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Chapter 1 General Introduction 

 

1.1 Research background 

Now almost all the developed or developing countries are stepping to ‘Aged Population 

Society’1). The aging population has become a serious problem for all the countries in the world. 

With the increasing of aged population, the development of health care devices which can provide 

force assistant to aged human or monitor human motion are important and necessary. Traditional 

health care devices, such as crutch, wheelchairs and so on, are hard, heavy, inconvenient and low 

efficiency. So the development of light, soft and wearable actuators2-5) and sensors6-10) are 

important. 

Hard machines, such as gasoline engine, electromagnetic motor, hydraulic pump and so on, are 

the traditional actuators which can transfer chemical, electricity energy to mechanical energy, 

furthermore force can be generated. It is well knew that those hard machines play very important 

roles in our life at both this moment and in future. Most of them are heavy, expensive, noisy, the 

most significant drawback is that all of the devices are hard, they are very difficult to work as 

wearable devices to provide force assistant for human beings. In order to achieve the goal of force 

assistant, development of cheap, flexible, light weight and wearable actuators is necessary. On the 

other hand, the commercial sensors, consist of piezoelectric acceleration sensors, gas sensors, 

temperature sensors and as well as typical displacement sensors, are hard and expensive. Similar 

to those hard actuators, they are difficult to work as wearable health care devices to monitor human 

motions. Fig. 1-1 shows the typical hard actuators and sensors, which were useful in our word. 

In order to achieve the goal of wearable devices which can provide force assistant and monitor 

human motions, many soft actuators and flexible sensors have been developed using functional 

polymers. The development of soft actuators and flexible sensors will be introduced in next 

sections. 
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Figure 1-1 Traditional hard machines (gasoline engine, hydraulic pump and electromagnetic 

motor) and various hard sensors (acceleration, displacement, gas and temperature sensors). 

 

1.2 Soft actuators 

Many different types of electro-active soft actuators have been developed, such as ionic 

polymer metal composites (IPMC)11-15), dielectric elastomer actuators (DEA)16,17), polyvinyl 

chloride (PVC) gel18-21) actuators, conductive polymer actuators22-30) and so on, as shown in Fig. 

1-2. Differing from conventional mechanical transducers such as electric motors, combustion 

engines, and hydraulic pumps in which the motion is generated via changes of relative positions 

between their components, the soft actuators exhibit flexible motion through shape or volume 

changes due to accumulation and integration of microscopic conformational changes at the 

molecular level into a macroscopic large deformation of the actuator materials. Ionic polymer 

metal composites (IPMC) is one of the most typical soft actuators31-33). Under an applied voltage, 

ion migration and redistribution due to the imposed voltage across a strip of IPMCs result in a 

bending deformation. The response time is fast, but the generated force is too weak. Furthermore, 

the actuation performance is strongly dependent on the relative humidity. The dielectric elastomer 

actuator (DEA)34) will undergo larger deformation while the polyvinyl chloride (PVC) actuator35) 

can generate larger force, under external high voltage, in the order of hundreds or kilos volt. 

Conductive polymers, such as polypyrrole36), polythiophene37), polyaniline38), and their derivatives, 

are another typical electro-active actuators which show dimensional changes resulting from 

Acceleration sensor Gas sensor

Displacement sensor

Temperature sensor

Hydraulic pump
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Electromagnetic 

motor



3 

 

electrochemical doping, characterized by transportation of solvated ions between the interior of 

the polymer matrix and the surrounding electrolyte solution, electrostatic repulsion, and/or 

structural distortion through oxidation of π-conjugated polymers. One the other hand, polypyrrole 

(PPy) and poly (3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT/PSS) undergo 

contraction in air under application of an electric field, due to the desorption of water vapor caused 

by Joule heating. The development of those materials had driven further progress in soft actuators 

not only from the fundamental view point of basic science and materials chemistry and physics 

but also from the engineering view point for the practical applications to light-weight, low-cost, 

less-noise, less pollution and high efficiency micro- and macro-artificial muscles and soft robotic 

systems. 

 

Figure 1-2 Various typical electro-active polymer (EAP) actuators, ionic polymer metal 

composites (IPMC), humidity sensitive conductive polymers, actuators based on redox reaction of 

conductive polymers, dielectric elastomer actuator (DEAs), and polyvinyl chloride (PVC) gels. 
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1.3 Flexible sensors 

Internet of Things (IoT) is a system that connects between people and things, and between things 

through the Internet such as health monitoring using heart rate sensors39), remote control of 

appliances using wearable devices40), and gait measurement using sole sensors41). Here, soft and 

flexible sensors are key devices for the wearable electronics in the world of IoT. Recently, as the 

rapid development of IoT has substantially increased sensors demands, especially flexible multi-

functional or non-powered sensors. In general, the flexible sensors can be categorized into two 

types, one is resistive sensor, and the other is capacitive one42). The resistive sensor detects changes 

in resistance of conductors, such as metal wires43), carbon nanotubes44) and graphene45), under 

mechanical deformation. However, electric power consumption of the resistive sensors is relatively 

high, due to electric current always flows through the conductor. On the other hand, the capacitive 

sensor detects changes in capacitance of a dielectric such as silicones46), polyurethanes47), and 

acrylpolymers. But difficult to distinguish the direction of deformation, which is not suitable for a 

motion sensor. Recently, various non-power sensors were developed, such as piezoelectric48), 

triboelectric49) and piezoionic50) sensors. After the sensors were bended, an electric signal can be 

generated, like voltage and current or electric charges. The output signals of piezoelectric and 

triboelectric sensors are spike-like peak of voltage while the piezoionic sensors can generate stable 

output voltage. In order to monitor and determine the motions, acceleration, displacement and 

bending direction are the most important parameters in the characterization of an object’s 

movement. Usually, the acceleration and displacement sensors are based on force sensing 

mechanisms, including piezoresistive, piezoelectric or differential capacitance, has been widely 

applied in navigation51), industrial engineering52) and robots53). In the view of energy consumption 

and precise determine the displacement and acceleration motions, piezoresistive strain sensors, 

piezoelectric, triboelectric and capacitive sensors are not suitable to use as motion sensors. 
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Figure 1-3 Various wearable strain sensors, piezoelectric sensors, capacitive sensors, piezoelectric 

sensors, triboelectric sensors and piezoionic sensors. 

 

1.4 Objective and scope of thesis 

Shape memory polymers (SMPs) are one type of very important smart materials. SMPs can be 

fixed in a temporary shape, and recover to the original shape upon exposing to external stimulus 

like heat, solvent, electric field, or magnetic field. That is because there are two segments in the 

polymer chains. One is stable polymer network, another is revisable switch. The hard segments 

form physical cross-links arising from polar interactions, hydrogen bonding, and crystallization in 

the hard domain, while the soft segments form the reversible phase because of molecular motion 

in a rubbery state54-57). So SMP is a good candidate for the application of soft actuators. For the 

thermo-responsive SMPs, they can recover to their original shape by being heated above their 

transition temperature. After the thermo-responsive SMP was put into hot water, it would recover 

from temporary shape to the original shape. In this research, novel electric SMP and ionic SMP 

were developed. The electric SMP works as soft actuators while the ionic SMP can be applied to 

flexible sensors. 

In chapter 2, a novel electric SMP was fabricated. It is well known that the thermo-sensitive 

Piezoresistive sensor

Piezoionic sensorCapacitive sensor

Triboelectric sensor (TENG)Piezoelectric sensor
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SMPs can be fixed to a temporary shape and recover to its initial shape once it was heated above 

the glass transition temperature (Tg). So SMP is a good candidate for the application of soft actuator. 

But direct heating is very inconvenient and low efficiency. So composited SMPs with conductive 

materials is a common way to solve those problems. There are many conductive materials, like 

graphene58), carbon nanotubes (CNTs)59), carbon black (CB)60) and poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). Even though those materials 

show high electrical conductivity, but they are difficult to dissolve or disperse homogeneously in 

organic solvents. As the result, they are difficult to composite homogeneously with SMPs in 

solution. Some researchers had tried to composite those conductive fillers with SMPs using melt 

mixing method. But the conductivity of those conductive filler/SMP composites was very low, it 

was because the conductive particles couldn’t disperse very well in the polymer matrix. Of course, 

the conductivity of those electric SMP can be improved by increasing conductive filler content, 

but on the other hand, the shape memory properties will drop drastically at the same time. Recently, 

we have successfully synthesized a novel conductive polymer, fully soluble self-doped poly(3,4-

ethylenedioxythiophene) (S-PEDOT)61,62), with an electrical conductivity greater than 1000 S cm−1. 

Since the S-PEDOT can dissolve not only in water but in some organic solvents such as dimethyl 

sulfoxide (DMSO), formic acid (FA) and ethylene glycol (EG), composites with various polymers 

are available by a solution mixing method. A novel electro-active SMP was fabricated with fully 

soluble self-doped poly(3,4-ethylenedioxythiophene) (S-PEDOT) and SMP using a solution 

mixing method at various S-PEDOT weight ratios (WS-PEDOT). The percolation analysis showed an 

extreme low percolation threshold of 0.38 vol% and critical exponent of 1.15, which was 

associated with the S-PEDOT conductive networks formed by phase separation in the S-

PEDOT:SMP composite. The shape memory characteristics were observed at WS-PEDOT ⩽ 30 

wt%, while the glass transition temperature (Tg) was almost constant ca. 50 °C. The S-

PEDOT:SMP composite film at WS-PEDOT = 10 wt% showed electrical conductivity (σ), shape 

fixing ratio (Rf), and shape recovery ratio (Rr) of 29 S cm-1, 95.4%, and 90.1%, respectively. 

Furthermore, an electro-active SMP soft actuator, fabricated using the S-PEDOT:SMP composite 

film at WS-PEDOT = 10 wt%, quickly recovered from a temporary bent shape to its original open 

shape within 5 s upon application of 6 V. 

In chapter 3, a multifunctional ionic liquid-shape memory polymer (IL-SMP) gel was fabricated 

using 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI+TFSI-) and SMP at 
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various EMI+TFSI- weight ratios (WIL). The EPMA elements mapping images showed the good 

miscibility between IL and SMP. The ionic conductivity increased in proportion to IL content, 

achieved 1.85×10-5 S cm-1 at WIL = 30 wt%. The mechanical bending induced electric charge of 

the ionic polymer sensors was measured firstly. Furthermore, the electric current was evaluated by 

differential electric charges with time. Interestingly, it was found that both electric charges and 

current increased in proportion to the acceleration, indicates the ionic SMP composite has the 

potential to work as acceleration sensor to detect the acceleration of movement, such as human 

motions and so on. The acceleration sensitivity was characterized in chapter 3. Notably, the ionic 

SMP composites exhibit higher acceleration sensitivity, as high as 8.6 nA m-1 s2 at WIL = 30 wt%. 

