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Abstract: High-performance electroactive polymer actuators with large bending, fast response,
and high durability have gained attention in the development of micromanipulators and multi-
functional bionic soft robots. Herein, we developed high-performance electroactive soft actua-
tors fabricated with ultrathin free-standing microfibrillated cellulose (MFC)-reinforced poly(3,4-
ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT/PSS) with multi-walled carbon nan-
otube (MWCNT)-doped composite electrode films and ion-exchange Nafion membranes by a hot-
pressing method. The prepared PEDOT/PSS-MFC-MWCNT electrodes have good film-forming
properties with a Young’s modulus of 448 MPa and an electrical conductivity of 75 S/cm. The
proposed PEDOT/PSS-MFC-MWCNT/Nafion soft actuators have a sustained peak displacement of
2.1 mm and a long-term cyclic stability of 94% with no degradation over 1 h at 1.0 V, 0.1 Hz. Further-
more, we fabricated soft micro-grippers based on the actuators for mimicking actual finger actions
for grasping, pointing, and counting, which introduces new possibilities for the next-generation
development of micromanipulators and bionic soft robotics.

Keywords: electroactive soft actuator; PEDOT/PSS electrode; self-standing film; microfibrillated
cellulose; high-performance actuation properties; micro-grippers

1. Introduction

Multifunctional microrobots hold great promise for micromanipulation applications
such as single-cell manipulation and surgery procedures, targeted therapy, and drug re-
lease [1–5]. In targeted therapy, microrobots can be designed to deliver medication directly
to the site of the disease, enhancing treatment efficacy and minimizing side effects by
reducing the dosage required and avoiding the exposure of healthy tissues to the thera-
peutic agents. Moreover, the controlled release of drugs can be achieved with microrobots,
allowing for a more precise temporal and spatial management of the drug administration.

Generally, micro-operating soft robot systems require efficient active components,
specifically actuators, to achieve precise and efficient movements. Ionic electroactive
polymers (IEAPs) are advanced intelligent materials that exhibit the unique property
of deformation in response to electrical stimulation. The IEAP actuators are potential
candidates for active components in microrobots due to their softness, large bending, fast
response, and low operating voltages (<5 V) [6–9].

A common example of IEAP is an ionic polymer metal composite (IPMC), which has
a sandwich structure with an intermediate ion-exchange membrane (e.g., Nafion, PVDF-
g-PSS) and chemically plated metal electrodes (e.g., Pt, Pd, Ag, Au) on both sides [10–19].
The bending deformation of IPMC is caused by the migration of internally hydrated
cations under the action of the excitation voltage [20]. The IPMC with high deformability
and low density can highly mimic the movement patterns and properties of biological
muscle tissues [21–25], offering promising prospects for applications in bionics, artificial
muscles, sensors, biomedical engineering, and soft robotics [26–33]. However, IPMC
electrodes treated with electroless plating are prone to issues including rough surfaces,
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poor adhesion, multiple repeated plating, and time-consuming preparation, which thus
negatively impact the charging efficiency and reduce the electromechanical properties of
IPMC actuators. Thus, the fabrication of flexible electrode films with high conductivity,
superior film-forming capabilities, high water-retaining capacity, and strong adhesion
with an ion-exchange layer is essential for the advancement of high-performance IEAP
soft actuators.

The commercially available flexible electrodes named poly(3,4-ethylenedioxythiophene)/
poly(4-styrenesulfonic acid) (PEDOT/PSS) are an ideal conductive polymer. Since PE-
DOT/PSS electrodes possess excellent conductivity, flexibility, high electrochemical stability,
and processing simplicity [34–38], recent studies have developed IEAP actuators based on
PEDOT/PSS electrodes via drop-casting [39], dip-casting [40,41], spin-coating [42,43], and
hot-pressing methods [44,45]. However, the drop or dip casting method is susceptible to
generating uneven electrode surfaces. The spin coating produces waste because the solution
is easily flung out of the coating, and it is challenging to control the film thickness during
high-speed spinning. The self-standing electrode film needed for hot pressing is not easily
formed by the commercially available PEDOT/PSS solution.

