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A soluble conducting polymer composite with graphene oxide showed tunable actuation 

behavior under different voltages. 
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An effective route for the preparation of a processable, conducting polymer-functionalized graphene oxide for actuator applications is 
investigated. First, graphene oxide (GO) is covalently functionalized with a 3-thiophene acetic acid (TAA) monomer by esterification. 
Then, the TAA-functionalized GO is self-polymerized by chemical oxidative polymerization to yield poly(3-thiophene acetic acid)-
functionalized GO (GO-f-PTAA). Further, the GO-f-PTAA is also copolymerized with thiophene (Th) to yield GO-f-PTAA-co-PTh. The 10 

synthesis of GO-f-PTAA and GO-f-PTAA-co-PTh composites is confirmed by Fourier transform infrared, 1H-nuclear magnetic 
resonance, and X-ray photoelectron spectroscopies. The composites show better electrochemical properties than pure PTAA and superior 
solubility in organic solvents compared to pure GO. Using the soluble GO-f-PTAA and GO-f-PTAA-co-PTh composites, air-operable 
actuators are fabricated and their actuation performance is investigated. The copolymer-functionalized GO actuator exhibits good 
electroactive actuation behavior between 2 and 4 V, mainly because of the enhanced electrochemical performance of the composites, 15 

whereas the pure PTAA and GO-f-PTAA actuators do not show actuation under the applied voltage. The soluble conducting polymer-
functionalized graphene composites developed in this study have potential applications in the fabrication of actuators that can be 
operated in air.  
 

1 Introduction 20 

Electroactive polymers (EAPs) have received a great deal of 
attention in the last decade for their potential applications in 
biomimetic actuators, robots, and microelectromechanical 
systems.1 These polymers have many attractive features such as a 
low weight, low cost, flexibility, and the ability to undergo large 25 

deformation, especially as compared to conventional 
electromechanical ceramics and shape-memory alloys. Various 
types of EAPs, including dielectric elastomers, piezoelectric 
polymers, electrostrictives, ionic polymer metal composites, and 
conducting polymers, have been extensively researched.2-6 Of 30 

these materials, the conducting polymers are more attractive as 
actuator materials owing to their low voltage requirement for 
actuation, high strength, and large strain tolerance. However, the 
drawbacks of the existing state-of-the-art conducting polymers 
include their poor processability, which often makes actuator 35 

fabrication difficult.  
   Among the various types of conducting polymers, 
polythiophenes are well known for their potential applications in 
photovoltaic devices and field-effect transistors.7,8 
Polythiophenes with long and flexible side chains at the third 40 

position of the thiophene ring were found to be soluble in some 
organic solvents.9 In particular, the use of poly(3-thiophene acetic 
acid) (PTAA) with -COOH functional groups not only improves 
the processability of the polymer but also offers the utility of -
COOH groups for further functionalization.10 However, the 45 

electrical conductivity of PTAA is very low. For example, 

Mukherjee et al. reported a conductivity value of 1.02 × 10-8 
S/cm for pure PTAA synthesized by chemical oxidative 
polymerization, which is low for practical applications.11 
Recently, nanocarbon materials such as carbon nanotubes and 50 

graphene, which have excellent electrical and mechanical 
properties with large surface areas, have emerged as potential 
candidates for applications in actuators, transistors, and 
photovoltaic devices.12-17 The incorporation of nanocarbon 
materials as the filler in polymer nanocomposites could 55 

substantially enhance the crucial properties of the composites, 
offering an appropriate actuator material with the desired 
properties. Accordingly, a few researchers have already 
investigated nanocomposite-based actuators synthesized using the 
solution mixing method with graphene or graphene oxide (GO) as 60 

a nanofiller.18,19 Until now, the covalent functionalization 
approach, which is more effective for achieving effective 
dispersion of graphene in a polymer matrix, has been almost 
unexplored for actuator fabrication. 
   In order to develop soluble conducting polymers grafted to GO 65 

for use in high-performance dry-type actuators, we have explored 
processable thiophene-based GO composites produced using the 
covalent functionalization method. The soluble conducting 
polymer-functionalized GO in this study can afford high 
processability as well as good dispersion and enhanced electrical 70 

properties due to the covalent bonding of conducting polymer and 
GO. Using the soluble composites, we have fabricated air-
operable actuators with the polymer electrolyte as the electrolyte 
layer. The electro-chemomechanical properties as well as the 
structural features, thermal properties, and processability of 75 
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soluble conducting composites were investigated in this study. 