On the other hand, voltage was induced under mechanical stimulate. It was found that the 

mechanical bending induced voltage increases in proportion to the bending displacement, less 

dependent on the acceleration, indicates that it is suitable to work as non-power displacement 

sensor. Notably, we claim that the generated voltage is strongly dependent on the total transferred 

charges (ΔQ)63,64) under the mechanical stimulate and the capacitance (C) of the ionic SMP gel 

composites. Notably, the highest voltage was achieved at WIL = 25 wt%, as high as 9.8 mV, which 

can be explained by the largest ΔQ (total transferred electric charges) and relative lower C 

(capacitance). On the other hand, the mechanical bending induced voltage was strongly dependent 

on the bending displacement, while regardless with velocity as well as acceleration. The ionic SMP 

/PEDOT:PSS with 25 wt% of EMI+ TFSI- exhibits displacement sensitivity of 1.25 V m-1. The 

ionic SMP/PEDOT:PSS composite can work as multi-functional motion sensor to detect 

acceleration and displacement. Interestingly, the generated voltage of the ionic SMP/PEDOT:PSS 

composite (WIL = 10 wt%) also exhibits transition behavior while the ambient temperature is 

around Tg. The thermomechanical analysis measurement revealed that the ionic SMP gels exhibit 

acceptable shape memory property while WIL ≤ 10 wt%, as Rf = 86.9 %, Rr = 89.8 % at WIL = 10 

wt%.  

In chapter 4, 3D printable electroactive soft actuators and multi-functional ionic SMP gel were 

fabricated using fused deposition modeling (FDM) 3D printing technology. 3D printing technology, 

also was named as additive manufacturing, has many advantages compared with traditional 

manufacturing technology, as fast manufacture, low cost and so on. Many different types of 

commercial 3D technology has been developed, like stereolithography (SLA), selective laser 

sintering (SLS), 3D plotting/direct-write (3DP) and fused deposition modeling (FDM). Due to the 
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novel electric SMP (chapter 2) and ionic SMP (chapter 3) exhibit Tg at ca. 50 and lower 50 ºC, 

these novel SMPs have the potential to apply to FDM 3D printing technology. In chapter 4, the 

novel electric SMP and ionic SMP were applied to FDM 3D printing technology, 3D printable 

electroactive soft actuators and ionic SMP gel with shape memory properties were fabricated. 

Furthermore, in chapter 5, a stretchable conductive gel was fabricated. It is well known that, 

the flexible and stretchable electrodes play very important role in wearable devices65-67). The 

stretchable and highly conductive polymer (S-CP) hydrogels were fabricated by casting a water 

solution of poly(3,4-ethylenedioxythiophene) doped with poly(4-styenesulfonate) (PEDOT:PSS) 

and polyacrylamide (PAAm) and subsequent swelling in water. The mechanical properties, 

electrical conductivity, and structure of the S-CP gels with different weight ratios of the PAAm 

(WPAAm) were investigated by means of the tensile test, four-probe method, scanning electron 

microscopy (SEM), and electron probe micro analysis (EPMA). It was found that the S-CP gels 

were composed of soft and stretchable PAAm-rich porous network surrounded by the 

PEDOT:PSS-rich conductive network layers, exhibiting excellent electrical conductivity (17 S cm-

1) and fracture strain (110%) though it contained 92% of water at WPAAm = 64 wt%. Furthermore, 

the electrical conductivity of the S-CP gel was improved by stretching up to 75% due to the 

orientation of the PEDOT:PSS-rich conductive network layers so as to keep the resistance constant, 

which had potential applications to smart electrodes for soft sensors and actuators in a new field 

of wet electronics using hydrogels, so called 'gelectronics'. 
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Chapter 2 Novel electro-active shape memory polymers for 

soft actuators 

 

2.1 Introduction 

Electro-active polymer (EAP) soft actuators, the size or shape of which change upon application 

of an electric field as a result of contraction or bending deformation, can be used as artificial muscle 

and organic robots.1-3) So far, a variety of EAP soft actuators, such as ionic polymer metal 

composites (IPMC),4,5) polyvinyl chloride (PVC) gels3) and conductive polymers2,6-8) have been 

investigated. Shape memory polymers (SMPs), exhibiting the ability to switch from temporary to 

their original shape upon heating above the glass transition temperature, are one of the candidates 

for soft actuators.9-13) Although it is difficult to control the actuation of SMPs by direct heating, a 

straightforward approach for indirect heating is Joule heating by voltage application.14) The 

electro-active SMPs have been generally fabricated by mixing the SMP with electrically 

conductive fillers, such as carbon black (CB),15) carbon nanotubes (CNTs),16) and graphene.17) Cho 

et al.16) synthesized electro-active SMP composites by solution mixing with multi-walled carbon 

nanotubes (MWCNTs), where the MWCNT:SMP composite with an electrical conductivity of 10-

3 S cm-1 recovered to its original shape in 10 s under 40 V. On the other hand, Raja et al.18) 

fabricated CNT:SMP composite actuators with an electrical conductivity of 10-2 S cm-1 by a melt 

mixing method, where the shape recovery time was 15 s under 40 V. The low performance of these 

electro-active SMPs is ascribed to the low electrical conductivity of the composites due to poor 

dispersibility of the conductive fillers in the SMP matrix. 

Recently, we have successfully synthesized a novel conductive polymer, fully soluble self-

doped poly(3,4-ethylenedioxythiophene) (S-PEDOT), with an electrical conductivity greater than 

1000 S cm-1.19) Since the S-PEDOT can dissolve not only in water but in some organic solvents 

such as dimethyl sulfoxide (DMSO), formic acid (FA) and ethylene glycol (EG), composites with 

various polymers are available by a solution mixing method. This study deals with the fabrication 

of novel electro-active SMP using S-PEDOT and characterization of S-PEDOT:SMP composites 

by means of electron probe microanalyzer (EPMA), X-ray diffraction (XRD), atomic force 

microscope (AFM), dynamic mechanical analysis (DMA), and thermomechanical analysis (TMA). 

It was found that the electrical conductivity of the S-PEDOT:SMP composite with 10 wt% S-
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PEDOT attained 29 S cm-1 and the electro-active SMP soft actuator was driven at lower driving 

voltage (6 V) with faster recovery response (5 s). 

 

2.2 Experimental methodologies 

2.2.1 Materials 

A fully soluble self-doped poly(3,4-ethylenedioxythiophene) (S-PEDOT) water solution (1.3 

wt%) was synthesized in our laboratory as previous reports.19,20) A polyurethane-based shape 

memory polymer (SMP, MM-5520) with a nominal glass transition temperature (Tg) of 55ºC was 

purchased from the SMP Technologies Inc. The chemical formula of the SMP is shown in Fig. 2-

121) inferred from the previous patents.22,23) Dimethyl sulfoxide (DMSO) used as a solvent (Junsei 

Chemical) was used as received. 

 
Figure 2-1 Synthetic rout of polyurethane-based SMP. 

 

2.2.2 Fabrication of S-PEDOT:SMP composites 

The S-PEDOT water solution was freeze dried using a freeze dryer (DC400, Yamato Scientific). 

The S-PEDOT powder and SMP pellets were dissolved in DMSO with concentrations of 1 and 10 

wt%, respectively, and both solutions were mixed with different weight ratios of the S-PEDOT 

(WS-PEDOT). After vigorous stirring, the mixed solution was drop cast and dried at 120°C on a glass 

slide or Teflon dish. Finally, the S-PEDOT:SMP composite films as electro-active SMPs were 

obtained by heating at 200°C for 1 h in vacuum to remove the residual solvent completely (Figure 

2-2). 
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Figure 2-2 Schematic illustration of electro-active shape memory polymer (SMP) composing of 

S-PEDOT and SMP. 

 

2.2.3 Characterization of S-PEDOT:SMP composites 

The distribution of oxygen, nitrogen, and sulfur elements in the S-PEDOT:SMP composite 

films was characterized with an electron probe micro analyzer (EPMA) (JXA-8200, JEOL) at an 

accelerating voltage of 10 kV. The electrical conductivity was measured by van der Pauw method 

(HEM-2000, EGK), where at least five films were prepared and measured for each electrical 

conductivity. The volume fraction of the S-PEDOT in the composite film (ϕS-PEDOT) was calculated 

using the densities of S-PEDOT (dS-PEDOT = 1.50 g cm-3) and SMP (dSMP = 1.23 g cm-3) measured 

by Archimedes’ principle at room temperature. Assuming that the values of dS-PEDOT and dSMP are 

the same in the composite without cracks and voids, the ϕS-PEDOT (vol%) was calculated as follows. 

ϕS-PEDOT = WS-PEDOT × dS-PEDOT / (WS-PEDOT × dS-PEDOT + WSMP × dSMP) × 100         (2-1) 

The XRD patterns were measured by an X-ray diffractometer (MiniFlex600, Rigaku) at 40 kV and 

15 mA, where crystallinity was evaluated by PDXL power diffraction software (Rigaku). The 

atomic force microscopic (AFM) images were obtained using a scanning probe microscope (SPM-

9600, Shimadzu) in tapping mode. The dynamic mechanical analysis (DMA) of the S-

PEDOT:SMP composite films (10 mm long, 2 mm wide, and ca. 150 µm thick ) was carried out 

using TMA/SS6200 (Hitachi High-Tech) under a constant tension measured at a heating rate of 

2°C min-1 and a frequency of 0.1 Hz. The differential scanning calorimetry (DSC) curves were 

measured with DSC 3100S (Netzsch) under a nitrogen flow from room temperature to 100°C at a 

heating rate of 5°C min-1. The thermomechanical analysis (TMA) was performed with the 

Shape memory polymer (SMP)

+

S-PEDOT Electro-active SMP
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TMA/SS6200 (Hitachi High-Tech) using a tensile fixture at a force control mode. The EAP 

actuator properties of the S-PEDOT:SMP composite film were recorded with a video camera and 

infrared thermal imaging camera (TVS-500EX, Nippon Avionics) under application of a voltage. 

The recovery force generated in the actuator was measured with a small-capacity load cell (LTS-

50GA, Kyowa). 

2.3 Results and discussion 

2.3.1 Miscibility and electrical properties 

Figure 2-2 shows element mapping images of S-PEDOT:SMP composite film (cross section) 

measured by EPMA. It was found that sulfur, nitrogen, and oxygen originated from S-PEDOT, 

SMP, and both S-PEDOT and SMP, distributed homogeneously in the composite film. This clearly 

indicates the high miscibility between S-PEDOT and SMP achieved by the solution mixing method. 