The natural green cellulose known as microfibrillated cellulose (MFC) has drawn
a lot of scientific interest owing to its dense network structure, hydrophilicity, nontoxic,
renewable nature, and biocompatibility [46,47]. Microfibrillated cellulose can be considered
a reinforcing material for the PEDOT/PSS electrode to improve the film-forming properties
and water-retaining capacity. Multi-walled carbon nanotubes (MWCNTs) with a large
aspect ratio and high electrical conductivity can be used as nano-reinforcements to improve
mechanical properties and electrical conductivities of PEDOT/PSS electrodes. [48–51].

Here, we introduce advanced sandwich-structure ionic electroactive polymer actuators
based on free-standing MFC-reinforced MWCNT-doped PEDOT/PSS composite electrode
films and Nafion membranes by a hot-pressing method (Figure 1). The addition of MFC
with a dense network structure and high specific surface to the PEDOT/PSS electrode could
improve the contact surface between the electrode film and Nafion film via hot-pressing,
which is beneficial to increasing the interface adhesion. Furthermore, the hydrophilic MFC
has a high capacity for retaining water, which further supports the long-term actuation
performance of the ionic actuator. In addition, MFC has a biodegradable nature and com-
patibility, and the development of eco-friendly MFC-reinforced PEDOT/PSS biocomposite-
based ionic actuators with high performance remains a meaningful challenge. Our study
aims to leverage the inherent benefits of MFC and MWCNT to enhance the performance
of PEDOT/PSS electrode film for developing advanced ionic actuators. In our work, the
proposed PEDOT/PSS-MFC-MWCNT actuator was assessed in terms of its morphologies,
chemical structures, thermal stability, mechanical properties, electrical conductivity, and
electromechanical actuation characteristics with various electrical inputs (voltages: ±0.5,
±1, ±1.5, ±2, and ±3.0 V; frequencies:1, 0.5, 0.3, and 0.1 Hz). Additionally, we evaluated
the impacts of the addition of MFC and MWCNT on PEDOT/PSS electrode membranes.
Finally, we demonstrated the actuators’ prospective application as soft micro-grippers for
mimicking actual finger actions for grasping, pointing, and counting actions, which creates
new possibilities for the next-generation development of flexible manipulators and bionic
soft robotics.



Actuators 2024, 13, 200 3 of 14

Actuators 2024, 13, x FOR PEER REVIEW 3 of 19 
 

 

addition, MFC has a biodegradable nature and compatibility, and the development of eco-friendly MFC-reinforced 
PEDOT/PSS biocomposite-based ionic actuators with high performance remains a meaningful challenge. Our study 
aims to leverage the inherent benefits of MFC and MWCNT to enhance the performance of PEDOT/PSS electrode 
film for developing advanced ionic actuators. In our work, the proposed PEDOT/PSS-MFC-MWCNT actuator was 
assessed in terms of its morphologies, chemical structures, thermal stability, mechanical properties, electrical 
conductivity, and electromechanical actuation characteristics with various electrical inputs (voltages: ±0.5, ±1, ±1.5, 
±2, and ±3.0 V; frequencies:1, 0.5, 0.3, and 0.1 Hz). Additionally, we evaluated the impacts of the addition of MFC 
and MWCNT on PEDOT/PSS electrode membranes. Finally, we demonstrated the actuators’ prospective 
application as soft micro-grippers for mimicking actual finger actions for grasping, pointing, and counting actions, 
which creates new possibilities for the next-generation development of flexible manipulators and bionic soft 
robotics.  

 

Figure 1. Development of the PEDOT/PSS-MFC-MWCNT actuator. (a) Chemical structures of MFC, PEDOT/PSS, 
and MWCNT. (b) A self-supported PEDOT/PSS-MFC-MWCNT electrode film. (c) Hot-pressed three-layer 

PEDOT/PSS-MFC-MWCNT/Nafion actuator. (d) Ionic soft actuator’s working principle. 

