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Abstract Ionic actuators have attracted much attention due to
their remarkably large strain under low-voltage stimulation.
Here, we investigate a highly biocompatible ionic polymer
actuator, which consists of multi-walled carbon nanotube
(MCNT) film as a double electrode layer and an electrolyte
layer equipped with chitosan polymer skeleton and ionic lig-
uid. As a result, with the thickness increase of the electrolyte
layer and the electrode layer, the membrane capacitance
values are obviously improved, which are 0.01 F (membrane
thickness of 1.3 mm) and 0.4 F (0.25 mm). The blocking force
and its response speed show peak values of 5.75 mN (1.1 mm)
and 5.1 mN (0.25 mm), while reverse increases for the dis-
placement and its response speed are observed, which present
maximum values of 10.3 mm (0.3 mm) and 13.3 mm
(0.15 mm). Furthermore, for various thicknesses of the elec-
trode layers under applied direct current of 5 V, the generated
strain of 0.15 mm thickness (59%) is 4.92 times greater than
that of the 0.25 mm thickness. This is against the strain differ-
ence on the electrode surface due to the growing stiffness of
the electrode layer. Additionally, from the experiments of the
electromechanical energy efficiency of various electrode
layers and electrolyte layers, our actuator exhibits excellent
electromechanical energy efficiency under a high electrical
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conductivity of the electrode layer, which enhance the specific
electromechanical energy up to 9.95%.
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Introduction

In recent decades, bio-inspired actuation materials, which are
also called artificial muscles, have attracted great attention due
to their potential applications in intelligent robots, biomimetic
devices, and micro-electro-mechanical systems [ 1-5]. Among
these materials, ionic actuators have been intensively studied
due to their impressive actuation under low voltage stimula-
tion [6-8]. Typical ionic actuators with a bimorph structure
include ionic polymer-metal composites, polymer gels, and
carbon nanotubes (CNTs) [9—11]. After several decades of
development, their performances have improved greatly to
satisfy desired practical industrial applications. Their advan-
tages of low actuation voltages make applications related to
human life possible, such as heart compression devices, sur-
gical tools, and ocular muscles [12, 13]. To achieve this goal,
biocompatible low voltage actuation materials are desired. A
recent significant step is the discovery of an actuator based on
the biopolymer chitosan [14—17]. Chitosan, an abundant nat-
ural polymer, not only is a lightweight, low-cost, and sustain-
able resource with potentials application in energy transfor-
mation but also demonstrates biocompatibility and biodegrad-
ability. Therefore, the possibility of constructing a biocompat-
ible polymer actuator has been demonstrated in some earlier
research investigations [18-20].

Furthermore, the supramolecular chemistry of CNTs has
attracted great attention in the preparation of a variety of
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anisotropic composite membranes, biosensors, and tissue en-
gineering [21-25]. CNTs non-covalently functionalized by
the biopolymer chitosan play an important role in almost all
of the mentioned fields and have potential applications in im-
planted sensors and pacemakers [26—31]. Thus, multi-walled
carbon nanotubes (MCNTs) are essential for fabricating the
electrode materials of the biopolymer actuator. Additionally,
few reports have investigated the electromechanical efficiency
of this type of polymer actuator. Most of the related works
have concentrated on the improvement of the actuation per-
formance through doping methods, etc. Nevertheless, a uni-
fied standard does not exist for evaluating the performance
enhancements after a series of chemical modifications.

This manuscript is mainly focused on research regarding
the electromechanical properties of a chitosan based polymer
(C-polymer) actuator with various thicknesses of the electro-
lyte layer, which is equipped with a chitosan polymer skeleton
and ionic liquid, and various thicknesses of the electrode layer,
which consists of MCNTs film as a double electrode layer.
After exploring the actuation rules of the electromechanical
properties, the electromechanical energy efficiencies of vari-
ous electrode layers and various electrode layers are further
obtained to evaluate the effects of performance enhancements.