The SEM and EMPA element mapping images of the film surface (Figure 2-3) also support 

homogeneous distribution of elements and smooth surface without aggregations at the microscopic 

level. 

 

Figure 2-2 EPMA element mapping images of S-PEDOT:SMP composite film (cross section) at 

WS-PEDOT = 10 wt%. 

SEM (cross section) Sulfur

Nitrogen Oxygen
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Figure 2-3 EMPA element mapping images of S-PEDOT:SMP composite film (surface) at WS-

PEDOT = 10 wt%. 

 

The electrical conductivity of the S-PEDOT:SMP composite films is shown in Figure 2-4. The 

electrical conductivity linearly increases with increasing the volume fraction of S-PEDOT (ϕS-

PEDOT) and attains 579 S cm-1 at ϕS-PEDOT = 100 vol%. The result shows a typical insulator-

conductor transition usually described by the percolation theory24) using the following equation, 

σ = σ0 (ϕ − ϕc)
t                                                            (2-2) 

where σ0 is the proportionality constant related to the intrinsic conductivity of the conductive filler, 

ϕ is the volume fraction of the conductive filler, ϕc is the critical volume fraction of the filler at 

percolation threshold, and t is the critical exponent relating to the system dimensionality of electric 

composites. At ϕ < ϕc, no conducting pathways can be established because the average distance 

between conductive fillers is too large to transport charge carriers. Once the conductive pathway 

is formed at ϕ ≥ ϕc, electric current can flow under electric field through the neighboring 

conductive fillers.24) For the S-PEDOT:SMP composite films, the best fitting result highly agreed 

with the experimental data (the red line in Figure 2-4), where σ0 = 576 S cm-1, ϕc = 0.38 vol% and 

20 μm

Sulfur Nitrogen

Oxygen SEM (surface)
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t = 1.15, respectively. Compared to other conductive composites containing various conductive 

fillers such as CB, CNTs, and graphene listed in Table 1, the S-PEDOT:SMP composite films show 

extremely lower ϕc and higher σ values. This is associated with the higher electrical conductivity 

(σ0 = 576 S cm-1) and miscibility of the S-PEDOT. It is also noted that t = 1.15 is smaller than the 

theoretical values of three-dimensional (t = 2) and two-dimensional percolations (t = 1.33),24) 

indicative of low-dimensional conductive pathways that will be discussed later.  

 

Figure 2-4 Relation between electrical conductivity (σ) and volume fraction of S-PEDOT (ϕ S-

PEDOT) for S-PEDOT:SMP composite films. Inset: Relation between σ and WS-PEDOT. 
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Table 1 Comparison of percolation parameters and electrical conductivity for various polymer 

composites with different conductive fillers. 

Composites 
Percolation 

threshold 

σ
0
  

(S cm-1) 
t 

σ  

(S cm-1) 

Conductive 

filler 
Ref. 

CB/SMP 3.8 vol% 0.1 2 ~0.1 10 vol% Leng et al.
25)

 

CB/HDPE 0.4 vol% 
2.1×10

-

3
 

1.4 ~10
-3

 ~2 vol% Yoon et al.
26)

 

CNTs/PS 1.5 wt% - - 10
-2

 5.5 wt% Loos et al.27) 

CNTs/PLA 0.5 wt% - - ~ 0.1 2 wt% 
Villmow et 

al.28) 

Graphene/PS 1 wt% - - 0.15 2 wt% Tkalya et al.29) 

PEDOT:PSS/PU 2.4 wt% 166 1.27 25 25 wt% 
Wallace et 

al.30) 

PEDOT:PSS/PU 0.5 wt% 554 1.175 185 40 wt% Li et al.31) 

PEDOT:PSS/PAAm 0.46 vol% 766 1.65 17 36 wt% An et al.32) 

S-PEDOT:SMP 0.38 vol% 576 1.15 29 10 wt% This work 

 

2.3.2 Structure and morphology 

In order to clarify the detailed structure of S-PEDOT:SMP composite films, an XRD measurement 

was carried out and the results are shown in Figure 2-5. The pure SMP (WS-PEDOT = 0 wt%) shows 

a broad diffraction around 2θ = 20°, indicating that the SMP is almost amorphous. On the other 

hand, the pure S-PEDOT (WS-PEDOT = 100 wt%) reveals peaks at 2θ = 5.0, 10.1 and 24.6°, 

corresponding to the diffractions from (100), (200), and (020) planes of the S-PEDOT crystallites, 

respectively.19) Here, an increase of WS-PEDOT from 10 wt% to 70 wt% results in the decrease of 

the broad diffraction from amorphous SMP but an increase of the diffraction peaks from crystalline 

S-PEDOT at the same diffraction angles. This suggests that the S-PEDOT and SMP are phase 

separated with no significant interactions at the molecular level, in which the S-PEDOT forms 

crystalline structure in the amorphous SMP matrix. In fact, the crystallinity of the composite 

increases in proportion to the WS-PEDOT as shown in the inset of Figure 2-5. 
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Figure 2-5 XRD patterns of S-PEDOT:SMP composite films with different WS-PEDOT. Inset: 

Relation between crystallinity (Xc) of S-PEDOT:SMP composite films and WS-PEDOT. 

 

Figure 2-6 AFM surface morphology and surface roughness (Ra) of various S-PEDOT:SMP 

composite films with different WS-PEDOT. 
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Figure 2-7 AFM phase images of various S-PEDOT:SMP composite films with different WS-PEDOT. 

 

For further analysis of phase separation, surface morphology of various S-PEDOT:SMP composite 

films was measured by AFM. It is seen from Figure 2-6 that the SMP shows a smooth surface with 

a small surface roughness (Ra) of 0.23 nm. Interestingly, the S-PEDOT:SMP composite films (WS-

PEDOT = 10 ~ 70 wt%) show fibrils (average diameter is 17 nm) with higher Ra values (0.46~1.07 

nm). Since the pure S-PEDOT shows low Ra (0.55 nm) and numerous small grains (average 

diameter is 16 nm) the fibrils in the S-PEDOT:SMP composites may correspond to the hard S-

PEDOT molecular chains. The fact that the fibrils are harder than the matrices from phase images 

(Figure 2-7) suggests that the crystalline S-PEDOT forms conductive networks due to the phase 

separation in the SMP matrices, which will be responsible for the low-dimensional percolation 

mechanism as shown in Figure 2-4. 

2.3.3 Shape memory characteristics 

In general, thermally induced shape memory characteristics of the SMP consist of two processes 

as shown in Figure 2-8. One is the programing process where the SMP heated above Tg is deformed 

by an external force (strain changes from ε0 to ε1), and then cooled down below Tg to fix the 

temporary shape (strain relaxes from ε1 to ε2). The other is the recovery process where the heating 

WS-PEDOT = 0 wt% 10 wt% 30 wt%

50 wt% 70 wt% 100 wt%
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of the deformed SMP above the Tg will release the accumulated stress, which results in a recovery 

of the SMP from the temporary to its original shape (strain recovers from ε2 to ε3).
9,33) The fixing 

ratio and recovery ratio can be evaluated by ε1, ε2 and ε3, respectively. 

 

Figure 2-8 Schematic diagram of shape memory characteristics of S-PEDOT:SMP composite film. 

 

In order to clarify the role and effect of S-PEDOT on shape memory characteristics of the SMP, 

dynamic mechanical analysis (DMA) was carried out to evaluate viscoelastic properties of the S-

PEDOT:SMP composite films. It is seen from Figure 2-9 that the pure SMP (WS-PEDOT = 0 wt%) 

shows a steep drop of storage modulus and large tan δ peak at around 50°C, corresponding to Tg 

of the SMP, in which soft segments in the reversible phase of the segmented polyurethane block 

copolymer transfer from a glass to rubber state due to micro-Brownian motion while phase 

separated hard segments form hard domains by physical crosslinks through hydrogen bonding9,34). 

Interestingly, an increase of WS-PEDOT significantly decreases both the drop of the storage modulus 

and intensity of the tan δ peak whereas the Tg values are almost constant (Inset of Figure 2-9). A 

similar tendency was observed in the DSC measurements, where the peak of Tg around 50°C 

became smaller with increasing the WS-PEDOT and disappeared at WS-PEDOT = 100 wt% (Figure 2-

10). This demonstrates that the shape memory characteristics of the SMP are destroyed by the S-

PEDOT because of its hard and infusible nature.19) Indeed, the shape memory characteristics of 

the S-PEDOT:SMP composite films disappear at WS-PEDOT > 30 wt%. Therefore, further 

investigation of the shape memory characteristics have been carried out for the S-PEDOT:SMP 
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composite films at WS-PEDOT ≤ 30 wt%. 

 

 

 

 

 

 

 

Figure 2-9 Temperature dependence of storage modulus and tan δ for various S-PEDOT:SMP 

composite films with different WS-PEDOT. Inset: Relation between Tg of S-PEDOT:SMP composite 

films and WS-PEDOT. 
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Figure 2-10 DSC thermograms of various S-PEDOT:SMP composite films with different WS-

PEDOT. 

 

Figure 2-11 displays typical thermomechanical analysis (TMA) curves of the S-PEDOT:SMP 

composite film (WS-PEDOT = 10 wt%) for evaluating shape memory characteristics as explained in 

Figure 2-8. The composite film (10 mm long, 2 mm wide, and ca. 110 µm thick) was first heated 

to 70°C above Tg at a heating rate of 5°C min-1 and stretched under a constant force ca. 1.5 N, 

corresponding to 7 MPa, then cooled down to 30°C to fix the shape with a temporary strain of ε1. 

After releasing the force, the composite film slightly relaxed with a fixed strain of ε2. Finally, the 

composite film recovered from it temporary to the original shape with a recovery strain of ε3 by 

heating again from 30°C to 70°C. 
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Figure 2-11 TMA curves of S-PEDOT:SMP composite film (WS-PEDOT = 10 wt%). 

 

 

Figure 2-12 Changes in shape fixing ratio (Rf) and shape recovery ratio (Rr) of S-PEDOT:SMP 

composite films on WS-PEDOT. 
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The shape fixing ratio (Rf) and shape recovery ratio (Rr) of the S-PEDOT:SMP composite films 

were calculated as follows 

Rf (%) = ε2 / ε1 × 100                                                       (3) 

Rr (%) = (ε2 − ε3) / ε2 × 100                                             (4) 

where TMA curves of various S-PEDOT:SMP composite films with different WS-PEDOT are shown 

in Figure 2-13. 