Figure 1. Development of the PEDOT/PSS-MFC-MWCNT actuator. (a) Chemical structures of
MFC, PEDOT/PSS, and MWCNT. (b) A self-supported PEDOT/PSS-MFC-MWCNT electrode film.
(c) Hot-pressed three-layer PEDOT/PSS-MFC-MWCNT/Nafion actuator. (d) Ionic soft actuator’s
working principle.

2. Experimental Section
2.1. Materials

Aqueous PEDOT/PSS dispersion (CLEVIOS™ F ET, viscosity: 20–80 mPa·s at 20 ◦C,
solids content: 3.0–4.0%) from Heraeus was utilized as a conductive electrode. Micro-
fibrillated cellulose (MFC, 2%, diameter: 0.1–1.0 µm, PH: 7–8, Guilin Qihong Tech Co., Ltd.,
Guilin, China) dispersion was employed as reinforcement. Multi-walled carbon nanotube
(MWCNT, length: 0.5–2 µm, diameter: <8 nm) was provided by XFNANO Tech Co., Ltd.,
Nanjing, China. Polyethylene glycol monoallyl ether (PEGM, n = approx.20) was used
as a surfactant additive produced by Tokyo Chemical Industry Co., Ltd., Tokyo, Japan.
Ion-exchange Nafion N212 film (thickness: 50 µm) was supplied by DuPont.

2.2. Development of PEDOT/PSS-MFC-MWCNT Electrode Film

First, 10 g MFC paste with 40 g water were mixed together. Then, 20 g PEDOTPSS and
1wt% PEGM were introduced to the mixture while stirring for 30 min. Secondly, 0.005 g
MWCNT was added to the PEDOT/PSS-MFC electrode dispersion and stirred at 700 rpm
for 8 h. Subsequently, the composite was subjected to sonication for 1 h to effectively
disperse the MWCNTs throughout the matrix. Following this, the PEDOT/PSS-MFC-
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MWCNT composite dispersion was vacuum-degassed for 30 min to remove air bubbles.
Finally, the composite dispersion was cast onto a polytetrafluoroethylene evaporation
dish (Ø 100 mm) and heated at 65 ◦C for 10 h to obtain a self-supported PEDOT/PSS-
MFC-MWCNT electrode film with a thickness of 35 µm (Figure 1a,b).

2.3. Fabrication of the PEDOT/PSS-MFC-MWCNT Actuator

The ionic electronic soft actuator was fabricated with an ion-exchanged Nafion-N212
film sandwiched between two prepared self-supporting PEDOT/PSS-MFC-MWCNT elec-
trode films by a hot press (ST-15YP, Kunshan Lugong Precision Instrument Co., Ltd.,
Kunshan, China) under 70 ◦C for 5 min with a pressure of 20 MPa (Figure 1c). Ultimately, a
105 µm thick hot-pressed PEDOT/PSS-MFC-MWCNT/Nafion soft actuator was obtained
and then sliced into 40 mm long and 5 mm wide strips.

2.4. Characterization

In order to investigate the characterization of the prepared samples, the morphological
properties were analyzed by a GeminiSEM 500 Field Emission Scanning Electron Microscope
(FE-SEM, manufactured by Carl Zeiss, Oberkochen, Germany) under an acceleration voltage
of 2 kV. A cross-section of the three-layer PEDOT/PSS-MFC-MWCNT /Nafion actuator was
produced through a freeze-fracture technique under liquid nitrogen. The chemical interaction
and crystallinity were analyzed by a Nicolet iS20 Fourier transform infrared spectroscopy (FT-
IR) with a broad wavelength range of 500–4000 cm−1 and a D8 discover X-ray diffractometer
(XRD, Bruker AXS Co., Billerica, MA., USA) using Cu Kα radiation (λ = 1.5418 Å) with a
scan rate of 0.02◦ in the range of 5–80◦. The thermal stability was measured by a TG209F3
Thermogravimetric Analyzer (TGA, Netzsch Co., Selb, Germany) with a temperature range of
30–600 ◦C in a nitrogen atmosphere condition, while the tensile properties were measured
from a tensile tester (QT-6203A) with a tensile rate of 10 mm min–1. The electrical conductivity
was assessed using a ST2258C four-point probe.