Experiments
Materials

Multi-walled carbon nanotubes (MCNTs) were obtained
from Boyu Company (Beijing, China). Chitosan (deacetylation
degree of 85.66%, viscosity of 450 mPa=s, Cs powder) was
purchased from HaiDebei Marine Bioengineering Company
(Jinan, China). lonic liquid used here was 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIBF,) (MW = 226.0)
(Lanzhou Institute of Physical and Chemistry). Other reagents
used were glycerol and acetic acid, etc., from Yongchang
Company (Harbin, China). Some chemical structures of the re-
agents used, such as MCNTs, chitosan, and BMIBF,, are shown
in Fig. 1(a).

Preparation of C-polymer Actuator

The configuration of the C-polymer actuator is illustrated in
Fig. 1(b). Typically, the polymer-supported electrode layer
was composed of MCNTs, BMIBF, and Cs, and the
polymer-supported electrolyte film consisted of Cs, BMIBF,
and glycerol. The preparation processes are presented as fol-
lows. First, 2 mL of BMIBF, and 10 mL of MCNT dispersed
solution were added to 15 mL of 2% Cs in acetic acid solution
and stirred in a 60 °C water bath. After that, a gelatinous
mixture was produced. The electrode layer was fabricated by
casting 12 mL of the gelatinous mixture in a glass mould
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Fig. 1 (a) Schematic structure of the polymer chitosan (i), ionic liquid-
BMIBEF, (ii), and the three-dimensional structure of multi-walled carbon
nanotubes (MCNTs) (iii). (b) Schematic structure of C-ploymer actuator
strip composed of a chitosan polymer supported ionic liquid electrolyte
layer sandwiched by MCNTs electrode layers. ¢ Schematic of the
fabricated chitosan polymer actuator: MCNTs/IL/Cs electrode film (i),
Cs/IL electrolyte film (ii) and C-polymer actuator (iii)

(5 x 5 cm?) and placed in air for 30 min. The solvent was then
placed in an oven at 60 °C to obtain the electrode film, whose
thickness was 40—50 um. The electrolyte layer was fabricated
by adding 2 mL of BMIBF, and 1 mL of glycerol to 20 mL of
2% Cs in acetic acid solution in a 60 °C water bath.
Afterwards, the homogeneous solution was casted in a glass
mould (5 x 5 cm?) followed by solvent evaporation. The glass
mould was placed in an oven at 80 °C to remove the solvent.
The thickness of the obtained electrolyte film was 180—
200 um. The C-polymer actuator was fabricated by hot-
pressing the electrode layer and the electrolyte layer under
20 N at 50 °C for 20 min. Due to the solvent evaporation by
the hot-pressing, the typical thickness of the C-polymer film
was 200-250 um, which was smaller than the sum of the two
electrode layers and the electrolyte layer. Thus, after the hot-
pressing technique, the C-polymer actuator was obtained and
is presented in Fig. 1(c).
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As shown in Fig. 2(a), when an electric field is applied
between two electrode layers, positive and negative
charges are injected into the two electrodes separately
and provide an electric field for the cation BMI", which
migrates to the cathode, and the anion BF 4, which moves
to the anode. Due to the effects of the gain or loss of ion
volume causing volume expansion or contraction in the
electrolyte layer [15], large-sized BIM* expands more than
the small-sized BF 4, which causes bending to the anode.
The other factor is the resultant electrostatic forces be-
tween BIM* and BF 4, which cause a strain in the electro-
lyte. Then, the electrode layers undergo opposing strains,
and a bending moment is further induced [7, 14, 16]. The
corresponding photographs of the C-polymer actuator with
positive voltage of 5 V (left), negative voltage of 5 V
(right), and no applied voltage confirmed the model in
Fig. 2(b).