 

Figure 2-13 TMA curves of various S-PEDOT:SMP composite films with different WS-PEDOT. 

 

As shown in Figure 2-12, the values of Rf and Rr for pure SMP (WS-PEDOT = 0 wt%) were 100% 

and 90%, respectively. It was found that the increase of S-PEDOT resulted in a decrease of Rf 

(51% at WS-PEDOT = 30 wt%), while the Rr was kept almost constant (ca. 90% at WS-PEDOT = 0 ~ 

30 wt%). These results indicate that the soft segments in the reversible phase of the SMP in the 

composite film play a predominant role in fixing the temporary shape. In contrast, physical 

crosslinks formed by hard segments of the SMP and/or network structure formed by S-PEDOT 

fibrils (in Figure 2-6) are crucially important for the recovery from the temporary to original shape. 

Furthermore, cycle test clearly demonstrates high reproducibility of TMA curves and constant 

values of Rf and Rr during four cycles (Figure 2-14). Based on the electrical conductivity and shape 

memory characteristics, the S-PEDOT:SMP composite film at WS-PEDOT = 10 wt%, exhibiting σ = 

29 S cm-1, Rf = 95.4%, and Rr = 90.1%, was determined to be the optimal, which has superior 
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performance compared with other composites such as CB:SMP composite (σ = 0.03 S cm-1, Rf = 

89.6%, and Rr = 85.9%),35) CNT:SMP composites (σ = 0.2 S cm-1, Rf = ~95%, and Rr = 85%)36) 

and  (σ = 0.1 S cm-1, Rf = 91.7%, and Rr = 86.5%).37) 

 

Figure 2-14 Cycle test of TMA measurement for S-PEDOT:SMP composite film (WS-PEDOT = 10 

wt%). 

 

2.3.4 Electro-active SMP soft actuator 

The mechanism of the electro-active SMP composite is similar to the thermo-responsive SMP, 

where the temperature rise is caused by Joule heating. It is seen from Figure 2-15, an electro-active 

SMP soft actuator was fabricated by cutting the S-PEDOT:SMP composite film (WS-PEDOT = 10 

wt%, 175 µm thick) into a U-shape. The actuator was wound around a small cylinder (10 mm in 

diameter), with a bending angle (θ) of 11°, and then cooled down to room temperature to fix the 

bent shape (programming process). Upon application of 6 V through both ends with a DC power 

source, the electro-active SMP soft actuator quickly recovered from temporary bent shape (θ = 

11°) to its original open shape (θ = 161°) within 5 s. Furthermore, time profiles of bending angle, 

maximum surface temperature, and thermographic images are shown in Figure 2-16. One can see 

that the maximum surface temperature linearly rises from 28°C to 92°C within 7 s, which can be 

associated with a large electric current (142 mA) due to the high electrical conductivity and small 

specific heat of the S-PEDOT:SMP composite film. It should be noted here, the electro-active SMP 

soft actuator was suddenly driven at 2 s after application of voltage because the maximum surface 

temperature exceeded the Tg of the composite (~50°C), and almost finished after 5 s. The recovery 

response and driving voltage of the S-PEDOT:SMP composite films are superior to other electro-
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active SMP soft actuators such as MWCNT:SMP (10 s at 40 V)16) and CNT:SMP (15 s at 40 V).18) 

In the bent state, the soft actuator (175 µm thick) rapidly generates a recovery force of 21 mN, 

corresponding to 2.2 gf, subsequently drops to ca. 7 mN because the actuator becomes soft above 

the Tg by the Joule heating (Figure 2-17). After voltage removal, no recovery force was seen since 

the actuator became hard below the Tg. Here, the maximum recovery force increases in proportion 

to the film thickness and the value attains 45 mN at 305 µm, which is possibly due to the increase 

of cross section and/or strain difference on both sides of the film. 

 

Figure 2-15 Photograph and time profiles of electro-active SMP soft actuator in action under 6 V. 
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Figure 2-16 Time profiles of bending angle (θ), maximum surface temperature, and thermographic 

images of electro-active SMP soft actuator driven by 6 V. 

 
Figure 2-17 Time profiles of recovery force generated in the S-PEDOT:SMP composite actuators 

(WS-PEDOT = 10 wt%) with different thicknesses measured at 6 V. Inset: Relation between thickness 

and maximum recovery force (Fr,max). 
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2.4 Conclusion 

In conclusion, we fabricated highly conductive S-PEDOT:SMP composite films by the facile 

solution mixing method of SMP and S-PEDOT in DMSO. The XRD and AFM analyses showed 

that the crystalline S-PEDOT formed conductive networks in the SMP matrices due to the phase 

separation, leading to the extremely low ϕc (0.38 vol%) and high electrical conductivity (29 S cm-

1 at WS-PEDOT = 10 wt%). The DMA measurement revealed that the Tg of the S-PEDOT:SMP 

composite films was ~50°C at WS-PEDOT ≤ 30 wt%. It should be noted that the electro-active SMP 

soft actuator made of S-PEDOT:SMP composite film (WS-PEDOT = 10 wt%), with excellent shape 

memory properties of Rf = 95.4% and Rr = 90.1%, quickly recovered from temporary bent shape 

to its original open shape within 5 s under 6 V driven by the Joule heating. 
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Chapter 3 Novel Wearable High Sensitivity Acceleration and 

Non-Powered Displacement Sensors Based on Piezoionic 

Effect 

 

3.1 Introduction 

Internet of Things (IoT) is a system that connects between people and things, and between things 

through the Internet such as health monitoring using heart rate sensors1), remote control of 

appliances using wearable devices2), gait measurement using sole sensors3) and so on, has widely 

application in the areas of soft robotics, biomedical devices and wearable electronics. Flexible 

sensors which can detect motions as displacement, acceleration, velocity as well as vibration, play 

the dominant role in the field of IoT. Recently, with the rapid development of IoT has substantially 

increased wearable electronics demands, especially the requirement of flexible and wearable 

sensors. Many flexible and stretchable sensors have been developed to detecting human motions 

and monitoring personal health. In general, the flexible sensors can be categorized into two types, 

one is resistive sensor, and the other is capacitive one4). The resistive sensor detects changes in 

resistance of conductors such as metal wires5,6), carbon nanotubes7,8) and graphene9). However, 

electric power consumption is relatively high because electric current always flows through the 

conductor. On the other hand, the capacitive sensor detects changes in capacitance of a dielectric 

such as silicones10,11,12), and polyurethanes13,14). But difficult to distinguish the direction of 

deformation, which is not suitable for a motion sensor. In order to monitor the motions, 

acceleration and displacement are the most important parameters in the characterization of an 

object’s movement. Usually, the sensors which can detect acceleration and displacement are based 

on force sensing mechanisms has been widely applied in navigation15), industrial engineering16) 

and robots17,18). In the view of energy consumption and precise determine the displacement and 

acceleration motions, piezoresistive strain sensors, piezoelectric19,20), triboelectric21) sensors and 

capacitive sensors are not suitable to use as motion sensors. 

Ionic polymer gel is a material that exhibits electric response (such as voltage and current) 

under mechanical stimulate, due to the migration and redistribution of ions inside the gel matrix, 

so called piezoionic effect. For the piezoionic effect sensors, Kamamichi22 et al. found that a bucky 

gel cantilever showed a voltage less than 0.1 mV even under a large bending displacement. Must23) 
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et al. reported a maximum voltage of about 0.37 mV for a carbon-polymer-ionic liquid composites. 

Wu24) et al. fabricated a polypyrrole based ionic polymer sensor that the generated voltage was 

about 0.1 mV under a 4 mm deformation. Recently, Woehling25) et al. presented a PEDOT/IPN-

EMI+TFSI-/PEDOT trilayer sensor which the output voltage was 0.35 mV under the strain 

difference of 2 %. The lower generated voltage and sensitivity limited the application of those 

piezoionic sensors to motion sensors. 

In this research, a multi-functional wearable ionic polymer sensor was fabricated using ionic liquid 

of EMI+TFSI- and shape memory polymer, PEDOT:PSS was used as flexible electrodes. The 

sensing performance of the piezoionic sensors was characterized in the term of generated voltages 

and charges under mechanical stimulates of various displacements and various accelerations. This 

study deals with the fabrication of multi-functional IL-SMP/PEDOT:PSS sensors and 

characterization of IL-SMP gels by means of AC impedance, electron probe microanalyzer 

(EPMA), dynamic mechanical analysis (DMA), and mechanical analysis (TMA). It was found that 

the IL-SMP/PEDOT:PSS composite exhibits larger acceleration sensitivity as 8.6 nA m-1 s2 at WIL 

= 30 wt%, while highest displacement sensitivity as 1.25 V m-1 at WIL = 25 wt%. The mechanism 

of the piezoionce ionic SMP/PEDOT:PSS sensor can be explained by the migration and 

redistribution of ions under mechanical stimulation. Furthermore, the shape memory properties of 

the ionic SMP gels also was investigated, it was found that the ionic SMP with 10 wt% of IL 

exhibits good shape memory properties, as Rf = 86.9 %, Rr = 89.8 %. 

 

3.2 Experimental section 

3.2.1 Materials 

 A polyurethane-based shape memory polymer (SMP, MM-5520) with a nominal glass transition 

temperature (Tg) of 55ºC was purchased from the SMP Technologies Inc. The chemical formula 

of the SMP is shown in Fig. 3-126), inferred from the previous patents27,28). 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI+TFSI-) purchased from Kanto 

Chemical Industry was used as ionic liquid (IL). N,N-dimethylacetamide (DMAc) was purchased 

from Kanto Chemical Co. Inc. PEDOT:PSS water dispersion (pH = 1.77) with 1.3 wt% solid 

content was synthesized in our laboratory by oxidative polymerization of EDOT (Aldrich) 

monomer in the presence of PSS (Mw = 75,000 g mol-1) as the previous report29). Ethylene glycol 

(EG, Kanto Chemical) as a secondary dopant to improve the electrical conductivity of the 
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PEDOT:PSS was used as received. Ammonia solution (1 M, Kanto Kagaku) was used as 

neutralizer. 

 

Figure 3-1 Synthetic rout of polyurethane-based SMP (a), Chemical structures of EMI+TFSI- (b) 

and PEDOT:PSS (c). 

 

3.2.2 Fabrication of the IL-SMP/PEDOT:PSS flexible sensor 

SMP pellets were dissolved in DMAc with concentration of 10 wt%. Ionic liquid and SMP/DMAc 

solution were mixed together at different proportions, with IL content varying from 0 to 30 wt%. 

