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Abstract: A paper actuator was fabricated from poly(3,4-ethylenedioxythiophene) doped 

with poly(4-styrenesulfonate) (PEDOT:PSS) by a wet process without organic solvents. The 

paper actuator had a capacitor structure, with a cationic polymer as an insulating layer 

sandwiched between two PEDOT:PSS films as the electrodes. The thickness of the paper 

actuator was approximately 36 m. We measured its displacement as a function of applied 

voltage and frequency; the maximum displacement was 2.2 mm at 1.5 V and 1 Hz. 
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1. Introduction 

Electroactive polymers (EAPs) have been intensively investigated for many applications, including 

as acoustic transducers, medical devices, actuators, artificial muscles, sensors, and soft robots [1–6]. 

Under an applied external electric input, EAPs change shape or size. They are soft, flexible, lightweight, 

and can be easily shaped by trimming. Furthermore, EAPs are easily miniaturized, and have been applied 

as small actuators in microelectromechanical systems (MEMS) and micro total analysis systems (TAS). 

EAPs are generally classified into either electronic or ionic types. The driving mechanism of the 
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electronic EAP is the Coulomb force, including ferroelectric forces, dielectric, and electrostatic 

interactions [7,8]. In contrast, ionic EAPs change shape by the movement of ions between two  

electrodes [9,10]. The force of the electronic EAPs is stronger than that of ionic EAPs, and the driving 

frequency are higher as well. However, electronic EAPs require high driving voltages compared to ionic 

EAPs. In addition, ionic EAPs are more easily miniaturized owing to their structure and low voltage 

requirements. Therefore, the development of ionic EAPs is necessary, especially for use as small 

actuators in MEMS and TAS applications. 

Many types of ionic EAPs have been studied, for example, ionic polymer–metal composites (IPMCs), 

polymer gels, conductive polymers, and carbon nanotubes. The IPMC is a typical ionic EAP, which 

works as an actuator at low applied voltages (1–5 V) [11–14]. The IPMC comprises an ion-exchange 

polymer membrane that contains mobile ions, coated on either side by two Pt electrodes. The IPMC 

actuator bends to the anode side when a low voltage is applied, and returns to its original position as the 

voltage is removed. Generally, Nafion has been adopted as the ion-exchange membrane, and hydrated 

cations move toward the cathode side when a voltage is applied. As a result, the water content in the 

chathode side exceeds that in the anode side, and the IPMC bends owing to the differential water content 

between the two. Although IPMCs have attracted significant attention, their assembly is not without 

difficulty. The Pt electrode of the IPMC is constructed by chemical plating, but the plating operation 

must be repeated several times to form a sufficiently thick electrode. Therefore, the IPMC manufacturing 

process is both lengthy and complicated.  

In this study, we propose a novel paper actuator that helps in the easier and safer fabrication of an 

ionic EAP. This EAP can be manufactured by a wet process without organic solvents. In addition, the 

novel actuator was significantly thinner than the IPMC. Poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS) was selected as the electrode material for the actuator. Films can be easily 

manufactured by the casting and evaporation of the commercially available PEDOT:PSS aqueous 

solution. In addition, a cationic polymer was selected as the insulating layer between the anionic 

PEDOT:PSS electrodes. When the polymer solution was cast on the PEDOT:PSS film, the cationic 

polymer chain functioned as a glue. The assembled paper actuator was assessed as a function of the 

applied voltage and frequency. 

2. Experimental Section  

Figure 1 shows the fabrication process for our paper actuator. In Step 1, a PEDOT/PSS solution 

including dodecylbenzenesulfonate acid sodium salt (0.2 wt%) was cast in a silicone Petri dish. The 

surfactant was introduced to improve the wetting properties of the solution on the Petri dish. The coating 

was dried at 60 °C for 6 h and 120 °C for 6 h. 

The cationic polymer solution was prepared from 3-(methacrylamido)propyl trimethylammonium 

chloride (MAPTAC, 80 g) and 2,2'-azobis(2-methylbutyronitrile) (V-59, 0.7 g) as an initiator in ethanol 

(320 g) for a total monomer concentration of 20 wt%. The polymerization was carried out at 83 °C for 

5 h while purging with dry nitrogen gas. The cationic MAPTAC ethanol solution was evaporated, and 

the MAPTAC was diluted with water to approximately 50 wt%. 

In Step 4 in Figure 1, the aqueous cationic polymer solution was cast on the PEDOT:PSS thin film 

using a spin coater (3000 rpm, 1H-D7, Mikasa Co., Ltd., Tokyo, Japan). In the final step, another 
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PEDOT:PSS film was used to sandwich the cationic polymer solution. The paper actuator was cut into 

20 × 3 mm2 strip.  