Measurement Setup and Methods

The experiments were conducted on a 35 mm X 5 mm strip
clipped by two copper power electrodes. The experimented
samples were chitosan polymer actuators with various
thicknesses of the electrolyte layers and various thick-
nesses of the electrode layers. The electromechanical prop-
erties, including the strain difference, blocking force, etc.,
were measured at five direct currents (DC). The deflection
displacement, at a point 30 mm away (free length) from the
fixed point, was continuously monitored from one side of
the actuator strip by using a laser sensor (Model FT5070F,
accuracy of 0.01 mm), and the blocking force was mea-
sured at a point 3 mm away from the tip point by using a
force sensor (Model FA1004, accuracy of 0.01 g).

The experimental set-up is shown in Fig. 3, and a signal
generator (SP1651 type digital synthesis of low frequency
signal generator) was used to activate the C-polymer actu-
ator. The conditioning circuit and the data acquisition card
were integrated in the DAQ device. One side was linked
with the signal generator and sensors, such as the laser
sensor or force sensor, and the other side was transferred
to a PC (personal computer) with a communicated inter-
face. The PC was applied to control and communicate be-
tween the DAQ device and the software operation platform
established by the GUI module in Matlab 2012a. Finally,
the data were processed directly using Matlab 2012a.

According to previous research works [32, 33], the tran-
sient displacement is transformed into the strain difference (¢)
between two electrode layers using the following equations, as
shown in Fig. 4. The strain difference can be given by:

s(Lf,t) fm (1)

S (Lpt) Ly

Ion Charge
migration  injection

(a)

Bending in -5V
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Fig. 2 (a) Schematic structure of the bending model illustration of the
bimorph configured actuator under positive (left), negative (right), and no
extra electrical field. (b) The corresponding photographs of C-polymer
actuator with a positive (left), negative (right), and no extra electrical field
of 5 V direct current, which well confirms with the model

Bending in +5V

The related transformation relationship is shown in (equa-
tion (2)) to (equation (5)). Assuming that the bending slope is
fixed, the relationship between the displacement 6 (mm) and
the curvature radius R (mm) is expressed as:

(52 (Lf, l) + sz

R:
2w

(2)

In the experiment, the clamping side length Lf (mm) is
chosen as a random variable, and the length of the sample is
a fixed value L. The tip displacement 6 (L,t)(mm) can be
represented as:

8(L,t) = 2Rsin? (L / ZR) (3)

According to the proportion of concentric circles, the rela-
tion is available as:




102

Exp Mech (2018) 58:99-109

Fig. 3 Schematic diagram of
experiment setup for C-polymer
actuator

Laser sensor

R—w - R
L+ AL L+ AL

(4)

According to (equation (4)), the bending strain equation is:

+22) 5)

3

L R L

o AL2_AL1 - w ( 1

Where the right side ofAL2/L is very small and can be
ignored. L + 24L2 and L + 2L1 denote the bending length on
the left side and right side, respectively. w is the thickness of
the C-polymer actuator. t is the time variable(s). Five sample
displacement measurements were averaged.

The double-layer capacitance of the polymer-supported
electrode was estimated by cyclic voltammetry (CV) using a
multi-channel chemical test station (Vmp3). Also, the elec-
trode resistance (R;) and the charge transfer resistance (R5)

Singnal Generator

Conciditioning
circuit

DAQ devices

Force sensor

were both obtained by alternating current (AC) impedance
testing. All measurement data presented here are an average
of five samples.

Results and Discussion

C-polymer Actuator with Various Thicknesses
of the Electrolyte Film

To confirm the electromechanical properties, we conduct cy-
clic voltammetry (CV) of the biopolymer chitosan-supported
configuration film. Figure 5(a) shows the CV curves of vari-
ous thicknesses of the electrolyte layer (0.3 mm, 0.8 mm,
1.3 mm) at a sweep rate of 20 mV/s and voltage of
—1 V ~ 1 V. Thus, the specific capacitance is further applied
as shown by (equation (6)):

(b)