After vigorous stirring, the mixed solution was drop cast and dried at a Teflon dish for 2 days, 

using an oven set at 50ºC. Then the SMP-IL gel was dried at 140°C in vacuum for 2 hours. After 

the solvent was evaporated completely, the SMP-IL gel was peeled off from the Teflon dish. The 

SMP-IL gels with various thickness can be obtained by casting different volumes of composite 

solution on Teflon dish. The pristine PEDOT:PSS aqueous dispersion was strong acid dispersion 

with pH of 1.77. After the PEDOT:PSS dispersion was spin coated on the SMP-IL gel, the interface 

would be damaged due to the strong acid dispersion. Furthermore, the stability and the sensing 

performance of the sensors will be reduced. In this study, the PEDOT:PSS dispersion was 

neutralized by 1 M of ammonia solution, to obtain the dispersion with pH of 7. The pH value was 

measured using a pH meter (F-50, HORIBA). After that the PEDOT:PSS dispersion (pH = 7) was 

freeze dried with a freeze dryer (DC 400, Yamato, Japan). The PEDOT:PSS pellets were re-

dispersed in deionized water, making up a dispersion with 2.5 wt% of solid content. Furthermore, 

10 wt% of EG was added into the dispersion as a secondary dopant to improve the conductivity of 
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PEDOT:PSS electrodes. After vigorous stirring, PEDOT:PSS electrodes were deposited on SMP-

IL gels by spin coating of the dispersion using a spin coater (MS-A150, Mikasa). Spin-coatings 

were applied at a rotational speed of 1000 rpm for 60 s under atmospheric conditions. After spin-

coating, films were dried at 120ºC for 30 min with a moisture analyzer (MOC-120H, Shimadzu). 

Both surfaces of the SMP-IL gel were coated by PEDOT:PSS electrodes. At last, the sandwich IL-

SMP/PEDOT:PSS strips were trimmed to a rectangular shape of 15 mm × 5 mm with a blade. Fig. 

3-2 demonstrates the fabrication of the ionic SMP/PEDOT:PSS composites. 

 

 

Figure 3-2 Fabrication of IL-SMP/PEDOT:PSS sensors. 

 

3.2.3 Characterization of ionic SMP gel 

The distribution of oxygen, nitrogen, and sulfur elements in the ionic SMP gel was observed 

with an electron probe microanalyzer (EPMA) (JXA-8200, JEOL) at an accelerating voltage of 10 

kV. The electrical properties of the dish-like SMP-IL gels (300 μm thick and 10 mm in diameter) 

were measured at 0.1-106 Hz by an AC impedance technique with a frequency response analyzer 

(1255WB, Solartron) equipped with a sample holder (SH 1-Z, Toyo). The analyses of Cole-Cole 

plots and equivalent circuits were carried out using a ZView (Solartron) software. The dynamic 

mechanical analysis (DMA) of the ionic SMP gels (10 mm long, 2 mm wide, and ca. 300 µm 

thick ) was carried out using TMA/SS6200 (Hitachi High-Tech) under a constant tension measured 

from 5 to 80°C at a heating rate of 2°C min-1 and a frequency of 0.1 Hz. The cyclic voltammograms 
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were measured in a sweeping range of 0 - 1 V and sweeping rate of 10 mV s-1, with electrochemical 

impedance system (1255WB, Solartron). Furthermore, the capacitance was evaluated by CorrView 

software (Solartron). 

3.2.4 Sensing characterization of ionic SMP sensor 

The sensing performance of the flexible sensors was evaluated by generated voltage and electric 

charge under bending deformation. The bending deformation which was caused by mechanical 

perturbation was introduced by a tensile tester (EZ-TEST, Shimadzu) in compression mode at 

various displacements (3, 5 and 7 mm) and velocity (50, 100 and 200 mm min-1). The acceleration 

of the mechanical stimulation was measured by an acceleration sensor (AS-1GB, KYOWA). The 

mechanical induced output signals included of electric charges and voltages were collected by the 

analyzer units (NR-500, NR-CA04 and NR-HA08, Keyence). Fig. 3-3a and b demonstrate the 

sensor at initial and bending states. The sensor strip was located on a sample holder. One end of 

the strip was fixed on the sample holder with two gold electrodes to allow independent electric 

contacts with the PEDOT:PSS electrodes. The free length of the strip was set at 10 mm. The 

displacement of the mechanical stimulation is corresponded to the strain difference between the 

electrodes, while the velocity is expressed as the acceleration of the mechanical stimulation. After 

the sensor strip was bended, the generated strain difference (ɛ) between the electrodes can be 

calculated by the equation:25) 

𝜀 =
2𝑑𝛿

𝐿2+𝛿2
× 100%                                                      (3-1) 

where d (300 μm) is the thickness of the ionic SMP gel, L (10 mm) is the free length of the sensor, 

δ is the displacement of the bending deformation, respectively. The strain difference of the sensor 

strip at various bending displacement is shown in Fig. 3-3c. On the other hand, the velocity of the 

mechanical stimulation is correlated to the acceleration. As shown in Fig. 3-3d, the acceleration 

increases linearly with the velocity. 
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Figure 3-3. Experimental setup of the bending mechanical stimulation for sensor characterization 

(a, b). The generated strain difference of the sensors at different bending displacements (c). The 

relationship between bending velocity and acceleration of the mechanical stimulation (d). 

 

3.3 Results and Discussion 

 

3.3.1 Miscibility and ionic conductivity of SMP-IL Gels 

Fig. 3-4a illustrates the ionic SMP gels composing of EMI+TFSI- and SMP, while Fig. 3-4b 

shows element mapping images of the ionic SMP gel (WIL = 30 wt%, cross section) measured by 

EPMA. It was found that sulfur, nitrogen, and oxygen originated from EMI+TFSI-, both SMP and 

EMI+TFSI-, distributed homogeneously in the ionic SMP gel. This clearly indicates the good 

miscibility between EMI+TFSI- and SMP. 
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Figure 3-4. Schematic illustration of ionic shape memory polymer (SMP) composing of 

EMI+TFSI- and SMP (a). EPMA element mapping images of ionic SMP gel (cross section) at WIL 

= 30 wt% (b). 

 

The electrical properties of the ionic SMP gels is shown in Fig. 3-5. A clear indication of the 

importance of IL on electrical properties is seen in the AC impedance analysis. The Cole-Cole 

plots of the ionic SMP gels are shown in Fig. 3-5a, a semicircle at higher frequencies with a straight 

line at lower frequencies, which can be expressed by a Randles equivalent circuit30,31) consisting 

of a gel resistant (Rgel) in series with the parallel combination of a constant phase element (CPE) 

and an impedance of a faradic reaction composed of charge transfer resistance (Rct) and a Warburg 

impedance (Zw) representing the diffusion of ions as shown in the inset of Fig. 3-5b. One can see 

that the semicircle in the Cole-Cole plot becomes smaller and slightly shifts toward lower 

resistance with increasing the IL content from 10 wt% to 30 wt%, indicative of changes in the 

parameters of the equivalent circuit. As shown in Fig. 3-5b, a rise in the IL content brings about a 

decrease of the Rgel owing to the increase of ionic conductivity (σ) calculated as follow equation 

(3-2): 
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𝜎 =
𝑑

𝑅𝑔𝑒𝑙 𝑆
                                                               (3-2) 

where d (300 μm) and S (0.785 cm2) are the thickness of the ionic SMP gel and the electrode 

surface area of the sample holder, respectively. The ionic conductivity of the ionic SMP gels 

increases in proportion to the IL content. The values attains as high as 1.85×10-5 S cm-1 at WIL = 

30 wt%, which is comparable to that of poly (ethylene glycol) diacrylate (PEGDA) with 

EMI+TFSI- composites polymer electrolyte membranes32) and polyurethane (PU) with EMI+TFSI- 

composite gels14) at the same IL content. 

 

Figure 3-5 Cole-Cole plots of ionic SMP gels with various IL contents (a). Changes in gel 

resistance (Rgel) (b) and ionic conductivity (σ) (c) of ionic SMP gels on IL content. Inset: equivalent 

circuit model of the ionic SMP gels. 
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SMP gels shifts to lower temperature with increasing WIL (Fig. 3-6d), due to the IL works as 

plasticizer in the ionic SMP gels32). 

 

Figure 3-6 Temperature dependence of storage modulus (a) and tan δ (b) for ionic SMP gels with 

various WIL. Relation between the storage modulus at 25ºC (c), Tg (d) of ionic SMP gels and WIL. 
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0, small amount of negative charges was generated, related to the movement of TFSI- anions that 

will be discussed later. The opposite phenomenon was observed when the bending deformation 

was released. Furthermore the acceleration of the mechanical stimulation which was corresponded 

to the velocity is shown in Fig. 3-7c. On the other hand, the mechanical bending induced electric 

current was calculated by differentiating the charge with time (Eq. 3-3), was shown in Fig. 3-7f. 

𝐼 =
𝑑𝑄

𝑑𝑡
                                                               (3-3) 

The electric current increased sharply once the mechanical stimulation was applied, similar with 

the acceleration. Notably, it was found that the induced peak current increases while the 

acceleration increases from 0.19 to 0.8 m s-2. This clearly indicates the ionic SMP/PEDOT:PSS 

composite behaves as an acceleration sensor. 

 

Figure 3-7 Applied mechanical stimulation with displacement of 7 mm (a), velocity of 50, 100 

and 200 mm min-1 (b) and the correlated accelerations of 0.19, 0.5 and 0.8 m s-2 (c). Mechanical 

induced voltage (d), electric charge (e) and current (f) of the ionic SMP composite with 30 wt% of 

EMI+ TFSI-. 
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In order to clarify the acceleration sensing performance in more detail, the measurements were 

carried out at various acceleration (0.19, 0.5, 0.8 m s-2) and bending displacement (3, 5, 7 mm), 

while the ionic SMP/PEDOT:PSS composite with IL of 30 wt%. Fig. 3-10a and b show the profile 

of mechanical induced current on time. It can be found that the peak current increases in proportion 

to the acceleration. On the other hand, the peak current almost keep constant at different bending 

displacements. Fig. 3-10c displays the plot of peak current (Ipeak) versus acceleration, while the 

displacements are 3, 5 and 7 mm, respectively. Ipeak exhibits linearly varying trends while less 

dependent on displacements. The acceleration sensitivity can be evaluated from the slopes of these 

straight lines. It was found that the ionic SMP/PEDOT:PSS composite exhibits acceleration 

sensitivity of 8.6 nA m-1 s2. Furthermore, the dependence of acceleration sensitivity on IL content 

was examined. Fig. 3-8 and 3-9 display the mechanical bending induced electric charge and current 

of the ionic SMP/PEDOT:PSS composites (WIL = 15 ~30 wt%) at various mechanical stimulation, 

respectively. The acceleration sensitivity of these composites was evaluated and displayed in Fig. 