The actuator bending displacement testing system, as shown in Figure 2, includes a
laser displacement sensor (IL-300, Keyence Co., Osaka, Japan), a power amplifier (FPA2000,
Feel Tech Co., Zhengzhou, China), a signal generator (33500B, Keysight Tech Co., Santa
Rosa, CA., USA), a data acquisition system (NI Pxle1078, National Instruments Co., Texas,
TX, USA), and a computer monitor. In this experiment, the prepared actuator was fastened
to a beam by clamping a 5 mm length off its upper end. The actuator length in operation
was 35 mm. Kelvin clips were used to clip the copper electrodes and connect the device to
the test system. The actuator strip was subjected to alternating sinusoidal voltages (±0.5,
±1, ±1.5, and ±2 V) and frequencies (1, 0.5, 0.3, and 0.1 Hz). The laser displacement sensor
was used to record the tested actuator’s electromechanical deformation simultaneously.
Moreover, the bending strain ε was determined with the equation: ε = 2dt/(d2 + l2), where
d, t, and l stand for peak displacement, thickness, and free length, respectively.
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3. Results and Discussion
3.1. Scanning Electron Microscope

The morphologies of MFC, PEDOT/PSS-MFC, and PEDOT/PSS-MFC-MWCNT film
were evaluated by FE-SEM. Figure 3a,d show the morphologies of the prepared MFC
film with a natural dense microfibrous network structure. MFC-reinforced PEDOT/PSS
electrode films have a comparatively homogeneous surface with microfibrous structures
(Figure 3b,e). Following doping with MWCNT containing nanopore structures (Figure 3c,f),
the PEDOT/PSS-MFC-MWCNT electrode surface displays a relatively uniform distribution
without significant particle aggregation, and the locations in the composite where MWCNTs
may be incorporated are marked with circles. Figure 3g–i show the cross-sectional SEM
images of the hot-pressed PEDOT/PSS-MFC-MWCNT actuator with a sandwich struc-
ture. Importantly, the composite electrode films attached well to the Nafion film without
delamination. A densification interface layer is clearly visible in Figure 3i resulting from
the solidification and mutual compression caused by heating and pressure. Additionally,
using a hot-pressing method, the microfibre surface of the PEDOT/PSS-MFC-MWCNT
electrode has a porous and dense structure that improves adhesion and allows for a large
bonding area with Nafion. In this case, a strong interface adhesion is essential to enhance
the electromechanical characteristics of the actuator.
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cross-section. (i) Interface adhesion between electrode film and Nafion film via hot-pressing.

3.2. Thermogravimetric Analyzer

Figure 4a shows the thermal stability of the obtained PEDOT/PSS-MFC-MWCNT
actuators. The first weight loss occurs from 30 to 200 ◦C owing to the evaporation of water,
while the second (200–350 ◦C) significant weight fall is related to the decomposition of
PSS and the main-chain degradation of MFC. The three stages (350–600 ◦C) are attributed
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to the breakdown of the main backbone PEDOT conjugated systems and the elimination
of residual MFC molecular chains. The thermogravimetric analyzer shows that there is
no observable chemical degradation of the PEDOT/PSS-MFC-MWCNT actuator for the
preparation conditions (drying at 65 ◦C for 10 h and hot-pressing at 70 ◦C for 5 min).
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3.3. Fourier Transform Infrared Spectroscopy

