2M solution in
acetonitrile ([BMIM][BF4]/AN) were used as electrolytes in this study.
Square shaped A-aMEGO/PTFE or A-aMEGO/P(VDF-CTFE) (50 micron
thick) were cut and placed in an electrolyte bath at room temperature.
After the nano-composites were completely infiltrated by the electrolyte
(≈30 minutes), they were used for electro-actuation as well as cyclic
voltammetry characterizations. Figure S1c schematically shows the
infiltration of PTFE and [BMIM][BF4] into A-aMEGO. It was observed
that the thickness of the nano-composite increased by 25% (along
the z-direction in Figure 1b) while the change in the lateral dimension
was less than 3% (perpendicular to the z-direction in Figure 1b). The
observed large elastic anisotropy was caused by the nano-morphology of
the highly oriented aMEGO sheets in the composites.
Characterization of the electro-actuation: The electro-actuation strain
in the ionic A-aMEGO/polymer nano-composites was characterized
in a configuration as illustrated in Figure S2. Two A-aMEGO/PTEF or
A-aMEGO/P(VDF-CTFE) nano-composites of 2 mm × 2 mm lateral size
and 0.05 mm thick (along the z-direction) were bonded to the bottom
of a Teflon sample holder filled with [BMIM][BF4]/AN electrolyte which
has two square shaped dishes of 3 mm diameter and 1 mm depth
connected by a 1 mm wide channel for the ion conduction between the
two nano-composite electrodes. The two nano-composites served as two
electrodes and two stainless steel (SS) pins with flat heads of 1.5 mm
diameter were used as the current collectors, which were pressed lightly
to the top surfaces of the two nano-composites. The positions (both
lateral and vertical) of the SS electrodes were precisely controlled by
micro-manipulators. The electro-actuation strains in both the cathode
and anode were characterized using a fiber optic displacement sensor
(MTI 2100 Fotonic) which has a resolution of 25 nm. A small (2 mm ×
2 mm × 0.1 mm) aluminum plate was glued to one of the electrodes to
serve as a diffuse reflection surface for the fiber optic sensor. The strain
signals were directly recorded by a computer. The electro-actuation
strains in both the cathode and anode were characterized. The ionic
electroactuators of A-aMEGO/polymer nano-composites with pure IL
[BMIM][BF4] were also studied. The capacitance of the ionic A-aMEGO/
polymer nano-composite actuators was measured with a potentionstat
(Versastat 4, Princeton Applied Research).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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