Fig. 4 (a) the laser displacement measurement for the cantilever bending C-polymer actuator (9 is the transient displacement, and L is the length from
the fixed ending to the measured ending.). (b) Schematic diagram for evaluation of the strain from measured displacement. The relation (R-w/2)/(R + w/
2) = (L-2Ly)/(L + 2L;) can be obtained from the figure, where R is the curvature radius and 2L, and 2L, are the induced change in length for each
electrode caused by application of the voltage. From the relation, the stain difference € (Lg, t) is given by (26(Lgt)w)/(82(Lg, t) + L*).Ris given by (8%(Ly,
t) + dz)/(2w), so that we can obtain (equation (1))

SEM
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Fig. 5 (a) CV curves of various thicknesses of the electrolyte layer
(0.3 mm, 0.8 mm, 1.3 mm), at sweep rate of 20 mV/s, and voltage of -
1 V ~1 V. (b) dependence of the capacitance of C-polymer electrolyte
under different thicknesses (0.3 mm, 0.8 mm, 1.3 mm)

1 v |

c= m.[ v; idv (6)
where c is the specific capacitance of the electrode layer (F/g),
S is the scanning speed of the workstation (V/s), m is the
quality of the electrode layer immersed in the solution (g),
AV is the potential window (V), V1 and V2 are the scanning
voltage values at the beginning and the end (V), respectively,
and 1 is the test current (A).

The absolute value of the oxidation peak current and the
reduction peak current in the CV curve are equal. This value
is always one, which proves that the CV reaction is reversible.
Normally, a large CV scanning speed gives a large current of
the electrochemical reaction. The positive potential leads to
oxygen absorption, and the negative potential leads to hydro-
gen absorption. Different electrode materials can produce dif-
ferent properties of oxygen potential and hydrogen absorption.
This study shows that the film has a larger degree of hydrogen

absorption potential, which indicates that the membrane has a
certain overflow of hydrogen and oxygen and that a certain
doping substance is needed for improvement. Under the cir-
cumstances, a small scanning speed of the CV curves can well
reflect the characteristics of the membrane.

In Fig. 5(b), the capacitances of the electrolyte layer with
various thicknesses of 0.3 mm, 0.8 mm, and 1.3 mm are
0.005 F, 0.007 F, and 0.01 F, respectively. Clearly, the capac-
itance value for a 1.3 mm thick electrolyte film is 20 times
greater than that of the 0.3 mm thick film. Moreover, it is clear
that the thickness of the electrolyte film has a great influence
on its capacitance.

Figure 6 shows the change in the blocking force with time
for different thicknesses of the electrolyte layer (0.1 mm,
0.2 mm, 0.3 mm, 0.5 mm, 0.7 mm, 0.9 mm, and 1.1 mm). It
can be discovered that the blocking force increases with the
increase in the thickness of the electrolyte film, and the max-
imum blocking force at the thickness of 1.1 mm of the C-
polymer actuator is 63.9 times larger than that at the thickness
of 0.1 mm. After handling, a curvature, which is approximate-
ly a linear fit, is applied to explain the response speed
appearing in Fig. 7(a). It is shown that the changing rules are
different from the maximum blocking force value. We can
note that the response speed at the thickness of 0.7 mm has
apeak value of 0.027 mN/s, which is significantly greater than
that for the others. Hence, the results verify that an increasing
thickness of the electrolyte layer will generate an enhance-
ment of the blocking force and the response speed, which also
presents a peak value of the response speed.

