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Human-friendly electronic products, such as smart mobile phones, soft haptic devices, wearable electron-
ics, and implantable or disposal biomedical devices, will require the use of high-performance durable
soft electroactive actuators with eco-friendly, biocompatible, and biodegradable functionalities. Here,
we report a high-fidelity bioelectronic muscular actuator based on porous carboxylate bacterial cellu-
lose (CBC) membranes fabricated using the facile zinc oxide (ZnO) particulate leaching (PL) method. The
proposed CZ-PL muscular actuator exhibits large deformation, low actuation voltage, fast response, and

gz‘_’?fg_fély high-durability in open air environment. In particular, the CZ-PL membrane shows a dramatic increase
Actuator in the ionic liquid uptake ratio, ionic exchange capacity, and ionic conductivity of up to 70.63%, 22.50%,
Porous and 18.2%, respectively, for CBC, resulting in a 5.8 times larger bending deformation than that of the

pure CBC actuator. The developed high-performance CZ-PL muscular actuator can be a promising candi-
date for meeting the tight requirements of human-friendly electronic devices such as wearable devices,
biomimetic robots, and biomedical active devices.

Carboxylate bacterial cellulose

© 2017 Elsevier B.V. All rights reserved.

1. INTRODUCTION

Electroactive polymer (EAP) actuators have received great
attention because of their biomimetic actuation, relatively large
bending deformation, low operating voltage, flexibility, and
relatively low cost [1-5]. Furthermore, high-performance EAP
actuators with eco-friendly, biocompatible, and biodegradable
functionalities have been considered to be promising candidates for
human-friendly electronics, including wearable electronics, flex-
ible haptic devices, smart mobile phones, braille displays, and
biomedical devices [6-10]. To meet these requirements of green
electronics, a promising method is to develop high-performance
EAP actuators based on naturally abundant biopolymers such
as cellulose acetate, silk, chitosan, plant cellulose, and bacterial
cellulose. However, the cellulose-based EAP actuators exhibit rela-
tively low actuation performance according to the open literature
[11-16]. Therefore, the development of high-performance durable
EAP actuators based on cellulose is highly desirable.
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N A AL m A s la i A AN T r~NTS A~

As a special kind of cellulose, bacterial cellulose (BC) is produced
by several types of bacteria [17]. Although it has a molecular struc-
ture similar to that of natural cellulose, BC has higher purity and
crystallinity, higher water holding capability and ionic exchange
capacity (IEC), better mechanical properties, and no lignin or hemi-
cellulose. BC is essentially composed of cellulose microfibrils with
hydrogen bonding among the BC molecules, which are attributed
to the presence of a large number of -OH radicals on the BC chains.
These factors cause the BC fibers to aggregate and entangle tightly,
resulting in a compound that is insoluble to all common solvents,
including water. Therefore, BC-based electroactive soft actuators
still exhibit low actuation performances due to their weak electro-
chemical activities [15,16,18].

Recently, many researchers have succeeded in the fabrica-
tion of homogenous BC dispersions by treating conventional BC
using the 2,2,6,6-tetramethylpiperidine-l-oxyl radical (TEMPO)-
mediated oxidation method [19-22]. The carboxylic groups are
selectively oxidized on the surface of BC nanofibers, allow-
ing the homogenous dispersion of individual BC nanofibers in
water because of the electrostatic repulsion among the negatively
charged carboxylate ions. These characteristics of the carboxy-
late BC (CBC) offer great potential for many applications, such as
flexible films, strong materials, highly active nanohybrid catalysts,
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and electrodes for energy devices [23,24]. More interesting, the
carboxylic groups of CBC nanofibers can act as proton donators
and ion exchange sites, and can greatly contribute to enhance-
ments in the ionic liquid uptake and electrochemical activities.
According to these unique properties, our group recently devel-
oped an ionic EAP actuator based on the CBC membrane and an
ionic liquid, which showed better actuation performance than
those of BC-based actuators [25]. However, the designed actuator
still demonstrated relatively low actuation performance compared
with other synthetic ionic EAP actuators because of lower IEC
and ionic conductivity [25], which inspired us to further develop
high-performance durable CBC-based actuators with superior elec-
trochemical properties.