3-10d. It was found that the ionic SMP/PEDOT:PSS composites hardly exhibit acceleration 

sensing performance at lower IL content, which can be explained by the poor ion mobility (Fig. 3-

5c) in the rigid polymer network (Fig. 3-6c). Once WIL is higher than 15 wt%, the rigidity of the 

ionic SMP gels declines and the ionic conductivity increases, much more mobile ions can move 

freely in the ionic SMP gels, leading to the increasing of the mechanical induced charges and 

current. As the result, the acceleration sensitivity increases drastically when IL content is higher 

than 15 wt%, attained the highest at WIL = 30 wt%, as high as 8.6 nA m-1 s2. 
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Figure 3-8 Mechanical bending induced electric charge of the ionic SMP gel sensors with various 

IL contents at different bending displacements (3, 5 and 7 mm) and accelerations (0.19, 0.5 and 

0.8 m s-2). 
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Figure 3-9 Mechanical bending induced electric current of the ionic SMP gel sensors with various 

IL contents at different bending displacements (3, 5 and 7 mm) and accelerations (0.19, 0.5 and 

0.8 m s-2). 
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Figure 3-10 Generated peak current of the ionic SMP sensors with various IL contents versus 

acceleration (a). Relation between acceleration sensitivity of the ionic SMP sensors and IL content 

(b). 
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mechanical induced migration of the ions, the generated voltage should affect by the IL content in 

the ionic SMP gels. The mechanical induced voltage of ionic SMP/PEDOT:PSS composites with 

various IL contents was examined (Fig. 3-11). In fact, the mechanical induced voltage increases in 

proportion to the IL content. Furthermore, the dependence of displacement sensitivity on IL 

content of ionic SMP/PEDOT:PSS composites is displayed in Fig. 8d. It can be found that the 

sensitivity increases rapidly once WIL is higher than 15 wt%. The highest displacement sensitivity 

is attained at WIL = 25 wt%, as high as 1.25 V m-1. After that, it decreases slightly at WIL = 30 wt%. 

 

Figure 3-11 Mechanical bending induced voltage of the ionic SMP gel sensors with various IL 

contents at different bending displacements (3, 5 and 7 mm) and accelerations (0.19, 0.5 and 0.8 

m s-2). 
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Figure 3-12 Applied bending deformation at various displacements of 3, 5 and 7 mm (a) and the 

corelated velocity (b) and accelerations (c). Voltage (d), electric charge (e) and current (f) responses 

corresponding to bending displacement. 
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Table 1. Mechanical induced voltage of trilayer ionic polymer sensors 

Sensor composition 
Strain difference 

(%) 

Generated voltage 

(mV) 
Ref 

Pt/Nafion-H
2
O/Pt - 2 [37] 

Ppy/PVDF-BMI PF
6
/Ppy 1 0.07 [38] 

Au/Nafion-Na
+
/Au 0.77 ~1 [39] 

Au/TPU-EMI TFSI/Au 1.3 1.8 [14] 

PEDOT:PSS/PEO-EMI 

TFSI/PEDOT:PSS 
0.5 0.4 [40] 

PEDOT/IPN-EMI TFSI/PEDOT 1.8 1.3 [41] 

PEDOT:PSS/SMP-EMI 

TFSI/PEDOT:PSS 
2.8 9.8 This work 

 

The generation of electric signals in the curved ionic SMP/PEDOT:PSS composites can be 

explained by piezoionic effect39). In the initial state of the ionic polymer gel, both cations and 

anions distribute homogenously. Upon bending the ionic polymer gel strip, the dissociated cations 

and anions would migrate from compressed side to expended side because of the pressure gradient 

in the curved ionic polymer gel strip. As the result, positive and negative charges can be generated. 

On the other hand, once the transferred cations are not equal with anions in the curved gel strip, 

voltage will be induced between the electrodes. It is well knew that, in neat EMI+TFSI-, the molar 

ionic conductivity of EMI+ cation (λ+ = 1.45 S cm mol-1) is much higher than TFSI- anion (λ- = 

0.63 S cm mol-1). Furthermore, the EMI+ cation exhibits larger transfer number (t+ = 0.63) than 

TFSI- anion (t- = 0.37)42). Fig. 3-14 displays the plausible mechanism of the piezoionic effect in 

the ionic SMP/PEDOT:PSS composite. Once the mechanical stimulation was applied on the sensor 

strip, the EMI+ cations with higher molar ionic conductivity (λ+) moved rapidly toward the 

expanded outer-surface. As the result, positive electric charges (Q+) were generated. Then small 

amount of TFSI- anions with lower molar ionic conductivity (λ-) followed afterwards, generating 

the negative electric charges (Q-). On the other hand, the generation of charges in the recovery 

motion can be explained in the same manner. In the bending state, due to the difference of molar 

ionic conductivity between EMI+ cation and TFSI- anion, EMI+ cations will transfer to the 

expanded side of the ionic SMP gel much faster than TFSI- anions. Once the transferred EMI+ 



52 

 

cations are not equal to TFSI- anions, ΔQ will store in the bended ionic SMP/PEDOT:PSS 

composites strip. As the result, voltage will be induced under the mechanical bending stimulation. 

The mechanical bending induced voltage should be strongly dependent on the electric charges 

(ΔQ) which were stored in the bended sensor strips. The transferred EMI+ cations are evaluated by 

integrating the positive charges with time, as well as the transferred TFSI- anions are evaluated by 

integrating the negative charges with time, as shown in the inset of Fig. 3-13c. Furthermore, the 

total transferred electric charges (ΔQ) were evaluated by Q+ and Q-, 

𝛥𝑄 = 𝑄+ − 𝑄−                                                      (3-4) 

The relationship between mechanical bending induced voltage, electric charge, as well as 

capacitance and IL content in the ionic SMP/PEDOT:PSS composites are displayed in Fig. 3-13a, 

b and c. In general, higher voltage was generated at larger ΔQ. It can be seen that, the mechanical 

induced electric charges (ΔQ) in the bended sensor strips increase in proportion to the IL content, 

as well as the mechanical induced voltage increases at first and then decreases slightly at WIL = 30 

wt%. On the other hand, the capacitance (C) increases with increasing the IL content in the ionic 

SMP/PEDOT:PSS composites. Fig. 3-13d shows the magnitude of voltage (V) multiplied by 

capacitance (C) as a function of the stored charge (ΔQ) calculated by eq 3-5. It is surprising to 

notice that, after V is multiplied by C, the results exhibiting linearly varying trends with ΔQ, which 

are regardless with bending displacement, acceleration, as well as IL content (Fig. 3-13d). 

Furthermore, it is found that the values of C·V equal to ΔQ, 

𝛥𝑄 = 𝐶𝑉                                                            (3-5) 

This equation is well knew in the field of electric double layer capacitor. It clearly indicates that 

the piezoionic effect sensors show double layer capacitive. This is the first time to clarify the 

generation of voltage by electric charge and capacitance, in the piezoionic effect sensors. The 

mechanical bending induced voltage is not only dependent on the charge, but also the capacitance 

of the ionic polymer sensor. 
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Figure 3-13 Dependence of mechanical bending induced voltage (a), electric charge (b), as well 

as capacitance (c) of the ionic SMP/PEDOT:PSS composites on IL content. Relation between V, 

C and ΔQ of the piezoionic effect ionic SMP/PEDOT:PSS sensors. 

 

 

Figure 3-14 Schematic illustration of the plausible mechanism of the piezoionic effect in the IL-

SMP/PEDOT:PSS sensor. 
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on the acceleration of the mechanical stimulation while less affected by the bending displacement. 

On the other hand, the generated voltage of the sensor increases linearly with the bending 

displacement, as less dependent on the acceleration of the mechanical stimulation. It can works as 

flexible sensor to detect the acceleration and bending displacement of human motions. 

 

3.3.4 Shape memory properties of the ionic SMP gel 

In general, thermally induced shape memory characteristics of the SMP consist of two processes 

as shown in Fig. 3-15. One is the programing process where the SMP heated above Tg is deformed 

by an external force (strain changes from ε0 to ε1), and then cooled down below Tg to fix the 

temporary shape (strain relaxes from ε1 to ε2). The other is the recovery process where the heating 

of the deformed SMP above the Tg will release the accumulated stress, which results in a recovery 

of the SMP from the  temporary to its original shape (strain recovers from ε2 to ε3) 
43). 

 

Figure 3-15 Schematic diagram of shape memory characteristics of IL-SMP gels. 
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of ε3 by heating again from RT to 70°C.  

 

Figure 3-16 TMA curves of IL-SMP gels with various IL contents. 
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Figure 3-17 Changes in shape fixing ratio (Rf) and shape recovery ratio (Rr) of IL-SMP gels on 

WIL. 

 

The shape fixing ratio (Rf) and shape recovery ratio (Rr) of the IL-SMP gels were calculated as 

follows 

𝑅𝑓(%) = 𝜀2 ∕ 𝜀1 × 100                                                (3-6) 

𝑅𝑟(%) = (𝜀2 − 𝜀3) ∕ 𝜀2 × 100                                          (3-7) 

As shown in Fig. 3-17, the values of Rf and Rr for pure SMP were 100% and 90%, respectively44). 

It was found that the increase of S-PEDOT resulted in a decrease of Rf (37.6% at WIL = 30 wt%), 

while the Rr was kept almost constant (ca. 90 % at WIL = 0 ~ 30 wt%). 