2 Experimental 

Materials 

GO was received from Nanoinnovo Technologies (Madrid, 
Spain), and 3-thiopheneacetic acid (TAA), N,N'-5 

dicyclohexylcarbodiimide (DCC), 4-dimetylaminopyridine 
(DMAP), poly(vinylidene fluoride) (PVDF), 
bis(trifluoromethane)sulfonamide lithium salt (LiTFSi), and N,N'-
dimethylformamide (DMF) were purchased from Sigma Aldrich, 
Korea. Ferric chloride was obtained from Samchun chemicals, 10 

Korea. Tetrahydrofuran (THF), methanol, and chloroform were 
purchased from SK chemicals, Korea.  
 

Covalent functionalization of graphene oxide with 3-
thiophene acetic acid monomer 15 

First, 200 mg of GO in 10 mL of DMF was sonicated with a bath-
type sonicator for 40 min to produce a homogeneous suspension 
of GO. Then, 1 g of TAA (7.0333 mmol) in 5 mL DMF was 
added to the GO suspension and stirred for further 30 min. A 
solution of DCC (1.4511 g, 7.0333 mmol) and DMAP (0.0855 g, 20 

0.700 mmol) in 4 mL of DMF was then charged into the 
GO/TAA suspension, and the reaction mixture was stirred for 4 
days under a nitrogen atmosphere at room temperature. After the 
completion of the esterification reaction, DMF was removed by 
filtration, and the resultant monomer-functionalized GO (GO-f-25 

TAA) was washed with plenty of DMF and methanol and dried at 
40 °C under vacuum.20 
 

Synthesis of poly(3-thiophene acetic acid)-functionalized GO 

(GO-f-PTAA)  30 

First, 100 mg of GO-f-TAA was sonicated in a 10 mL of dry 
chloroform for 30 min to produce a GO-f-TAA suspension. Then, 
40 mg of ferric chloride in 10 mL of chloroform was added the to 
GO-f-TAA suspension, and the reaction mixture was stirred at 
room temperature for 24 h to complete the chemical oxidative 35 

polymerization process. Excess chloroform was added to the 
reaction mixture, and the GO-f-PTAA was obtained after vacuum 
filtration and drying at 40 °C under vacuum. 
 

Synthesis of copolymer-functionalized GO (GO-f-PTAA-co-40 

PTh) 

First, 100 mg of GO-f-TAA was added to 10 mL of chloroform 
and sonicated for 30 min. To the resultant suspension, 40 mg of 
ferric chloride in 10 mL of chloroform was added. Then, 1.2 mL 
of thiophene (Th) was slowly injected to the reaction mixture and 45 

stirred for 24 h at room temperature under a nitrogen atmosphere. 
The reaction mixture was filtered, and the residue was dried at 40 
°C to obtain GO-f-PTAA-co-PTh. In addition, for comparative 
studies, pure PTAA was synthesized by chemical oxidative 
polymerization following the reported procedures.21 Briefly, 20 50 

mmol of anhydrous ferric chloride was dissolved in 15 mL of 
chloroform in a three-necked flask under a nitrogen atmosphere. 
Then, 5 mmol of the TAA monomer in 10 mL of chloroform 
solution was added slowly and stirred for 24 h at room 

temperature. The reaction mixture was filtered, washed with 55 

methanol, and then dried under vacuum to yield PTAA. 
 

Fabrication of air-operable conducting polymer actuator 

The actuator samples were composed of several layers: an Al 
bottom electrode/active layer/solid polymer electrolyte 60 

(SPE)/active layer/Al top electrode structure was prepared on a 
polyimide (PI) substrate cleaned in methanol and distilled water 
in an ultrasonic bath for 15 min (Fig. S1). Note that the active 
layer is GO-f-PTAA or GO-f-PTAA-co-PTh, and SPE represents 
the PVDF-LiTFSi electrolyte. Briefly, Al bottom electrodes with 65 

a thickness of 50 nm were thermally evaporated on the PI under a 
vacuum of 10−6 Torr at 1 Å/s with a patterned shadow mask. The 
active layer dispersed in DMF solution was spin-coated on the PI 
substrate at 1500 rpm for 60 sec, after which the SPE layer was 
spin-coated with different concentrations of LiTFSi (0.025 M, 70 