To achieve this goal, we newly fabricated porous CBC mem-
branes using the zinc oxide (ZnO) particulate leaching (PL)
method. The proposed CBC porous membrane demonstrated
superior electro-chemo-mechanical properties with improved
IEC and ionic conductivity, and tuned mechanical properties,
which facilitated fast and easy ion transport inside the mem-
brane matrix. In addition, ZnO is bio-safe and biocompatible,
and can be used for biomedical applications [26,27]. This means
that the use of ZnO does not affect the biological properties
of BC. In this study, we developed a high-fidelity bioelec-
tronic muscular actuator based on eco-friendly CBC porous
membrane, flexible-nonmetallic conducting polymer poly(3,4-
ethylenedioxythiopene)-polystyrenesulfonate (PEDOT:PSS)
[28,29], and ionic liquid (1-Ethyl-3-methylimidazolium tetrafluo-
roborate, [EMIM][BF4]) as a plasticizer [30-32], thereby achieving
a high-performance actuator with a large bending deformation,
low actuation voltage, quick response, and excellent actuation
durability. The large bending deformation of this actuator was
attributed to the enhanced electrochemical properties, tuned
mechanical properties, and the electrochemical doping processes
at the nonmetallic flexible PEDOT:PSS electrode layers. The total
actuation mechanism of the actuator was due to the synergistic
effects of the ion migration of ionic liquids within the porous
CBC membrane and the electrochemical doping process of the
PEDOT:PSS electrode layers.

2. EXPERIMENTAL SECTION
2.1. Preparation of the BC pellicles and CBC dispersions

The preparation process of the BC pellicles was reported in our
previous works [16,18]. In brief, BC was cultivated using the Aceto-
bacter xylinum KJ1 as the BC producer and the Glu-Fruc medium as
the BC production medium. After incubating at 30 °C for 10 days, the
BC pellicles were obtained from the BC production culture. The BC
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pellicles were then treated with sodium hydroxide solution (NaOH,
0.1 M) to lyse the bacteria and washed with deionized water several
times.

CBC dispersions were prepared using the TEMPO-mediated
oxidation method, according to our previous reports [24,25,33].
Briefly, BC pellicles (1.0g) were suspended in 100 mL deion-
ized water containing sodium bromide (NaBr, 0.1g, 1 mM) and
TEMPO (0.016 g, 0.1 mM) under gentle agitation at room temper-
ature. Thereafter, sodium hypochlorite solution (12% NaClO, 3.1 g,
5.0 mM) was added to the suspension. The pH of the mixture was
maintained at 10.5 by employing a 0.5 M sodium hydroxide (NaOH)
solution. The oxidation reaction was quenched after 2 h. Then, the
pH of the resulting suspension was adjusted to 7 by adding 0.5 M
hydrochloricacid (HCI) solution. The CBC products were thoroughly
filtered using deionized water. Finally, the CBC dispersion was
obtained by adding 0.5 g of the CBC products into 100 mL deionized
water under gentle stirring.

2.2. Preparation of the porous CZ-PL membranes

The porous CBC membranes were prepared using the PL method,
as shown in Scheme 1. Zinc oxide nanoparticles (ZnO, 10 and
20 wt%, about 14 nm nanoparticle diameter) were added to the sta-
ble CBC dispersion (50 mg/10 ml), respectively, and were sonicated
for 2 h to obtain homogenous dispersions. Then, the CBC-ZnO dis-
persions were poured into casting molds and dried at 65°Cfor 10 h
in a vacuum oven, when the CBC-ZnO (10 and 20 wt%) compos-
ite membranes were obtained. To remove the ZnO nanoparticles
inside the membranes, the CBC-ZnO composite membranes were
immersed in a 0.2 M HCl solution for 4 h. After these membranes
were soaked in deionized water for 10 h and dried at 60 °C for 2 hin
a vacuum oven, porous CBC membranes were finally obtained. In
addition, the porous BC membranes were also fabricated by adding
ZnO nanoparticles to the viscous and gel-like BC dispersions and
then using the PL method. The as-prepared membranes, pure BC
membrane, pure CBC membrane, CBC-ZnO (10 and 20 wt%) com-
posite membranes, and BC-ZnO (10 and 20 wt%) and CBC-ZnO (10
and 20 wt%) composite membranes after PL method were denoted
as BC, CBC, CZ10, CZ20, BZ10-PL, BZ20-PL, CZ10-PL, and CZ20-PL.