In order to confirm the interactions and chemical structures between MFC, MWCNT,
and PEDOT/PSS, FT-IR spectra of PEDOT/PSS, MFC, MWCNT, MFC-PEDOT/PSS, and
PEDOT/PSS-MFC-MWCNT were investigated in Figure 4b. The characteristic peaks of
MFC at 3326, 2869, 1329, and 1029 cm−1 were attributed to O-H stretching, C-H stretching,
and vibrational wobble of CH2 and -CO groups, respectively [52,53]. The absorption peaks
of PEDOT/PSS at 3242, 1640, 1029, and 952 cm−1 are O-H stretching, C-C bonding in
thiophene ring, C-O-C bending, and C-S-C stretching vibration, respectively [54]. More
obvious characteristic peaks of MFC-reinforced PEDOT/PSS films at 2869 and 1645 cm−1

are observed, attributed to C-H stretching and the presence of C-C bonds in the thiophene
ring. Two new characteristic peaks occurred at 1641 and 1163 cm−1 after the addition of
MWCNT because of the O-H and C-O-C stretching vibrations of the aromatic C=C. The
FT-IR analyses illustrate the strong interactions and chemical crosslinking of PEDOT/PSS,
MFC, and MWCNT.
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3.4. X-ray Diffractometer

The XRD in Figure 4c shows that MFC and MWCNT significantly impacted the crys-
tallinity of PEDOT/PSS. The MFC shows typical features of cellulose I structure. The
characteristic peaks of MFC at 2θ = 16.1◦ and 22.6◦ correspond to characteristic diffraction
peaks in the (110) and (200) planes, respectively [55]. The diffraction peak at 2θ = 22.6◦ rises
significantly following the addition of high crystallinity MFC in PEDOT/PSS electrode
compared with pure PEDOT/PSS. Furthermore, the peak of PEDOT/PSS-MFC doped with
MWCNT appears at 2θ = 43.4◦due to the characteristic diffraction peak of MWCNT in the
(100) plane [56]. Moreover, the crystallinities of the samples were calculated using the crys-
tallization index (CI): CI = (Imax - Imin)/Imax, where Imax is the maximum peak intensity and
Imin is the minimum peak intensity. The crystallinity of MFC, PEDOT/PSS, PEDOT/PSS-
MFC, and PEDOT/PSS-MFC-MWCNT was 60%, 43%, 55%, and 53%, respectively. The
crystallinity of MFC with the addition of PEDOT/PSS and MWCNT decreased significantly
due to the strong interaction and crosslinking between PEDOT/PSS, MFC, and MWCNT,
which suggests that the crystallinity of the electrode film was discernibly impacted by the
MFC and MWCNT.

3.5. Tensile Testing

Figure 4d shows the mechanical properties of the prepared PEDOT/PSS-MFC and
PEDOT/PSS-MFC-MWCNT electrode films. The Young’s modulus of the MFC-reinforced
PEDOT/PSS electrode film is 310 MPa. After doping with MWCNT, the PEDOT/PSS-MFC-
MWCNT electrode film displays a higher Young’s modulus of 448 MPa. The self-supporting
PEDOT/PSS-MFC-MWCNT composite electrode films with higher mechanical strength
and good film-forming capabilities are beneficial for the actuator’s actuation performances,
as confirmed in the Section 3.6.

3.6. Electromechanical Characteristics

We evaluated the electromechanical characteristics of the prepared actuators in Figure 5.
Figure 5a shows the actuation properties of the PEDOT/PSS-MFC and PEDOT/PSS-MFC-
MWCNT actuators under an alternating sinusoidal voltage of ±1.0 V and a frequency
of 0.1 Hz. The initial deformation slope and corresponding vertex displacement of the
MWCNT-doped actuator are substantially higher than that without MWCNT. Specifically,
in Figure 5b,c, the MWCNT-doped actuator displays a larger bending displacement under
a given electric field. Similar results were observed in Figure 5d; the top displacement
of the PEDOT/PSS-MFC-MWCNT actuator reached 4.6 mm at a direct current voltage
of 1.0 V, while that of the PEDOT/PSS-MFC actuator measured 3.5 mm. The addition
of MWCNT with nanopore structures and high conductivity to the PEDOT/PSS-MFC
electrode improves the electrode’s available surface area for charge storage. Additionally,
the conductivity of PEDOT/PSS-MFC film increases from an initial value of 33 S/cm to
over 75 S/cm upon doping with MWCNT. To some extent, it enhances the actuator’s
electrical conductivity and charging efficiency, which is beneficial to the electromechanical
characteristics of the actuator.