0.05 M, 0.1 M) using 10 wt% PVDF solution in DMF and dried 
under vacuum at 50 °C to remove the DMF. Then active layer 
was once again spin-coated on the SPE layer to complete the 
trilayer actuator configuration. Al top electrode lines with 
thicknesses of 50 nm were then finally deposited on the active 75 

layer by thermal evaporation with a deposition rate of 1 Å/s at a 
pressure of 10−6 Torr. The top electrode lines were aligned 
perpendicular to the bottom electrode lines to form 4 × 4 arrays of 
actuator cells with an active area of 5 × 5 mm2. 
 80 

Characterization 

Fourier transform infrared spectroscopic (FT-IR) studies were 
performed using a Jasco FT-IR 300E apparatus (Tokyo, Japan) 
with KBr as a standard. For SEM (FE-SEM, S-4300SE, Hitachi) 
measurements, the samples were prepared by spin-coating the 85 

nanocomposite solution (0.5 mg/mL in DMF) on a silicon wafer 
at 2000 rpm for 60 sec. High-resolution transmission electron 
microscopy (HR-TEM) images of the samples dispersed in THF 
solution and then dropped on 400 mesh copper grids with 
supporting carbon films were obtained using a JEM 2100 90 

instrument (JEOL). The nanostructures of spin coated samples 
(2000 rpm for 60 seconds) on silicon wafers were observed using 
tapping-mode atomic force microscopy (AFM) measurements 
(TM-AFM, Nanoscope IV Digital Instruments). The surface 
chemical composition of the GO and GO-f-TAA samples was 95 

measured by performing X-ray photoelectron spectroscopy (XPS, 
ESCSA 2000). The electrical conductivity of the samples was 
measured by a four-probe conductivity measurement apparatus 
(Jandel, Model RM3-AR) at room temperature. The 
thermogravimetric analysis of the samples was carried out using a 100 

TA Q50 thermal analyzer at a heating rate of 5 °C min-1 under a 
nitrogen atmosphere. The proton nuclear magnetic resonance (1H-
NMR) spectra were recorded by a 600 MHz NMR spectrometer 
with dimethyl sulfoxide-d6 as a solvent and tetramethylsilane as 
an internal standard. Cyclic voltammetry measurements were 105 

carried out using a three-electrode cell system (working electrode, 
counter electrode, and reference electrode) in order to study the 
electrochemical behaviour of the samples. Ag/AgCl, platinum 
sheet, and glassy carbon were used as the reference electrode, 
counter electrode, and working electrode, respectively. The 110 

working electrode was prepared by dropping and drying a 
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solution of the sample on a glassy carbon electrode. The 
electrolyte used in this study was 1 M sulphuric acid. All 
electrochemical measurements were carried out in a potential 
window from -0.2 V to 0.8 V with different scan rates (10 mV/s, 
20 mV/s, 50 mV/s, and 100 mV/s). 5 

3 Results and Discussion  

The synthesis of GO-f-PTAA and GO-f-PTAA-co-PTh was 
carried out in two steps, as shown in Scheme 1. In the first step, 
the monomer was grafted with GO by the esterification reaction, 
and followed by homopolymerization or copolymerization in the 10 

second step to yield the GO-f-PTAA or GO-f-PTAA-co-PTh 
composites, respectively. The synthesized composites were easily 
dispersed in solvents such as DMF and THF, facilitating spin 
coating for the device fabrication. The good dispersion of 
composites in the solvent could be confirmed by linear 15 

absorbance at 500 nm with concentration of solution in the 
UV/Vis measurements (Fig. S2). 

 
Scheme 1 Schematic illustration of covalent functionalization of 
3-thiophene acetic acid monomer with GO by esterification 20 

reaction, followed by oxidative polymerization to produce GO-f-
PTAA and GO-f-PTAA-CO-PTh composites. 