2.3. Preparation of the CZ-PL actuators

The CZ-PL actuators were fabricated by depositing highly con-
ductive PEDOT:PSS layers on both the top and bottom surfaces
of the CZ-PL membranes using a simple dip-coating method. To
embed ionic liquids into membranes, the BC, BZ20-PL, CBC, CZ10-
PL, and CZ20-PL membranes were soaked in the ionic liquid
(JEMIM][BF4]) for 12 h. After drying at 65°C for 6h in a vacuum

Scheme 1. Fabrication of the CZ-PL muscular actuator with the nonmetallic flexible PEDOT:PSS as an electrode.
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oven, the membranes with absorbed ionic liquid were immersed
into the PEDOT:PSS solution for 5 min; these membranes were then
dried at 60°C for 3 h in a vacuum oven. Finally, the CZ-PL actuators
were obtained as shown in Scheme 1. The as-prepared actuators
were cut to dimensions of 5 mm x 40 mm x 0.10 mm.

2.4. Materials characterization

Field emission scanning electron microscope (FE-SEM) images
for the pure CBC, CZ20, and CZ20-PL membranes were recorded
using a JSM-7500F (JEOL Co.). The Fourier transform-near-infrared
(FT-IR) spectra were investigated using a FT-IR spectrometer (Spec-
trum 400, PerkinElmer Co.). To confirm the chemical compositions
of the membrane samples, surface analysis was performed by
employing a high resolution X-ray photoelectron spectroscopy
(XPS) (ESCA, VG Multilab 2000 system, UK). X-ray diffraction
(XRD) of the membranes was investigated using an X'Pert PRO
multi-purpose diffractometer (PANalytical Co.). The surface area
and pore size distribution were measured through the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses
using a surface area analyzer (ASAP2020, Micromeritics). The
tensile strength and Young’s modulus of the membranes were
measured by a universal testing machine (AGS-X+250, Shimadzu
Corp.), and the testing speed was 10mmmin~—!. The membrane
samples were cut into a rectangular shape and their cross-sectional
areas were determined prior to testing with a micrometer. The
gauge length between the grips was 10 mm. Three samples of a
membrane were used for the mechanical test.

Ionic liquid (IL) uptake values were measured based on the mass
difference between the dried samples and the samples with the
absorbed ionic liquid. lonic exchange capacity (IEC) of the mem-
brane samples was determined from the conventional titration
method. Three samples of a membrane with a fixed weight were
immersed in 1M NaCl solution for 24 h. Later, the solution was
titrated using a 0.01 M NaOH solution. Finally, the IEC values were
calculated using the following equation:

VNaon(ml) x molarity of NaOH
- o (1
where Vyioy and W are the volume of NaOH and the weight of
membranes, respectively.

The ionic conductivity of the membranes was determined using
an impedance analyzer (VersaSTAT 3 potentiostat/galvanostat)
over the frequency range 10 MHz to 100Hz under a maximum
voltage of 0.1V. Three samples of a membrane of 1.0cm x 1.0cm
size and an ECC-Std electrochemical cell were used. The ionic con-
ductivities were determined according to the following equation:
o=LJ(R x A),where o (Scm~1)is the ionic conductivity; L(cm)and A
(cm?) are the thickness and surface area of the membrane samples;
R(L2)istheionicresistance, whichis calculated from low-frequency
intercept of the impedance with the real axis. The specific capaci-
tances (Fcm~2) of the CZ-PL muscular actuators were determined
from cyclic voltammetry CV) curves by using the following equa-
tion:

IEC

Vo
Specific capacitance (chfz)zﬁ/ 1dv (2)
S/,

where AV (V), v (mVs~1), and S (cm?) are the potential window,
scan rate, and surface area of the membrane samples, respectively.
CV was carried out on a VersaSTAT 3 potentiostat/galvanostat with
a two-electrode system.