The evaluation of the PEDOT/PSS-MFC-MWCNT actuators’ actuation properties in a
range of electrical inputs is presented in Figure 5e–i. The actuation displacement obviously
increases as the applied voltage grows under a constant frequency of 0.1 Hz (Figure 5e).
The vertex displacement at 0.5, 1.0, 1.5, and 2.0 V were 1.1, 2.1, 2.8, and 3.3 mm, respectively.
A capacitor-type ionic actuator’s actuation mechanism states (Figure 1d) that an increase in
voltage causes a corresponding rise in the charge generated on the electrode. Accompanied
by more hydrated cations in the Nafion flow to the cathode, it results in increased expansion
and bending. Figure 5f,g show the peak displacement of the actuator increases from 0.2 to
2.1 mm as the frequency drops from 1 to 0.1 Hz at a constant voltage of 1.0 V because a
lower frequency allows more time for the actuator bending.
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More importantly, the actuation repeatability and durability are crucial characteris-
tics for evaluating the electromechanical performances of the actuators. Figure 5h shows
the PEDOT/PSS-MFC-MWCNT/Nafion actuator driving deformation with three sets of
measurements at a sinusoidal voltage of ±1.0 V and a frequency of 0.1 Hz. Outstanding re-
peatability is verified by a high, consistent bending displacement of 2.1 ± 0.1 mm. Moreover,
the peak displacement of the actuator as a function of actuation time is shown in Figure 5i.
The PEDOT/PSS-MFC-MWCNT/Nafion actuator has a sustained vertex displacement of
2.1 mm and a long-term cyclic stability of 94% without any deterioration across 360 cycles,
which is attributed to the PEDOT/PSS-MFC-MWCNT composite electrode membrane’s
efficient charge transport ability, excellent film-forming electrodes, a high water-retaining
capacity of hydrophilic MFC, high electrical conductivity with stretchability, and strong
adhesion with Nafion via hot-pressing.
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Furthermore, we comprehensively compared the actuation performances and fabrication
methods of the proposed PEDOT/PSS-MFC-MWCNT/Nafion actuators with previously reported
ionic soft actuators, as illustrated in Figure 6 and Table 1 [17–19,24,25,31–33,37,38,41,43,45,50].
However, the previously reported ionic actuators demonstrated low actuation performances
with peak displacements not exceeding 4.0 mm and bending strains less than 0.07%. These
limitations were primarily due to poor deformation capacity, weak interfacial adhesion, and
insufficient water retention of the polyelectrolyte films. Moreover, the fabrication process
was identified as a pivotal factor influencing the actuation performance. In contrast to the
typically reported dip-coated, sputter-coated, or plated ionic actuators, the hot-pressed
PEDOT/PSS-MFC-MWCNT actuators showed higher actuation characteristics. Specifically,
the PEDOT/PSS-MFC-MWCNT actuators achieved a significantly higher bending strain
of 0.076% at an applied voltage of 2.0 V and a frequency of 0.1 Hz, along with a peak
displacement of 3.3 mm. The high-performance actuators can be attributed to several
factors. The free-standing PEDOT/PSS-MFC- MWCNT electrode films offer excellent
film-forming properties. The hydrophilic nature of MFC contributes to its exceptional
water retention capacity, which is crucial for long-lasting and stability ionic actuation.
High electrical conductivity and a large aspect ratio of MWCNTs, combined with its fast
charge capability, contribute to the actuator’s response. Besides, the strong interactions
and crosslinking of MFC, MWCNT, and PEDOT/PSS facilitate ion migration within the
composite electrode, leading to the enhanced actuation performances. Furthermore, the
hot-pressing method used in fabrication significantly enhances interfacial adhesion. The
incorporation of MFC and MWCNT with a dense network structure and high specific
surface further improves the contact surface between the PEDOT/PSS-MFC-MWCNT
electrode film and Nafion film, leading to increased interface adhesion and, consequently, a
more efficient and durable actuator.
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Figure 6. Comparative studies of the PEDOT/PSS-MFC-MWCNT actuator with the reported ionic
actuators including N-SGO-2 [17], Nafion [18], BC-LiCl [19], CA-EMIBF4 [24], EMIBF4-Nafion [25],
CBC-EMIMBF4 [31], CA-Fullerenol [32], CA/PVDF-IL-AFGNPS [33], CA/PVDF-IL [33], FDBC-
EMIMCL [37], MAPTAC [38], BC-EMIMBF4 [41], TOBC-EMIMBF4 [41], PDADMAC [43], PVDF-
EMIBF4 [45], MWCNT-Cellulose [50].
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Table 1. Comparative studies of the PEDOT/PSS-MFC-MWCNT actuator with the reported ionic ac-
tuators.