Figs. 1a and 1b show the XPS results for GO and GO-f-TAA, 
respectively. The XPS spectrum of GO shows only carbon and 
oxygen peaks, whereas the XPS spectrum of the GO-f-TAA 25 

shows carbon, oxygen, and sulfur peaks attributable to both GO 
and TAA, revealing the success of the esterification reaction. Fig. 
1c displays the high-resolution C 1s XPS spectra of GO, where 
the signals of C-C, C-O, and C=O groups at 284.599, 286.415, 
and 288.336 eV, respectively, confirm that the GO contains 30 

oxygen-containing groups such as epoxy, hydroxyl, and carbonyl 
groups.22 After the TAA monomer is grafted on the GO, the 
intensities of C-C and C=O groups were increased (Fig. 1d) 
because of the carbons and carbonyl groups in the thiophene rings 
of the TAA. Meanwhile, the intensity of the C-O groups was 35 

decreased after the monomer grafting, which suggests the 
possible activation of hydroxyl groups by DCC and DMAP and 
subsequent attachment of the monomer to GO. In the GO-f-TAA 
spectra, the presence of ester bonds was also confirmed by the 
peaks at 286.46 and 288.073 eV, corresponding to C-O and C=O 40 

groups, respectively.23  

   The functional groups of GO, GO-f-TAA, GO-f-PTAA, and 
GO-f-PTAA-co-PTh were analyzed by performing FT-IR 
spectroscopy (Fig. 2a). The GO shows the characteristic peaks at 
3418, 1738, 1227, 1058, and 1648 cm-1 due to the hydroxyl (O-H) 45 

group, carboxylic acid (C=O) group, C-OH group, C-O group, 
and C-C skeletal vibration of GO, respectively. The presence of 
ester linkages in GO-f-TAA was confirmed by the observation of 
peaks at 1740 and 1251 cm-1, which are attributed to the C=O and 
C-O groups of the ester bond. In addition, a new peak was 50 

observed around 1097 cm-1 for GO-f-TAA, which was assigned 
to the C-S stretching vibration of the thiophene ring.24 The 
presence of ester and C-S stretching vibration peaks confirms the 
success of monomer (TAA) grafting with GO. In addition to the 
ester peaks, the FT-IR spectra of GO-f-PTAA and GO-f-PTAA-55 

co-PTh show C-S stretching vibrations of the thiophene rings at 
around 1113, 980, and 750 cm-1, confirming that both the 
homopolymer and copolymer were covalently grafted with GO. 
The Raman spectra were also used to characterize the structural 
changes occurring during the functionalization of GO with the 60 

conducting polymers (Fig. 2b). The GO exhibits the G-band at 
1590 cm-1 (E2g2 graphite mode) along with the D-band (the 
defect-induced mode) at 1349 cm-1.25 The ID/IG (the integrated 
intensity of the D band divided by the integrated intensity of the 
G band) indicates the extent of disorder present in the graphene 65 

sheets. In our case, the ID/IG values of GO, GO-f-TAA, GO-f-
PTAA, and GO-f-PTAA-co-PTh were found to be 0.92, 0.99, 
1.00, and 0.99, respectively, indicating that the extent of disorder 
in the samples are similar. This is because the covalent 
functionalization was achieved by using the hydroxyl groups of 70 

GO, so the skeletal structure of GO was well preserved during the 
functionalization.26 The functionalization and polymerization of 
GO-f-TAA, GO-f-PTAA, and GO-f-PTAA-co-PTh were further 
confirmed by 1H-NMR spectroscopy. The spectra of the TAA-
functionalized GO and its polymers were in good agreement with 75 

the expected structures. As shown in Fig. S3, the polymerization 
was confirmed by the disappearance of the proton signals for the 
2 and 5 positions (δ= 7.3 and 7.4 ppm) of the thiophene ring both 
for GO-f-PTAA and for GO-f-PTAA-co-PTh.    

 80 

Fig.1 X-ray photoelectron spectra of GO and GO-f-TAA: (a, b) 
wide scan spectra and (c, d) high resolution C 1s spectra. 
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Fig. 2 (a) Fourier transform infrared spectra of GO, GO-f-TAA, 
PTAA, GO-f-PTAA and GO-f-PTAA-co-PTh and (b) Raman 
spectra of the GO, GO-f-TAA and GO-functionalized conducting 
polymers. 5 

   The thermal stability of GO, GO-f-PTAA, GO-f-PTAA-co-PTh, 
and pure PTAA was investigated using thermogravimetric 
analysis (Figs. S4a and S4b). The GO was thermally unstable and 
showed a sharp weight loss of 23.05 % between 120 to 220 °C, 
which was ascribed to the pyrolysis or decomposition of oxygen 10 

functional groups such as hydroxyl, carboxylic acid, and epoxide 
groups.27 The TGA spectrum of pure PTAA indicated two-step 
thermal decomposition with (1) a weight loss from 300 to 370 °C 
due to decarboxylation and the loss of methylene groups and (2) a 
split of C-C and C-S bands of the ring around 460 °C.28 From the 15 