2.5. Electromechanical characterization

The electromechanical responses including displacement and
blocking force of the CZ-PL muscular actuators were tested by a
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Fig. 1. Illustration of the actuation mechanism of the CZ-PL muscular actuator.

laser displacement sensor (OFV-2510, Polytec Co.) and a load cell
(TMO-2, Transducer Techniques Co.) in the test setups, which con-
sisted of a DAQ (SCB-68, National Instruments), PXI 6252 data
acquisition board, and current amplifier (UPM1503, Quanser), as
shown in Fig. S1. All the data were obtained by an NI-PXI sys-
tem by employing the LabView program. Actuators with a size of
5 mm x 40 mm were clamped at one end using about 5 mm x 5 mm
area. The displacement (§) of the actuator was measured at a posi-
tion 5 mm away from the tip point. The free length (L) of the actuator
was 30 mm. The measured displacement was transformed into the
generated strain (&) using the following equation [34]:

e 2t x$§
L2+

where §, t, and L are the half of the peak to peak displacement,
thickness, and free length of the actuator, respectively.

(3)

3. RESULTS AND DISCUSSION
3.1. Actuation mechanism

The structure of the CZ-PL actuator is shown in Fig. 1. There are
three layers in the structure. The two out layers are the nonmetal-
lic flexible PEDOT:PSS electrode layers and the middle layer is the
CZ-PL membrane containing ionic liquid. The mechanism of actua-
tion in conducting polymer actuators is known as doping/dedoping
processes according to the electrochemical redox reaction [2,3,35].
Briefly, when an excitation voltage is applied to the PEDOT:PSS elec-
trode layers, the potential difference between the electrode layers
leads to the formation of PEDOT*PSS~ ion pairs by an electrochem-
ical doping process and causes the absorption of the cations (i.e.,
EMIM*) or anions (i.e., BF4~) of the ionic liquids into the electrode
layer and to the ejection of counter ions from the other layer, as
shown in Egs. (1) and (2) [18,22,24]. Therefore, the bending defor-
mation of the CZ-PL actuator is due to the differential expansion of
the PEDOT:PSS electrode layer resulting from the electrochemical
doping process of the PEDOT:PSS layer, and the bending direction
is the same as the ionic migration within the CZ-PL membrane.
In the anode electrode, the electrochemical reduction occurs as
showninEq.(1).The PEDOT:PSS electrode layer consists of p-doped
PEDOT* and PSS~ oligomer chain. The PEDOT* networks provide
the conduction path, and the PEDOT" is reduced to the neutral state
(PSS9) by the electron transfer into the PEDOT:PSS layer. Simulta-
neously, the dissociated cations (EMIM*) obtained from ionic liquid
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Fig. 2. FE-SEM images: (a—c) surface images of the pure CBC, CZ20, and CZ20-PL membranes, (d) magnified surface image of the CZ20-PL membrane, (e) surface image of the
CZ20-PL membrane with ionic liquid, (f) cross-sectional image of the CZ20-PL muscular actuator.

(JEMIM][BF4]) engages in ionic bonding with PSS—, which produce
a large of quantity of swelling at the anode. Also, in the cathode
electrode, the electrochemical oxidation occurs as shown Eq. (2).
The anions (BF4~) obtained from ionic liquid bind ionically with
PEDOT" cations. The PSS~ is oxidized to the neutral state (PSS?) by
anion injection into the PEDOT:PSS layer. Moreover, the molecular
size of the anions (BF4~) is smaller than that of the cations (EMIM™*),
indicating the bending direction of the actuation mechanism of the
CZ-PL actuator. Thus, the total actuation mechanism of the actuator
includes the electrochemical doping at the PEDOT:PSS layers and
migration of ionic liquids inside the porous CZ-PL membrane under
an electric field.

PEDOT™ : PSS"™ + mEMIM™' + me~ < PEDOT("™)
+: PSS(™™- 4 mPEDOT® + m(EMIM* : PSS™) (1)
PEDOT™ : PSS"™ +mBF,~ PEDOT("™* . pssn-m"

+mPSS° + m(PEDOT" : BF;~) + me~ (2)