Ionic
Membrane Electrode Fabrication

Method
Thickness

(mm)

Peak
Displacement

(mm)

Bending Strain
(%) Reference

Nafion PEDOT/PSS-
MFC-MWCNT Hot-pressing 0.105 3.3 0.076

(2 V, 0.1 Hz) This study

Nafion PEDOT/PSS-
MFC-MWCNT Hot-pressing 0.105 2.8 0.065

(1.5 V, 0.1 Hz) This study

Nafion PEDOT/PSS-
MFC-MWCNT Hot-pressing 0.105 2.1 0.049

(1.0 V, 0.1 Hz) This study

Nafion PEDOT/PSS-
MFC-MWCNT Hot-pressing 0.105 1.1 0.026

(0.5 V, 0.1 Hz) This study

N-SGO-2 Pt Plating 0.130 0.1 0.0065
(3 V) [17]

Nafion Au Thermal
evaporation 0.183 4.0 0.0016

(3 V, 0.25 Hz) [18]

BC-LiCl Au Sputter coating 0.04 0.1 0.0009
(2 V, 0.5 Hz) [19]

CA-EMIMBF4 PEDOT/PSS Dip-coating 0.15 0.7 0.023
(1 V, 0.1 Hz) [24]

CA-EMIMBF4 PEDOT/PSS Dip-coating 0.15 1.5 0.049
(2 V, 0.1 Hz) [24]

EMIBF4
Nafion-117 HLrGOP Hot-pressing 0.2 1.0 0.044

(3 V, 0.1 Hz) [25]

CBC-EMIMBF4 PEDOT/PSS Dip-coating 0.08 0.7 0.012
(0.5 V, 0.1 Hz) [31]

CBC-EMIMBF4 PEDOT/PSS Dip-coating 0.08 2.7 0.048
(2 V, 0.1 Hz) [31]

CA-Fullerenol Au Deposition 0.1 0.46 0.01
(3 V, 0.1 Hz) [32]

CA/PVDF-IL PEDOT/PSS Dip-casting 0.15 2.2 0.072
(2 V, 0.1 Hz) [33]

CA/PVDF-IL-
AFGNPS(0.15) PEDOT/PSS Dip-casting 0.07 1.3 0.059

(3 V, 0.1 Hz) [33]

FDBC-EMIMCl PEDOT/PSS Dip-coating 1.4 0.1 0.014
(1 V, 0.1 Hz) [37]

FDBC-EMIMCl PEDOT/PSS Dip-coating 1.4 0.4 0.055
(2 V, 0.1 Hz) [37]

MAPTAC PEDOT/PSS Spin-coating 0.036 2.2 0.039
(1.5 V, 1 Hz) [38]