The maximum displacement value and the response speed
at the thicknesses of 0.1 mm, 0.2 mm, 0.3 mm, 0.5 mm,
0.7 mm, 0.9 mm, and 1.1 mm are further summarized in
Fig. 7(b). Interestingly, different from the blocking force, it
can be discovered that the increasing trends are similar to the
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Fig. 6 The blocking force changing with time under different thicknesses
of electrolyte layer (0.1 mm, 0.2 mm, 0.3 mm, 0.5 mm, 0.7 mm,0.9 mm,
1.1 mm)
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Fig.7 (a) The maximum blocking force value and response speed under
various thicknesses of electrolyte layer (1-0.1 mm, 2—0.2 mm, 3—0.3 mm,
4-0.5 mm, 5-0.7 mm, 6-0.9 mm, 7-1.1 mm). (b) The maximum
displacement value and response speed under various thicknesses of
electrolyte layer (1-0.1 mm, 2-0.2 mm, 3-0.3 mm, 4-0.5 mm, 5-
0.7 mm, 6-0.9 mm, 7-1.1 mm)

response speed of the blocking force with time. That is, with
the increase in the electrolyte thickness, there is a peak value
of the maximum displacement (10.3 mm) and the response
speed (0.057 mm/s) appearing at the thickness of 0.3 mm.
Thus, it is shown that the displacement value is largely attrib-
uted to the stiffness of the electrolyte layer, and a thick elec-
trolyte film has bad flexibility, which obviously restrains the
deflection.

The main reason for the bending force increasing with the
thickness can be explained from different aspects. From the
perspective of internal ion movement, the increase in thick-
ness will change the internal impedance. The larger thick-
nesses of the C-polymer actuator are accompanied by better

internal conductive properties, which lead to improved con-
duction velocities of movement ions. At the same time, this
problem can be explained from the aspect of electromechan-
ical energy density. The energy density of the active phase will
stay the same, and more materials will generate a larger
response.

However, with the increase in the thickness of the C-
polymer actuator, the response speed of the output force in-
creases after the first drop. The main reasons can be explained
from the perspective of mechanics analysis. Through bending
deformation, the C-polymer actuator touches the force sensor,
and the output force is tested. During the bending process,
certain internal stress constraints need to be overcome.
When the membrane thickness is small, the surface stress
constraints of the C-polymer are small enough to overcome,
and the response speed of the output force presents an increasing
trend. When the membrane thickness is increased to a certain
value, the output force is not enough to overcome its own stress
constraint, and the response speed presents a reducing tendency.

By using (equation (1)), the measured displacement (8) is
transformed into a strain difference (&) between the two elec-
trode layers on the assumption that the cross-sections are
planes at any position along the actuator, and there is no dis-
tortion of the cross-sections. Figure 8(a) shows the generated
strains (¢) for various thicknesses of the electrolyte layer at the
applied direct current of 5 V. After processing, the maximum
strain differences (¢) of the polymer-supported C-polymer ac-
tuator with various thicknesses of the electrolyte layer (1—
0.1 mm, 2-0.2 mm, 3-0.3 mm, 4-0.5 mm, 5-0.7 mm, 6—
0.9 mm, and 7-1.1 mm) are presented in Fig. 8(b). At the
same time, an initial growing and then reducing trend is ob-
served, and a peak strain difference (0.493%) appears for the
thickness of 0.3 mm. Although the strain values seem to be
very small, the effects on the electromechanical properties are
remarkable. Thus, it is considered that the thickness factors are
important in the generated strain of the C-polymer actuator.
The experimental results show that the values of the strain are
weak and keep within 0.5%. Also, an optimum point exists for
the membrane layer thickness of 0.3 mm. This shows that
large strain changes are observed on the surface of the C-
polymer actuator under large deflection deformation. It can
be considered that the displacement corresponds to the change
in strain. Therefore, an optimum point exists for the generated
strain and displacement.