3.2. FE-SEM

FE-SEM was used to investigate the surface and cross-sectional
morphologies of the pure CBC, CZ20, CZ20-PL, and CZ20-PL with
ionic liquid, as shown in Fig. 2. The CBC membrane has a fibrous
structure composed of ultrafine BC nanofibers (Fig. 1a). As shown
in Fig. S2a, after TEMPO treatment, the characteristic peaks of
CBC were the same as the pure BC. However, an absorption peak
occurred at 16041, indicating the presence of the carboxylic group
in the bacterial cellulose. ZnO nanoparticles were clearly observed
in the SEM images of CZ20 (Fig. 2b). As illustrated in Fig. 2c and
2d, the CZ20-PL membrane exhibited a highly porous structure
in comparison with the pure CBC membrane, because the ZnO
nanoparticles were dissolved by the PL method and changed into
pores. The highly porous structure of the CZ20-PL membrane leads
to superior electro-chemical properties such as improved IL uptake
ratio, IEC, and ionic conductivity. As seen in Fig. 2e, the IL was dis-
persed well in the CZ20-PL membrane. The reasons include the
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Fig. 3. (a) XRD curves and (b) XPS spectra of the pure CBC, CZ, and CZ-PL membranes.

following: i) hydrophilicity of the carboxylic groups of CZ20-PL; ii)
ionic interaction between the IL and the carboxylic groups of CZ20-
PL. Furthermore, the ionic interactions are confirmed by the FT-IR.
One characteristic peak of the CZ20-PL membrane with IL appeared
at the 1611 cm~!, indicating the ionic interaction between the IL
and carboxylic groups of the CZ20-PL, as seen in Fig. S2b. Fig. 2f
shows the cross-sectional images of the CZ20-PL muscular actua-
tor. The PEDOT:PSS electrode of this actuator is well bonded to the
surface of CZ20-PL membrane without any delamination, which
plays an important role in achieving high-performance durable
ionic polymer actuators.

3.3. XRD and XPS

XRD results of the pure CBC, CZ, and CZ-PL membranes con-
firm that ZnO nanoparticles were clearly removed by using the
PL method, as illustrated in Fig. 3a. The pure CBC membrane dis-
played three characteristic peaks at 26=14.6°, 16.8°, and 22.7°,
which were assigned to the (110), (110) and (220) diffraction
planes of cellulose I, respectively [36]. The CZ10 and CZ20 mem-
branes showed additional characteristic peaks at 20 values of 31.8°,
34.6°, 36.3°, 47.5°, 56.7°, 63.1°, 68.2°, and 69.3° that were associ-
ated with the (100), (002), (101),(102),(110),(103), (200),
and (11 2) diffraction planes, respectively, resulting from the addi-
tion of ZnO nanoparticles [37]. However, in the case of the CZ10-PL
and CZ20-PL membranes, the characteristic peaks were the same as
those of the pure CBC membrane, indicating that ZnO nanoparticles
were completely removed through the PL method.

Furthermore, analyses of the XPS spectra prove that the ZnO
nanoparticles in the CBC membranes could be removed using the
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PL method, as shown in Fig. 3b. The characteristic peaks of the pure
CBC membrane appeared at 285.5 and 532 eV, which corresponded
to C 1s and O 1s, respectively. Compared with the pure CBC mem-
brane, the CZ10 and CZ20 membranes exhibited two additional
peaks at 1019.5 and 1042 eV attributed to Zn 2p;; and Zn 2p3,,
respectively, indicating that ZnO nanoparticles were present in the
CZ membranes [38]. For CZ10-PL and CZ20-PL membranes, there
were no characteristic peaks of ZnO nanoparticles, which demon-
strated that we could successfully remove ZnO nanoparticles using
the PL method. Therefore, XRD and XPS analysis results verify
that ZnO nanoparticles in the CBC membranes were completely
removed by the PL method, and the CZ-PL membranes maintained
the characteristic features of the CBC membranes.