Furthermore, the dependence of voltages and charges response to mechanical stimulate on 

temperature was investigated (WIL = 10 wt%) (Fig. 3-18). Fig. 3-19 displays the plots of V, Q+, 

Q-, ΔQ and C versus temperature of the IL-SMP/PEDOT:PSS sensor under bending displacement, 

acceleration of 7 mm, 0.28 m s-2. Smaller V, Q+, Q- and ΔQ are generated at the temperature range 

of 20 to 30ºC. Then the V drastically increases while the temperature is higher than 30ºC, achieves 
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the maximum at 50ºC, then it becomes constant at the temperature range of 50 to 60ºC, exhibits 

less depend on the temperature behavior. On the other hand, both the electric charges (Q+, Q-, ΔQ) 

and capacitance (C) increase drastically while the ambient temperature is higher than 30ºC. From 

the DMA measurements (Fig. 3-3), the IL-SMP gel with 10 wt% of IL exhibits Tg of 33ºC. When 

the ambient temperature below Tg, the IL-SMP gel exhibits rigid polymer network, the mobility 

of the ions is limited, only few cations and anions can move freely in the gel. Extremely low Q+, 

Q- and ΔQ can be generated under mechanical stimulate. As the result, the potential between the 

two electrodes is lower. Once the temperature increases around Tg, the polymer network will 

transfer from glass state to rubber state, the polymer chains becomes soft, exhibits a drop of storage 

modulus, both the movement of polymer chains and the ions in the polymer networks can be 

improved. On the other hand, the mobility of ions also will be enhanced by increasing the 

temperature, according to the Arrhenius principle. The transferred charges ΔQ increases drastically 

in proportion to the temperature. At the same time, the capacitance of the IL-SMP gel increases 

slightly. As the result, V increases drastically in proportion to temperature (30 to 50ºC). When the 

temperature is higher than 50ºC, the V exhibits less dependent on temperature, due to the 

drastically increase of both electric charge (ΔQ) and capacitance (C). The generated voltage of the 

IL-SMP/PEDOT:PSS sensors exhibits transition behavior corelated to the thermo mechanical 

transition behavior. Furthermore, the measured V is highly agreed with the calculated V by 

equation (3-5). 
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Figure 3-18 Applied mechanical stimulate at a constant displacement and acceleration (7 mm and 

0.28 m s-2) and electric charge and voltage response behavior versus time of the IL-

SMP/PEDOT:PSS sensor (WIL = 10 wt%) at various temperature. 

8

4

0

-4

D
is

p
la

c
e

m
e

n
t 

(m
m

)

1

0

-1
E

le
c
tr

ic
 c

h
a

rg
e

 (
n

C
)

6

4

2

0

-2

0 10 20 30 40 50 60

V
o

lt
a

g
e

 (
m

V
)

Time (s)

WIL = 10 wt%

Displacement = 7 mm

Acceleration = 0.28 m s-2

Temperature (ºC)

20

60



59 

 

 

Figure 3-19 The generated voltages, calculated voltages and electric charges under mechanical 

stimulate (7 mm and 0.28 m s-2) and the capacitances of the IL-SMP/PEDOT:PSS composites at 

various temperature. 

 

3.4 Conclusion 

A novel multi-functional flexible sensor based on piezoionic effect was fabricated using 

EMI+TFSI-, SMP and PEDOT:PSS. It exhibits excellent acceleration sensitivity, as high as 8.6 nA 

m-1 s2. It also shows good displacement sensing performance, the highest generated voltage is 9.8 

mV at displacement of 7 mm. And the displacement sensitivity attains 1.2 V m-1 at WIL = 25 wt%. 

The generation of electric signals can be explained by the piezoionic effect. Under the mechanical 

stimulation, the generation of electric charge is originated from the migration of the ions in the 

ionic SMP gel. Due to the difference of molar ionic conductivity between EMI+ cations and TFSI- 
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voltage can be calculated by the combination of total transferred electric charge and capacitance 

of the sensor. And the calculated voltage shows highly agreement with the measurement data. This 

remarkable finding provides a strategy to improve the generated voltage of the ionic polymer gel 

sensors: 1. increasing the total transferred electric charges by selecting the IL with larger difference 

of molar ionic conductivity between the cations and anions; 2. decreasing the capacitance of the 

ionic polymer gel sensor by selecting the support polymer with lower dielectric constant. 

Furthermore, the IL-SMP/PEDOT:PSS composites can work as monitor sensor to detect human 

motionsThe generated voltage of the IL-SMP/PEDOT:PSS sensor (WIL = 10 wt%) shows 

transition behavior while the ambient temperature is around Tg. The TMA measurement revealed 

that the IL-SMP gels exhibit acceptable shape memory property while WIL ≤ 10 wt%, Rf = 86.9 %, 

Rr = 89.8 % at WIL = 10 wt%. 
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Chapter 4 3D Printable Electric and Ionic Shape Memory 

Polymer (SMP) and Future Prospective 

 

4.1 Introduction 

3-dimensional (3D) printing technology, also was called as additive manufacturing, has been 

attracted extensively attention from viewpoints of academic and technologic aspects1-6), due to it 

has many advantages compared with traditional manufacturing technology, as rapid prototyping, 

lower cost, flexibility, risk reduction, sustainability and so on7). Many different types of 

commercial 3D technology has been developed, like stereolithography (SLA)8), selective laser 

sintering (SLS)9), 3D plotting/direct-write (3DP)10) and fused deposition modeling (FDM)11). Some 

research groups had tried to fabricate smart devices using 3D printing technology. Leigh et al12) 

had printed electric circuits using carbon black (CB)/polycaprolactone (PCL) composite and the 

3D printed composites can work as monitor sensor to detect human motions. Odent et al13) had 

successfully 3D printed transparence, stretchable and ionic conductive hydrogel. In this 

dissertation, novel electric and ionic SMP which can work as electroactive actuator and multi-

functional sensor have been developed. Due to the novel electric SMP in chapter 2 and ionic SMP 

in chapter 3 exhibit Tg at ca. 50 and lower 50 ºC, these novel SMPs have the potential to apply to 

FDM 3D printing technology. In this chapter, the 3D printability of the novel electric SMP and 

ionic SMP was investigated. Furthermore, electroactive soft actuators and ionic SMP gel with 

shape memory properties were fabricated using 3D printing technology. 
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Figure 4-1 various types 3-dimenssional printers and 3D printed smart devices. 

 

4.2 Experimental methodologies 

As described in chapter 2, the S-PEDOT water solution was freeze dried using a freeze dryer 

(DC400, Yamato Scientific). The S-PEDOT powder and SMP pellets were dissolved in DMSO 

with concentrations of 1 and 10 wt%, respectively, and both solutions were mixed together with 

S-PEDOT concentration of 10 wt%. After vigorous stirring, the S-PEDOT/SMP composites was 

evaluated using coagulation bath (non-solvents) which isopropanol (IPA) was used as the non-

solvent. After S-PEDOT/SMP composite was coagulated, the pellets were dried at 80 ºC overnight 

and 200 ºC in vacuum for 1h. Then the dried S-PEDOT/SMP pellets were poured in to an extruder 

to fabricate the filament with diameter of 1.75 mm. Finally, U shape electroactive actuators were 

fabricated by FDM 3D printer, using conductive S-PEDOT/SMP filament. Fig. 4-2 shows the 

fabrication process of the electric SMP filament. 
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Figure 4-2 Fabrication of conductive S-PEDOT/SMP filament (WS-PEDOT = 10 wt%). 

 

The ionic SMP filament was fabricated using ionic SMP gel which were developed in chapter 

3. IL (EMI+TFSI-) was mixed with SMP in DMAc solution with IL concentration of 10 wt%. After 

vigorous stirring, the IL-SMP composite solution was poured into Teflon dish and dried at 50 ºC 

to evaporate DMAc solvent. After that, the ionic SMP gel was dried at 140 ºC in vacuum for 2h. 

Then the dried ionic SMP gel was pushed into the extruder to fabricate ionic SMP filament. At last, 

the ionic SMP filament was used for FDM 3D printing. The fabrication process of ionic SMP 

filament was described in Fig. 4-3. 
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Figure 4-3 Fabrication of ionic SMP filament (WIL = 10 wt%). 

 

4.3 Performance of the 3D printed electric and ionic SMP 

A ‘U’ shape objective (Fig. 4-4a) was printed using electric SMP filament. Then it was 

programed to a temporary shape (Fig. 4-4b) It can be found that the 3D printed electric SMP 

recovered gradually to its initial shape (Fig. 4-4c-f), once voltage (25V) was applied on. On the 

other hand, it was found that the temperature of the 3D printed electroactive actuator increased 

above Tg (ca. 50 ºC) by electricity Joule heating. 

On the other hand, a semi-cycle objective was printed by FDM 3D printer, using ionic SMP 

filament, as shown in Fig. 4-5. It was hard and the shape was kept at room temperature (Fig. 4-6a). 

Once it was heated above Tg (ca. 45 ºC), it became soft and flexible (Fig. 4-6b). Furthermore, it 

could be programmed to any kinds of shape (Fig. 4-6c). When the temperature of the 3D printed 

ionic SMP gel was cooling down below Tg, the temporary shape was fixed (Fig. 4-6d)). After it 

was heated above Tg again, it was seen that the ionic SMP recovered to its initial shape immediately. 
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Fig. 4-6 clearly shows that the 3D printed SMP exhibits good shape memory properties, indicates 

that the 3D printed SMP gel is possible to adjust to human body and works as motion sensor. 

 

Figure 4-4 3D printed electroactive actuator. And the actuation process of the 3D printed electric 

SMP actuator driven by Joule heating. 

 

Figure 4-5 Thermographic images of 3D printed electric SMP actuator. 
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Figure 4-6 Shape memory effect of 3D printed ionic SMP gel. 

 

4.4 Future prospective 

In this chapter, 3D printable electric and ionic SMP filament was developed. And electroactive 

actuator can be driven Joule heating, as well as ionic SMP with good shape memory properties 

were printed by FDM 3D printing technology. 

As I descripted in chapter 1, robot system will plays very important roles in future with the aged 

population increases. Many researchers have paid many attentions on the development of robot. 

As shown in Fig. 4-7, a 3D printed robots has been developed. In this robot system, the white body 

was printed by normal polylactic acid (PLA). The black parts which worked as nerve and joints or 

muscle to detect motions and provide force are traditional hard machines (motion sensors and 

electricity motors). It should be noted that only the white body is 3D printable in this robot system. 