BC-EMIMBF4 PEDOT/PSS Dip-casting 0.15 0.8 0.027
(1 V, 0.1 Hz) [41]

TOBC-
EMIMBF4 PEDOT/PSS Dip-casting 0.15 1.2 0.039

(1 V, 0.1 Hz) [41]

PDADMAC PEDOT/PSS Spin-coating 0.048 2.9 0.03
(1.5 V, 1 Hz) [43]

PVDF- EMIBF4 MWCNT Hot-pressing 0.13 0.5 0.021
(2 V, 0.1 Hz) [45]

MWCNT-
Cellulose Au Plating 0.015 1.5 0.003

(3 V, 1 Hz) [50]

4. Applications

The promising applications of the PEDOT/PSS-MFC-MWCNT actuators in mimicking
actual finger actions are presented in Figure 7. The bionic finger grasping and counting
action is similar to that of actual fingers. A bionic gripper based on two actuators is shown
in Figure 7a (Movie S1). The bionic gripper was capable of smoothly transferring a tiny
sponge weighing 12 mg from position “a” to position “b” when applying voltages of
±2.0 V, which demonstrates the actuator-based bionic gripper’s ability to effectively grasp
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and finely manipulate an object in a small, constrained space. More interestingly, Figure 7b
shows a biomimetic finger with five actuators for pointing and counting (Movie S2). The
bionic fingers were fabricated with five PEDOT/PSS-MFC-MWCNT actuators to achieve
counting from “2” to “5”. The finger counting characteristics of real fingers are simulated by
switching the applied square wave voltage of 4 V to control the corresponding finger flexion
and extension. Overall, the proposed PEDOT/PSS-MFC-MWCNT actuator demonstrates
the great possibility of realizing the grasping, pointing, and counting actions of bionic
fingers within a small or narrow space, which opens new possibilities for next-generation
flexible manipulators and biomimetic soft robots or for using as effective active devices in
micro-electromechanical systems.
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tiny sponge from disk “A” to disk “B”. (b) Simulated actual fingers with five prepared actuators to
achieve pointing and counting.

5. Conclusions

Herein, we developed advanced ionic electroactive soft actuators fabricated with
free-standing MFC-reinforced MWCNT-doped PEDOT/PSS electrode films and a Nafion
ion-exchange film via a hot-pressing method. We analyzed the prepared composite mem-
branes’ morphology, chemical structure, crystallinity, mechanical properties, thermal stabil-
ities, electrical conductivity, and electromechanical actuation characteristics with various
electrical inputs (voltages: ±0.5, ±1, ±1.5, ±2, and ±3.0 V; frequencies: 1, 0.5, 0.3, and
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0.1 Hz). The PEDOT/PSS-MFC-MWCNT film had high mechanical properties with a
Young’s modulus of 448 MPa and a high electrical conductivity of 75 S/cm. The obtained
PEDOT/PSS-MFC-MWCNT/Nafion actuators have a peak displacement of 2.1 mm at an
applied voltage of 1.0 V, a frequency of 0.1 Hz, and a long-term cyclic stability of 94% with
no degradation across 360 cycles due to the good film-forming PEDOT/PSS-MFC -MWCNT
electrode, high electrical conductivity with stretchability, high hydrophilic MFC with ex-
cellent water retaining capacity, and strong interfacial adhesion between the composite
electrodes and Nafion film via hot-pressing. Furthermore, we further verified the actuator’s
potential applications as bionic fingers for grasping, pointing, and counting actions, which
opens up new possibilities for next-generation micromanipulators and bionic soft robotics.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/act13060200/s1. Movie S1. A bionic gripper based on two PEDOT/PSS-
MFC-MWCNT actuators is capable of smoothly transferring a tiny sponge from position “A” to position
“B”. Movie S2. A biomimetic finger with five PEDOT/PSS-MFC-MWCNT actuators for pointing and
counting from “2” to “5”.
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