3.4. Porosity

The porous structure of CZ20-PL membranes was studied using
the BET and BJH analyses, as shown in Fig. 4. The CZ20-PL mem-
brane exhibited the typical N, adsorption-desorption curve for
porous materials (Fig. 4a). The surface area and total pore vol-
ume of the CZ20-PL membrane were found to be 45.18 m2g!
and 0.21cm3 g1, respectively; however, for the pure CBC mem-
brane, the corresponding values were 3.29 m2 g~ ! and0.01 cm3 g1,
respectively [39]. The larger surface area and total pore volume
of the CZ20-PL membrane compared to those of the pure CBC
membrane were because the ZnO nanoparticles within the CZ20
membrane matrix were clearly removed using the PL method. In
addition, there is a sharp N, uptake, indicating the well formation
of meso- and macrospores. Furthermore, the pore size distributions
of the pure CBC and CZ20-PL membranes are shown in Fig. 4b. It is
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Fig. 4. (a) N, adsorption-desorption isotherms of the pure CBC and CZ20-PL membranes, (b) pore size distribution for the pure CBC and CZ20-PL membranes at 0-200 nm

and 0-40 nm.
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Fig. 5. Stress-strain curves of the pure CBC, CZ10-PL, and CZ20-PL membranes.

observed that the pore size distribution over the range between
4 and 40nm increased. This is because the ZnO nanoparticles
with different sizes were dissolved by the PL method. In addition,
another reason for this pore size distribution may be attributed to
ZnO nanoparticles not uniformly dispersed in the CBC membrane.
The results of the porosity of the CZ20-PL membrane were con-
sistent with those of the FE-SEM analysis. In addition, the highly
porous structure of the CZ20-PL membrane facilitates ion trans-
port within the membrane, thus leading to high-performance ionic
polymer actuators.

3.5. Tensile test

The mechanical properties including the tensile strength and
Young’s modulus of the CZ-PL membranes have a significant effect
on the actuation performance and the blocking force of the ionic
polymer actuators. Fig. 5 shows the typical stress-strain curves of
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the pure CBC, CZ10-PL, and CZ20-PL membranes, and a compari-
son of their mechanical properties is shown in Table 1. According
toTable 1, the tensile strength and Young’s modulus of the pure CBC
membrane were 34.61 MPa and 0.42 GPa, respectively, whereas
they were 27.26 MPa and 0.32 GPa, respectively, for the CZ20-PL
membrane. In particular, the proposed CZ20-PL membrane exhib-
ited asuperior elongation (up to 17.43%), which is better than that of
the pure CBC membrane. These results demonstrate that the CZ20-
PL membrane has a smaller tensile strength and Young’s modulus
than those of the pure CBC membrane. The main reason for this
is attributed to the higher porous structure of the CZ20-PL mem-
brane using the PL method. The lower stiffness of the proposed
membrane is expected to enhance the bending deformation of the
CZ20-PL actuators [16].

3.6. Electrochemical properties

The electrochemical properties of the membranes play a crucial
role in evaluating the actuation performance of the ionic poly-
mer actuators. Table 1 shows the electrochemical properties that
include IL uptake ratio, IEC, and ionic conductivity of the pure CBC,
CZ10-PL, and CZ20-PL membrane. As showninTable 1, the IL uptake
ratios of the three membranes were calculated to be 31.24% (CBC),
52.71% (CZ10-PL), and 70.63% (CZ20-PL), respectively. Among the
three membranes, the CZ20-PL membrane had the highest IEC
and ionic conductivity, up to 2.23 meq.g~! and 2.08 x 10-3Scm™!,
respectively. However, for the pure CBC membrane, the corre-
sponding values are just 1.82meq.g~! and 1.76 x 10-3Scm™1,
respectively. The experimental results indicate that the proposed
CZ-PL membranes have enhanced electrochemical properties, such
as IL uptake ratio, IEC, and ionic conductivity compared with the
pure CBC membrane, resulting from the higher porous structure of
the CZ-PL membranes. These characteristics can facilitate ion trans-
port within the CZ-PL membranes, thus providing the capability of
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Fig. 6. Actuation performances of the CZ-PL muscular actuators: (a) harmonic responses under a sinusoidal excitation of 1.0V at 0.1 Hz, (b) harmonic responses of the BC
and BZ20-PL actuator under 1.0V at 0.1 Hz, (c) current responses, (d) peak displacement under various frequencies.
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Table 1
Electro-chemo-mechanical properties of the CZ-PL membranes.
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Membrane IL uptake ratio (%) IEC [meq.g'] Tonic conductivity [scm™'] Young’s modulus [GPa] Tensile strength [Mpa] Elongation at break [%]
BC - 1.11+£0.01 (7.904+0.07) x 10> 291+0.12 274.12+9.52 12.97+0.14
CBC 31.24+0.62 1.82+0.02 (1.76+0.03) x 103 0.42 +0.06 34.61+0.27 16.17+0.04
CZ10-PL 52.71+£0.91 1.95+0.02 (1.93+0.02)x 103 0.37+0.03 29.80+£0.08 16.58 £0.07
CZ20-PL 70.63 +£1.43 2.23+0.03 (2.08+0.04) x 103 0.32+0.04 27.26£0.10 17.43+0.06
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Fig. 7. (a) peak-to-peak displacement at different voltages and (b) step responses of the CZ-PL actuator, (c) specific capacitance of the CZ-PL actuator under various voltages
at a scan rate of 100mVs~', and (d) CV curves of the CZ-PL actuator under different scan rates.