C-polymer Actuator with Various Thicknesses
of the Electrode Film

After the testing methods, the CV curves of various thicknesses
of the electrode layer (0.15 mm, 0.2 mm, and 0.25 mm) at a
sweep rate of 50 mV/s and voltage of 0.5 V ~ 0.5 V are
presented in Fig. 9(a). Here, the content ratio of MCNTs and
chitosan of the electrode layer is selected as 3:2. An increasing
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Fig. 8 (a) the curves of'the strain difference (¢) of the polymer-supported
C-polymer actuator under the applied voltage of 5 V. (b) the maximum
strain difference (&) of polymer-supported C-polymer actuator under
various thickness electrolyte layer (1-0.1 mm, 2-0.2 mm, 3-0.3 mm,
4-0.5 mm, 5-0.7 mm, 6-0.9 mm, 7-1.1 mm)

trend is observed with the increase in thickness in the electrode
film. The specific capacitance and capacitance of the C-
polymer electrode with different thicknesses (0.15 mm,
0.2 mm, and 0.25 mm) are shown in Fig. 9(b). It is clear that
the curves of the specific capacitance and capacitance both
exhibit a linear increase. Clearly, the specific capacitance and
capacitance at the electrode film thickness of 0.25 mm are 1.23
times and 3.64 times greater, respectively, than that of the
0.15 mm thick film. It is clear that the thickness of the electrode
layer has a great influence on its capacitance value. Therefore, a
larger thickness of the electrode layer, which causes a large
capacitance, is beneficial for electronic storage.

The reasons of the increased thickness of the electrode
layer enhancing the capacitance of the device can be explained
as follows. With the increase in the thickness of the electrode
layer, the amount of the conductive agent of multi-walled

Fig. 9 (a) CV curves under various thickness of the electrode layer
(0.15 mm, 0.2 mm, 0.25 mm), at sweep rate of 50 mV/s and voltage of
—0.5 V-0.5 V. (60% MCNTs) (b) Dependence of the capacitance of C-
polymer electrode under different thickness (0.15 mm, 0.2 mm, 0.25 mm)

carbon nanotubes (MCNTS) is also increased. MCNTs exhibit
fragmented distribution in the electrode layer. Its larger content
produces a greater internal clutter dispersion of the electrode
layer. The interior capacitance of the electrode layer depends on
the specific surface area. A more disorderly dispersion of the
electrode layer can generate a larger specific surface area. This
greatly improves the efficiency of the conductive electrode
layer.

Figure 10 shows the alternating current (Ac) impedance
curves for thicknesses of 0.15 mm, 0.2 mm, and 0.25 mm.
The signal amplitude is set as 5 mV, and the frequency is in the
range of 100 KHz ~ 10 MHz. An equivalent circuit model
involving the resistance and capacitance is applied to calculate
the resistance value. As seen in Fig. 10(a), in the equivalent
circuit model, R, is regarded as the solution resistance, and Cq4
is the double-layer capacitance, while R, is seen as the resis-
tance for transferring the charges. When the frequency tends
to infinity, the capacitors for high frequency hindering can
approximately approach zero, and the measured value of R,
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the resistance of the C-polymer actuator electrode layer (0.15 mm,
0.2 mm, 0.25 mm)

can be treated as the system resistance, which is regarded as
the resistance of the electrode film. Moreover, when the fre-
quency approaches zero, the measured resistance value is the
sum of R, and R..

The charge transfer resistance R, and the electrode resis-
tance R; are both shown in Fig. 10(b). The electrode resistance
R, decreases with increasing thickness of the electrode layer.
On the contrary, the charge transfer resistance R, increases
with increasing thickness of the electrode layer. For different
thicknesses of the electrode film, i.e., 0.15 mm, 0.2 mm, and
0.25 mm, the electrode resistance R; is 13.1 2, 11.7 2, and 9.8
Q, respectively, while the charge transfer resistance R, is
281.3 2, 443.8 €, and 532.6 (2, respectively. The resistance
R, for a thickness of 0.25 mm is 1.34 times smaller than that
for a thickness of 0.15 mm. We can consider that the effects of
the changing resistance are significant.

Figure 11 shows the blocking force changing with time for
various thicknesses of 0.15 mm, 0.2 mm, and 0.25 mm. It is
clearly discovered that the blocking force increases with

SEM

0f 0.25 mm of the C-polymer actuator is 5.00 times larger than
that for the thickness of 0.15 mm. Obviously, increasing the
thickness of the electrode layer will generate an enhancement
of the blocking force and the response speed.