TGA char residues, it is possible to estimate the polymer content 
in the composites. It was found that the degrees of polymer 
functionalization were around 7 and 14.8 wt% for GO-f-PTAA 
and GO-f-PTAA-co-PTh, respectively. Furthermore, the TGA 
curves showed that the thermal stability of the composites was 20 

increased. In particular, about 40% mass loss was reached around 
439.2 °C for the pure PTAA, while the same mass loss did not 
occur until around 475.14 and 526.72 °C for the GO-f-PTAA and 
GO-f-PTAA-co-PTh composites, respectively, representing 
thermal stability increases of 35.94 °C and 87.52 °C. The 25 

increased thermal stability was attributed to the incorporation of 

GO in the polymer matrix, which decreased the chain mobility of 
the polymer and hence increased its thermal stability.29 
   Fig. 3 displays TEM images of GO, GO-f-PTAA, and GO-f-
PTAA-co-PTh. The TEM images of the GO sheets obtained after 30 

sonication in THF show wrinkled shapes, which is characteristic 
for single-layer or few-layer GO sheets. The GO-f-PTAA and 
GO-f-PTAA-co-PTh samples display individually dispersed 
monolayer or few-layer graphene sheets that are fully covered by 
the polymer. The overlaps and corrugation features of the 35 

nanocomposites occurred because of the high aspect ratio of the 
nanosheets. It can be seen that the edges of the polymer-
functionalized GO sheets were much thicker than the pure GO 
sheets because of the coverage by polymers, which was also 
evidenced by the AFM images. Fig. S5 displays AFM images of 40 

GO and GO-f-PTAA-co-PTh. The average thickness of the GO 
sheets was found to be 1.38 nm, which is greater than the 
thickness of an ideal single-layer graphene sheet (0.34 nm) 
because of the presence of oxygen-containing groups such as 
carboxylic acid, hydroxyl, and epoxide groups in the GO sheets. 45 

However the GO-f-PTAA-co-PTh sheets are 3.459 nm thick 
because of the copolymer grafting. The increased thickness of the 
composites is due to the polymer functionalization of the GO 
sheets.  

 50 

Fig. 3 Transmission electron microscopy images of (a, b) GO (c, 
d) GO-f-PTAA and (e, f) GO-f-PTAA-co-PTh composites. 

To evaluate the compatibility of the covalently grafted graphene 
with the polymer, SEM images of spin-coated samples on silicon 
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wafers were observed. The GO-f-PTAA composites show a 
thickened layer structure with a rough surface due to the polymer 
functionalization (Fig. 4a). However in GO-f-PTAA-co-PTh 
samples, it seems that the graphene sheets are well dispersed in 
the polymer to yield a smooth morphology, suggesting that 5 

covalent functionalization results in dramatically improved 
dispersion of GO sheets (Fig. 4b). Furthermore, the chemical 
composition of the composites was analyzed by EDX 
spectroscopy, and the results revealed the presence of 5.38 and 
7.43 % sulfur due to the presence of thiophene rings in the GO-f-10 

PTAA and GO-f-PTAA-co-PTh composites, respectively (Figs. 
4c and 4d). 

 
Fig. 4 Scanning electron microscopy image of (a) GO-f-PTAA 
and (b) GO-f-PTAA-co-PTh composites and EDX spectra of (c) 15 

GO-f-PTAA and (d) GO-f-PTAA-co-PTh. 

Cyclic voltammetry measurements were carried out to 
demonstrate the potential applications of GO-f-PTAA and GO-f-
PTAA-co-PTh composites in actuators, using 1 M H2SO4 with a 
potential range of -0.2 to 0.8 V versus Ag/AgCl at various scan 20 

rates (Fig. 5). A slightly distorted rectangular-type 
voltammogram was obtained for GO, indicating good charge 
propagation at the electrode. In addition, the GO shows a pair of 
oxidation and reduction peaks due to the transitional change of 
oxygen-containing functional groups between the quinone and 25 

hydroquinone states.30 It can be seen that the cyclic voltammetry 
curve of pure PTAA shows redox behavior. However the 
covalent functionalization of PTAA with GO increases its 
electrochemical behavior, which is essential for achieving 
electrochemical actuation of conducting polymers.31,32 Moreover, 30 