improving the electromechanical performances of ionic polymer
actuators.

3.7. Electromechanical performances

To evaluate the electromechanical performances of the CZ-PL
muscular actuators in air, various electrical input signals were
applied to their electrode layers. Fig. 6a shows the bending dis-
placements of the actuators under sinusoidal voltages of +£1.0V
with a frequency of 0.1 Hz. The peak displacements of the CZ10-PL
and CZ20-PL actuators were up to 2.2 and +4.1 mm, respectively,
which were 3.14 times and 5.86 times than that of the CBC actu-
ator (£0.7 mm). Also, the response times of the CZ-PL actuators
were improved in comparison with those of the CBC actuator. As
illustrated in Fig. 6b, the CBC actuator exhibited relatively larger
displacement and faster response time compared with the pure BC
actuator, which was due to the enhanced electro-chemical prop-
erties, resulting from the presence of the carboxylic groups in BC
and the ionic interaction between IL and CBC. Also, the CZ20-PL
actuator showed better actuation performances than those of the
BZ20-PL actuator. The reason was mainly attributed to the CZ20-PL
membrane having a highly porous structure with uniform pores.
The highly porous structure facilitated ion transport within the
membrane, thereby offering the capability to improve the bending
actuation performances. Fig. 6¢ shows the current responses of the
CZ20-PL actuator under a sinusoidal excitation of 1.0V at 0.1 Hz,
and the peak current of the actuator was 3.8 mA. These results

demonstrate that the CZ-PL actuators show larger displacement
and faster responses than those of the pure BC, CBC, and BZ-PL actu-
ators, because of the higher IL uptake ratio, IEC, ionic conductivity,
and lower stiffness of CZ-PL membranes obtained through the PL
method. Moreover, the peak displacements of the actuators were
investigated under different frequencies such as, 0.1, 0.2, 0.5, 1, 2,
and 5 Hz, as shown in Fig. 6d. The actuation performances of the
CZ-PL actuators were much higher compared to the CBC actuator
at all frequencies. The inset graph in Fig. 6d exhibits the bend-
ing displacement of the CZ20-PL actuator at sinusoidal voltages of
+1.0V with various excitation frequencies. The displacement of the
actuator gradually increased as the excitation frequency decreased,
which was attributed to the presence of ionic liquids inside the
porous membrane that have sufficient time toward the electrode
layers.

As seen in Fig. 7a, the peak-to-peak displacements and strains
of the actuators were measured at sinusoidal voltages of +1.0V
and +2.0V with a frequency of 0.1 Hz. The peak displacement and
strain increased with the increment of the driving voltage. The
actuation performance of the actuators was greatly affected by the
driving voltage because of the high dependence of the mobility
of the ionic liquids on the electric field inside the porous CZ-PL
membrane. When the driving voltage was 2V, the strain of the
CZ20-PL actuator attained 0.28%, which is comparable to those
of IL/polyurethane/PEDOT:PSS actuator [35], IL/PVDF/PEDOT:PSS
actuator [40], and IL/carbon nanotube gel actuator [30]. Fig. 7b
shows the displacements of the actuators under a DC excitation of
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1.0 V. The maximum displacements of the CBC, CZ10-PL and CZ20-
PL actuators were 1.3, 4.2, and 5.4 mm, respectively, without the
presence of the back-relaxation phenomenon which is attributed
to the weakly polar carboxylic groups in the CBC matrix. The
enhanced bending displacements of the proposed CZ-PL actuator
were because of its superior electro-chemo-mechanical properties.
Furthermore, Fig. 7¢ and 7d exhibit the specific capacitance and
cyclic voltammetric (CV) of CZ-PL muscular actuators, respectively.
The measured specific capacitances of the CZ20-PL (46.25 mF cm~—2)
and CZ10-PL (36.83 mF cm~2) actuators are larger than that of the
pure CBC (21 mFcm~2) actuator under +2.0V peaks at a scan rate
of 100mV s~ (Fig. 7c). The larger specific capacitance means a bet-
ter charge accumulation and has an important role in realizing an
enhanced bending deformation of ionic polymer actuators. As seen
in Fig. 7d, the CV tests of the CZ20-PL actuator were performed
under various scan rates. The roughly rectangular shape of the CV
curve, i.e., capacitive hysteresis behavior, means the good charge
propagation within the porous CZ20-PL membrane.