Figure 12(b) shows the curves of the maximum displace-
ment value and the response speed at thicknesses of 0.15 mm,
0.2 mm, and 0.25 mm. It can be found that with increasing
thickness of the electrode layer, the maximum displacement
value and the response speed of the C-polymer actuator are
6.04 times and 20.00 times smaller than that for the thickness
of 0.15 mm, respectively. We can observe that the effects on
the displacement of the electrode layer with various thick-
nesses are obviously larger than those on the blocking force.
Therefore, we acknowledge that the output blocking force can
be improved to some extent, while the flexibility properties
of the electrode layer are very significant for increasing the
displacement value.

Similar to the methods of the electrolyte layer above, the
measured displacement (8) under various thicknesses of the
electrode layer is transformed into the strain difference (¢)
between two electrode layers. Figure 13 shows the generated
strains (¢) of the electrode layer with various thicknesses at the
applied direct current of 5 V. The generated strain values under
various thicknesses of 0.15 mm, 0.2 mm, and 0.25 mm are
0.59%, 0.36%, and 0.12%, respectively. Obviously, the gen-
erated strain of 0.15 mm thickness is 4.92 times greater than
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Fig. 12 (a) the maximum blocking force value and the response speed
under various thicknesses of electrode layer (0.15 mm, 0.2 mm,
0.25 mm). (b) the maximum displacement value and the response speed
under various thickness of electrode layer (0.15 mm, 0.2 mm, 0.25 mm)

that of 0.25 mm thickness. Therefore, this means that the
increasing thickness of the electrode layer is against the strain
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Fig. 13 the strain difference under various thickness of electrode layer
(0.15 mm, 0.2 mm, 0.25 mm)

difference on the electrode surface due to the growing stiffness
of the electrode layer.

Efficiency of the C-polymer Actuator with Various
Thicknesses of the Electrode Film

To further study the effects of various thicknesses of the
electrode layer (0.15 mm, 0.2 mm, and 0.25 mm), the elec-
tromechanical energy efficiency is obtained by using the
CV curves at a sweep rate of 50 mV/s and voltage of
—0.5 V ~ 0.5 Vin Fig. 9(a). According to Jung et al. [8],
the electromechanical efficiency of a C-polymer actuator
can be defined as:

_ TC-polymer
Einput

<J§ ép@2 (x)dx> (IOT (27f ) cos? (27rfext)dt) (62,,““) ™)
- AE jyput

2
—-C (i max)

E input

where C is a constant for all actuators. Ej,, is the
dissipated electrical input energy, andd,,..is the maxi-
mum tip displacement, which are given by the following
equations.

F‘ _ Einput _ .[() l(t)V(t)d[
input A A
1/.fex (8)
i(t) .
= | 2 VinpueSin(27f . t)dt

0o A

where A, i, v, T, f.., and V,,,,, are the area of electrode,
measured current, input voltage, period, frequency, and
voltage input, respectively. The kinetic energy stored in
the C-polymer actuators for a cycle can be computed
from the following equation:

] 2
IHp p(LW(W’t)) dxdt

- TC— olymer 03 dt
TC-pol = PO 9
-polymer ) A 9)

where p and w(x, f) are the equivalent density per length
and the transverse displacement, respectively. Thus, the
separation of variables can be expressed by a mode shape
of a cantilever beam, &(x), and the time-dependent func-
tion, f{t) [34]. Moreover, w(x,t) can be further calculated as
w(x, 1) = 0()f(1) = 6,3, P(x) SIN2TS o 1).
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Table 1

Electromechanical energy efficiency of C-polymer actuator at sweep rate of 50 mV/s and voltage of —0.5 V ~ 0.5 V