the unchanged rectangular voltammograms of the GO-f-PTAA-
co-PTh sample even at a scan rate of 100 mV/s clearly signify the 
superior electrochemical behavior of the material at high scan 
rates. The electrical conductivity of compressed pellets from 
powder samples was measured using the four-probe measurement 35 

method. It was found that the pure PTAA did not show any 
conductivity value within the measured range, but the GO-f-
PTAA and GO-f-PTAA-co-PTh composite samples showed 
conductivity values of 3.0 × 10-6 and 5.3 × 10-6 S/cm, respectively, 
indicating that there is an increase in the electrical conductivity 40 

due to functionalization with GO. In order to confirm the 
potential application of GO-functionalized conducting polymers 
as actuator materials, an air-operable conducting polymer 

actuator was fabricated using the spin coating technique on cross-
patterned aluminum electrodes, as shown in Fig. 6a. A cross-45 

sectional SEM image of the GO-f-PTAA-co-PTh actuator is 
displayed in Fig. S6. It is believed that the covalent attachment of 
GO with the conducting polymer must improve its 
electrochemical properties and hence its actuation performance. 
Fig. 6b shows the bending displacement response of the GO-f-50 

PTAA-co-PTh actuator for different electrolyte (LiTFSi) 
concentrations under an applied AC voltage of 3 V at constant 
frequency of 1 Hz. The bending displacement increased 
substantially as the LiTFSi concentration in the SPE was 
increased. This can be explained briefly as follows. When the 55 

voltage is applied by the cross-patterned electrode, positive and 
negative charges are generated separately on the GO-f-PTAA-co-
PTh electrodes. Then, to maintain charge neutrality, the Li+ ions 
move toward the negative charges and the TFSi- ions penetrate 
toward the positive charges, causing bending displacement of the 60 

actuator. As the concentration of the electrolyte was increased, 
more Li+ and TFSi- ions penetrated into the GO-f-PTAA-co-PTh 
backbone, resulting in enhanced displacement of the actuator.33,34 
Moreover, the frequency of the displacement is consistent with 
the applied voltage, demonstrating air-operable actuation 65 

behavior of the composite material. In addition, the actuation 
performance of GO-f-PTAA-co-PTh was also investigated at 
different voltages (2, 3, and 4 V) with a constant frequency (1 
Hz), and the results are displayed in Fig. 6c. As the voltage was 
increased, the bending displacement of the actuator increased 70 

(maximum strain of 0.78, 1.40, and 2.18 % at 2, 3, and 4 V, 
respectively). For comparative studies, we have also measured 
the actuation behavior of pure PTAA and GO-f-PTAA samples 
fabricated using methods similar to those used for the GO-f-
PTAA-co-PTh composites. However, neither of these samples 75 

showed displacement under the applied voltages. This is due to 
the very low conductivity and poor electrochemical properties of 
pure PTAA, as shown in Fig. 5b. In the case of the GO-f-PTAA 
actuator, even though its electrochemical properties were 
improved after GO functionalization, it also exhibited no 80 

displacement in the actuation test because of its poor film 
forming capability during actuator fabrication due to the lower 
polymer content, as shown in the SEM images in Fig. 4a. In 
conclusion, only the GO-f-PTAA-co-PTh composite showed air-
operable actuation behavior under an applied AC voltage.  85 

 
Fig. 5 Cyclic voltammograms of (a) GO, (b) PTAA, (c) GO-f-
PTAA and (d) GO-f-PTAA-co-PTh composites. 
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Fig. 6 (a) Air-operable actuator device structure, (b) actuator 
response for different electrolyte concentrations under an input 
AV voltage of 3V at a frequency of 1 Hz, and (c) actuation at 5 

different input voltages with a constant frequency of 1 Hz.  

4 Conclusions 

The GO was successfully covalently grafted with PTAA and its 
thiophene copolymer by a simple esterification reaction. The 
resultant composite materials were found to be processable in 10 

solvents such as DMF and THF and to exhibit substantially 
improved electrochemical properties. Using the processable GO-
conducting polymer composites, we demonstrated the fabrication 
of an air-operable dry conducting polymer actuator using a cross-
patterned electrode. The GO-f-PTAA-co-PTh composite showed 15 

air-operable actuation behavior under an applied AC voltage and 

has great potential for future implementation in the field of 
actuators.  
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