To apply the voltages, the actuator strip was clipped by a Kelvin clip that connected to the working 

and counter electrodes of a potentiostat (HAL-3001, Hokuto Denko Co. Ltd., Tokyo, Japan). The 

actuator strip was assessed by applying alternating square-wave voltages (±0.1, ±0.2, ±0.5, ±1, ±1.5, and 

±3 V). The frequency of the square-wave voltage (1, 2, 5, and 10 Hz) was controlled by a function 

generator (HB-305, Co. Ltd., Tokyo, Japan).  

As shown in Figure 1b, the thickness of the paper actuator with the capacitor structure was 

approximately 36 m. The PEDOT:PSS film was negatively charged because the PSS component of the 

conductive film bears sodium sulfonate groups. The two PEDOT:PSS electrodes were glued by the 

cationic MAPTAC polymer layer, with the adhesive strength originating from electrostatic  

interactions [15]. 

Figure 1. (a) Process for the fabrication of the paper actuator with a capacitor structure, 

using only aqueous solutions. (b) Schematic illustration of the structure of the paper actuator.  

 

(a) 
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Figure 1. Cont. 

 

(b) 

3. Results and Discussion  

Before the paper actuator was assessed, it was soaked in water and the excess water was wiped away. 

Given the ionic nature of the EAP, water is indispensable for driving it because a solvent is needed to 

move the chloride ions in the insulation layer. Figure 2 shows the direction of the paper actuator 

movement under an applied voltage. The paper actuator bent toward the cathode. When the voltage was 

applied and the PEDOT:PSS electrode was charged, the chloride ions in the insulator film moved toward 

the anode. As they moved, the water content in the anode side increased. When the anode side swelled, 

owing to the movement of water and anions, the paper actuator bent to the cathode side. This driving 

mechanism is the same as found in well-characterized ionic EAPs, such as the IPMC [9]. 

Figure 2. Schematic illustration of the motion of the paper actuator. 

 

As the alternating square-wave voltages were applied to the paper actuator, it swung from side to 

side, synchronized with the change in the direction of the voltage. Figure 3a–d shows the time 

dependence of the displacement of the paper actuator. As shown in Figures, the displacement of the 

paper actuator decreased with an increase in the frequency. The displacement of the paper actuator was 

influenced by the deviation of the water content in the anode and cathode sides. We considered that the 

displacement of the paper actuator was affected by the frequency because the change of the water content 
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in the electrode takes time. As shown in Figure 3, the waveform of the paper actuator exhibited nearly 

bilateral symmetry under all measurement conditions. 

Figure 3. Time dependence of the displacement of the PEDOT/PSS paper actuator at 1 V 

applied voltage and a frequency of (a) 1, (b) 2, (c) 5, and (d) 10 Hz. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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Figure 4 shows the relationship between the displacement of the paper actuator and the frequency of 

the alternating square-wave voltage. In the case of 1 Hz at 1.5 V, the maximum displacement was  

2.2 mm. When the applied voltages were 0.1 and 0.2 V, the displacement dramatically decreased at all 

frequencies. When the applied voltage was 0.1 V, the actuator did not drive in 5 and 10 Hz. The applied 

voltage affected the charging rate in the PEDOT:PSS film. The degree of the charge deviation affected 

the concentration differential of the chloride ion on the anode side. The water content in the anode side 

was influenced by the concentration of the chloride ion because the osmotic pressure difference is 

determined by the concentration differential of the ion. Therefore, low voltage conditions (0.1 and 0.2 V) 

resulted in the decreased displacement of the paper actuator. In addition, when the applied voltage was 

3 V, the displacement of the paper actuator was smaller than at 1.5 V at all frequencies. When 3 V was 

applied to the paper actuator, the Joule heating was higher than at lower applied-voltage conditions. The 

generated Joule heat at 3 V promoted the evaporation of the water, and the motion of the paper actuator 

was affected. 

Figure 4. Relationship between frequency and displacement of the paper actuator at different 

applied voltages (0.1, 0.2, 0.5, 1, 1.5, and 3 V).  

 

4. Conclusions 

A novel 36-m-thick paper actuator was constructed and its motion and displacement under applied 

voltages were assessed. The paper actuator bent to the cathode side when a voltage was applied because 

chloride ions in the insulator film and the water around them flowed to the anode side. The motion of 

the paper actuator exhibited bilateral symmetry, and the maximum displacement was 2.2 mm at 1.5 V. 
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