Membrane thickness(mm) Electrical input energy

Maximum tip displacement Specific electromechanical

density Empm (mJ/mm?) Omax (MmM) energy efficiency rate
Electrolyte layer Electrode layer
0.3000 0.1500 0.9436 13.3000 1.0000
0.3000 0.2000 2.1445 7.1000 0.1254
0.3000 0.2500 34313 2.2000 0.0995
0.8000 0.1500 0.0600 5.9000 2.8135
1.3000 0.1500 0.0858 1.7000 0.1797

Here, the electromechanical energy efficiency of the C-
polymer actuator with various thicknesses of the electrode
layer can be defined in the following form:

various-thickness 77"6” ious-thickness

’]7 =
6various—thickness 2
_ max
- 0.15mm
5max

Actually, a larger tip displacement means the generation
of'a much higher kinetic energy in the oscillating cantilever
actuator, and a higher kinetic energy requires external work
from the electrical input. Thus, the dissipated electrical
input energy densities of our C-polymer actuator can be
calculated by using (equation (7)), which will be the same
as the area of the curves in Fig. 9(a). The maximum dis-
placement of the C-polymer actuator with various mem-
brane thicknesses and the values of the electrical input
energy per unit area are listed in Table 1.

As shown in Table 1, the electromechanical energy ef-
ficiency of the C-polymer actuator with various thick-
nesses of the electrode layer and the electrolyte layer ob-
viously decreases in the current conditions. Based on the
electromechanical energy efficiency of the C-polymer ac-
tuator with a fixed thickness of 0.3 mm for the electrolyte
layer and 0.15 mm for the electrode layer, the specific
electromechanical energy efficiency of the C-polymer ac-
tuator with different thicknesses is studied. With the in-
crease in the thickness of the electrode layer, the specific
electromechanical energy efficiency shows a declining
trend. Due to the smaller thickness of the electrode layer,
the surface strain is small. The increase in the thickness of
the C-polymer actuator can improve the conductive effi-
ciency of the electrode layer. Therefore, it can significantly
reduce the energy consumption of the C-polymer actuator.
On the other hand, with the increase in thickness of the
electrolyte layer, the specific electromechanical energy ef-
ficiency presents a rise after falling. With the increase in
thickness of the electrolyte layer, the conductive efficiency
of the internal ions is enhanced. However, for larger thicknesses

0.15mm

__0.15mm

E (10)
input

_ various-thickness

input

SEM

of the electrolyte layer, large energy consumption for the C-
polymer actuator is required to overcome its internal stress.
With the increase in the electrolyte layer thickness, the C-
polymer actuator becomes a capacitor, and the energy dissipa-
tion is stored. Thus, there is a reduced energy consumption of
the electromechanical energy efficiency.

Conclusions

In summary, a highly biocompatible polymer actuator,
which consisted of multi-walled carbon nanotube
(MCNT) film as the double electrode layer and an electro-
lyte layer equipped with a chitosan polymer skeleton and
ionic liquid was developed. In this manuscript, the electro-
mechanical properties of the C-polymer actuator, involving
the blocking force, displacement, generated strain, and re-
sponse speed, obviously depended on the various thick-
nesses of the electrode layer and the electrolyte layer.
From the analysis of cyclic voltammetry (CV) and alter-
nating current (AC), we explained the electromechanical
properties of the C-polymer actuator, and the thickness
factors can dramatically affect the electrochemical param-
eters, such as the resistance and the capacitance.
Furthermore, the generated strain of the 0.15 mm thick film
(59%) was 4.92 times greater than that of the 0.25 mm
thick film, which was against the strain difference on the
electrode surface due to the growing stiffness of the elec-
trode layer. More importantly, the electromechanical ener-
gy efficiency results demonstrated that the thicknesses of
the electrode layer and the electrolyte layer will cause the
dissipation of electric energy, and our actuator exhibited
excellent electromechanical energy efficiency under a high
electrical conductivity of the electrode layer, which can
enhance the specific electromechanical energy up to
9.95%.
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