Fig. 8a shows the optical images of the CZ20-PL actuator under a
sinusoidal voltage of 3.0V with a frequency of 0.1 Hz. The actuator
showed a large and symmetrical bending deformation accord-
ing to the sinusoidal voltage. Fig. 8b shows the large deformed
shapes of the CZ20-PL actuator under a DC excitation of 2.0V with-
out the presence of the back-relaxation phenomenon. A relatively
high performance and fast response of the muscular actuator were
observed. Also, the bending deformation of the actuator was steady
under the quasi-static excitation because of the effective migration
of ionic liquids inside the porous CZ-PL membrane. We found that
the CZ-PL muscular actuator showed a larger bending deformation
and faster response under various harmonic and step excitations
than those of the pure CBC actuator. The improved actuation per-
formance of the proposed CZ-PL actuator was because of its higher
IL uptake ratio, IEC, and ionic conductivity, and lower stiffness, all
of which resulted from the highly porous CZ-PL membrane by the
PL method. The actuation mechanism of the CZ-PL muscular actua-
tor was due to the synergistic effects of the electrochemical doping
at the PEDOT:PSS layers and migration of ionic liquids inside the
porous CZ-PL membrane under an electric field [24,25,39].

In addition, the actuation durability of the CZ20-PL muscular
actuator was evaluated under a sinusoidal voltage of £1.0V with
a frequency of 0.1 Hz, as illustrated in Fig. 9a. We found that this
actuator demonstrated a durable actuation performance without
an apparent decrease in the bending displacement during a sinu-
soidal excitation for 120 min. The excellent actuation durability
of the CZ20-PL actuator was attributed to its superior electro-
chemo-mechanical properties and the electrochemical doping at
the PEDOT:PSS layers. In addition, Fig. 9b shows the blocking force
of the three actuators under a DC voltage of 2.0 V. The CZ20-PL actu-
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Fig. 8. Electromechanically deformed shapes of the CZ20-PL muscular actuator
under (a) a sinusoidal excitation of 3.0V at 0.1 Hz and (b) a step excitation of 2.0 V.

ator demonstrated the highest blocking force, which was 1.72 times
more than that of the CBC actuator.

4. CONCLUSIONS

In summary, we have demonstrated a novel high-performance
durable muscular actuator, so called CZ-PL actuator, based on
porous CBC membrane, ionic liquid, and PEDOT:PSS electrode,
leading to superior electro-chemo-mechanical properties and actu-
ation performances. The proposed CZ20-PL membranes exhibited
an increased IL uptake ratio, IEC, and ionic conductivity of up
to 70.63%, 22.5%, and 18.2%, respectively, which facilitated easy
and fast ion transport within the membrane matrix, and therefore
resulted in CZ20-PL muscular actuators with large deformation,
fast response, low-actuation voltage, and high-durability. More-
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Fig. 9. (a) Actuation durability of the CZ20-PL muscular actuator under a sinusoidal excitation of 1.0V at 0.1 Hz, (b) blocking force of the CBC and CZ20-PL actuator.
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over, all used materials are naturally abundant, eco-friendly, and
low cost, thus these CZ-PL muscular actuators can be promising
candidates for wearable electronics, soft haptic devices, biomimetic
robots, and implantable or disposal biomedical devices that require
high-performance electroactive soft actuators with eco-friendly,
biocompatible, and biodegradable functionalities.
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