And it will limit the partial applications of this 3D printed robot. In this dissertation, novel electric 

and ionic SMP were developed, they can work as electroactive actuator and flexible motion sensors, 

respectively. And both of them are 3D printable. This provide a strategy to develop intelligent soft 

robots. As a 3D printable intelligent soft robot can be fabricated by 3D printing electric SMP as 

soft actuators and ionic SMP as multi-functional flexible sensors, as shown in Fig. 4-7. 
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Figure 4-7 3D printed robot system. The possible 3D printable intelligent soft robot system 

fabricated by electric and ionic SMP as soft actuators and flexible sensors, respectively. 
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Chapter 5 Electromechanical Properties and Structure of 

Stretchable and Highly Conductive Polymer Hydrogels 

 

5.1 Introduction 

Organic electronics originated from low cost, lightweight, and flexible electronics is developing 

through printed electronics, stretchable electronics, and recently into wearable electronics for the 

applications to flexible displays and touch panels, soft sensors and actuators1,2). Conductive 

polymers with high electrical conductivity have been extensively studied in organic electronic 

devices, such as transparent electrodes, organic light-emitting diodes, organic field-effect 

transistors, organic solar cells, and electrochemical capacitors3,4). However, the conductive 

polymers are intrinsically hard and brittle because of their rigid π-conjugated structures and strong 

intermolecular π-π interactions5,6). In contrast, polymer hydrogels are soft and wet materials 

consisting of a three-dimensional polymer network swollen in water, which undergo significant 

changes of their physicochemical properties in response to various environmental stimuli, such as 

temperature, pH, light, biomolecules, salts, electric field, etc.7,8) Furthermore, the hydrogels have 

been paid considerable attention as biocompatible materials for a variety of applications such as 

biosensors, bio-separation, drug delivery system, tissue engineering scaffolds, and artificial 

muscles9). However, the hydrogels have poor electrical conductivity due to the ionic conduction, 

which limits the application of hydrogels to the organic electronics. Therefore, combination 

between the highly conductive polymer and soft and wet hydrogel at the molecular level may 

generate a novel composite of electro-conductive hydrogels10-14). Indeed, many composites of 

conductive polymer hydrogels have been so far prepared by in situ polymerization of the 

conductive polymer inside the hydrogel matrices15-21), but the composites were still mechanically 

weak with poor electrical conductivity. Kishi et al. fabricated mechanically tough electro-

conductive double-network (E-DN) gels by oxidative polymerization of 3,4-

ethylenedioxythiophene (EDOT) in a double-network hydrogel matrix composed of 

poly(styrenesulfonic acid) as the first network and poly(N,N-dimethylacrylamide) as the second 

network20). The E-DN gels showed Young’s modulus and fracture stress of 3 MPa and 2 MPa, 

respectively, with a conductivity on the order of 1 S cm-1. 

In this study, novel stretchable and highly conductive polymer (S-CP) hydrogels were 
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fabricated by casting a water solution of poly(3,4-ethylenedioxythiophene) doped with poly(4-

styenesulfonic acid) (PEDOT:PSS) and polyacrylamide (PAAm) and subsequent swelling in water. 

The results demonstrated that the S-CP gel containing 64 wt% of PAAm showed excellent 

stretchability over 100% and the electrical conductivity of 17 S cm-1 in the swollen state, which 

will open up a new field of soft and wet electronics using hydrogels, namely, “gelectronics”. 

 

5.2 Experimental methodologies 

5.2.1 Materials 

The PEDOT:PSS water dispersion (1.5 wt%) used in this study was synthesized in our 

laboratory by oxidative polymerization of EDOT monomer (Aldrich) in the presence of PSS (Mw 

= 75,000 g/mol, Aldrich) where the composition ratio between the repeating units of PEDOT and 

PSS was 1:2.522). Polyacrylamide (PAAm) (Mw = 5×106 g mol-1, Wako Pure Chemistry) was 

purchased and used without further purification. Ethylene glycol (EG, Tokyo Chemistry Industry) 

as a secondary dopant to improve the electrical conductivity of the PEDOT:PSS23-26) was used as 

received. 

 

5.2.2 Fabrication of S-CP gels 

The PAAm was dissolved in deionized water by stirring at room temperature for 2 h to prepare 

1.5 wt% solution. Then, the PAAm solution was mixed with the PEDOT:PSS water dispersion 

with 5 wt% of EG at the different feed weight ratios of PAAm (WPAAm feed). The mixed solution 

was cast on a slide glass and dried at 140 °C with a moisture analyzer (MOC-120H, Shimadzu). 

Subsequently the films were immersed in pure water overnight to prepare the water swollen S-CP 

gels. Fig. 5-1 shows relation between WPAAm feed and actual weight ratio of PAAm (WPAAm). When 

the PEDOT:PSS film without PAAm (WPAAm feed = 0 wt%) was immersed in water, no notable 

weight loss was measured after drying, which can be explained by crosslinking of anionic PSS 

chains through electrostatic interaction with cationic PEDOT nanocrystals26,27). On the other hand, 

the dry weight of the S-CP gels decreased after immersing in water until 30 min and reached a 

constant values, indicating that the water-soluble PAAm on the surface was partially dissolved in 

water. 
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Figure 5-1 Relation between feed weight ratio of PAAm (WPAAm feed) and actual weight ratio of 

PAAm (WPAAm) in S-CP gels. The dotted line represents the theoretical straight line. 

 

5.2.3 Characterization of S-CP gels 

The electrical conductivity of the S-CP gels was measured with a Loresta-GP (MCP-T610, 

Mitsubishi Chemical Analytech) equipped with a four-point probe (LSP, Mitsubishi Chemical 

Analytech), where the water content was evaluated with a moisture analyzer (MOC-120H, 

Shimadzu). The mechanical properties of the S-CP gels (20 mm long, 2 mm wide, and 70-280 µm 

thick) were measured with a tensile tester (EZ-TEST, Shimadzu) equipped with a 500 N load cell 

at a constant strain rate of 20 %/min. Young’s modulus, fracture stress, and fracture strain were 

calculated from the stress-strain curves. Time dependence of water content of the S-CP gel (WPAAm 

= 64 wt%) was measured and the result was shown in Fig. 5-2. The S-CP gel was almost dry after 

4 h in air, but the weight was nearly constant up to 30 min. Therefore, all measurement were carried 

out in air within 30 min. The morphology of the S-CP gels were evaluated with a scanning electron 

microscope (SEM) (S-4300, Hitachi) at an accelerating voltage of 3 kV, where the S-CP gels were 

freeze-dried with a freeze dryer (DC401, Yamato Scientific). The distributions of oxygen, nitrogen, 

and sulfur elements in the freeze-dried S-CP gels were characterized with an electron probe micro 

analyzer (EPMA) (JXA-8200, JEOL) at an accelerating voltage of 10 kV. The resistance change 
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of the S-CP gel at WPAAm = 64 wt% was measured by a two-probe method with a potentiostat (HA-

30, Hokuto Denko) under stretching using the tensile tester. 

 

Figure 5-2. Time dependence of water content of S-CP gel (WPAAM = 64 wt%) measured in air. 

 

5.3 Results and discussion 

5.3.1 Mechanical properties 

Fig. 5-3 shows stress-strain curves and water content of the S-CP gels with different weight 

ratios of the PAAm (WPAAm). It was found that the PEDOT:PSS gel (WPAAm = 0 wt%) with a water 

content of 86% was soft but brittle because hydrogen bonding between sulfonic acid groups of the 

PSS on the PEDOT:PSS colloidal particles forms a network structure and/or PEDOT nanocrystals 

may crosslink the PSS chains through formation of polyion complex by electrostatic 

interactions26,27). It is seen from Fig. 5-4 that the mechanical properties are strongly dependent on 

the WPAAm: Upon adding 3 wt% of PAAm, the water content drops but Young’s modulus and 

fracture stress significantly increase and the values attain 142 MPa and 16.8 MPa, respectively, 

which are more than one order of magnitude higher than those of the E-DN gels20). 
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Figure 5-3 Stress-strain curves of S-CP gels with different WPAAm. Inset: Dependence of water 

content of S-CP gels on WPAAm and schematic diagrams of PEDOT:PSS and S-CP gels. 
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Figure 5-4 Dependence of Young’s modulus, fracture stress, and fracture strain of S-CP gels on 

WPAAm. 

This suggests that the PAAm penetrates into the spatial gaps of the PEDOT:PSS network as a filler, 

similarly to double-network gels28-30), in which the soft and flexible PAAm suppresses stress 

concentration on the fragile PEDOT:PSS network. An increase of the WPAAm decreases both 

Young’s modulus and fracture stress but increases fracture strain and water content, demonstrating 

that the S-CP gel becomes soft and stretchable due to the PAAm. Indeed, the pure PAAm gel 

(WPAAm = 100 wt%) having a water content of 95% showed low values of Young’s modulus (0.34 

MPa) and fracture stress (0.28 MPa). It should be noted that the fracture strain attained as high as 
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to the percolation theory 31), the electrical conductivity (σ) can be described using a volume fraction 

of the PEDOT:PSS (φ) as follows 

σ = σ0 (φ − φc)
t                              (5-1) 

where φc, t, and σ0 are the percolation threshold, critical exponent, and constant, respectively. As 

shown in the inset of Fig. 5-5, the electrical conductivity of the S-CP solid films can be expressed 

by the percolation theory where the parameters calculated using the densities of the PEDOT:PSS 

(1.43 g cm-3) and PAAm (1.31 g cm-3) are φc = 0.46 vol%, t = 1.65, and σ0 = 766 S cm-1. Here, the 

φc value is smaller than that of the carbon black-polyethylene composite (φc = 11%)32), indicative 

of a predominant conduction path. Furthermore, the t value suggests that the S-CP solid films can 

be applied to two-dimensional percolation (t = 1.33)31) which will be discussed later. On the other 

hand, the percolation theory does not apply to the S-CP gels in the swollen state: The conductivity 

of the PEDOT:PSS gel (95 S cm-1) significantly increased to 243 S cm-1 by adding 3 wt% of PAAm 

and subsequently decreased with increasing the WPAAm, which is probably due to the variation of 

water content (Figure 5-1) and/or phase segregation of the S-CP gels. We should emphasize here 

that the S-CP gel at WPAAm = 64 wt% shows excellent electrical conductivity (17 S cm-1) and 

fracture strain (110%) in spite of the high water content (92%). The performance of the S-CP gel 

is much higher than the E-DN gels containing 74% of water with electrical conductivity and 

fracture strain of ca. 1 S cm-1 and 76%, respectively20). Moreover, the S-CP gels can be fabricated 

by a fast and facile casting technique, whereas the E-DN gels were synthesized by oxidative 

polymerization of EDOT monomer for one week in a double-network hydrogel20). 
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Figure 5-5 Dependence of electrical conductivity of S-CP on WPAAm in gel and solid states. Inset: 

Relation between the electrical conductivity (σ) and volume fraction of PEDOT:PSS (φ) for S-CP 

in gel and solid states. 
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Figure 5-6. SEM micrographs of cross section and surface of freeze-dried S-CP gels with different 

WPAAm. 

 

Furthermore, EPMA was carried out to investigate the detailed structure, and element mapping 

images of the S-CP gel at WPAAm = 64 wt% were shown in Fig. 5-7. One can see the oxygen is 

distributed throughout the cross section and surface of the S-CP gel since both PEDOT:PSS and 

PAAm contain oxygen atoms. On the other hand, the nitrogen originated from the PAAm is seen 

both on the surface and in the cross section, but more distributed inside the S-CP gel, which is in 

good agreement with the SEM micrographs exhibiting the porous network structure (Fig. 5-6). In 
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Figure 5-7 EPMA element mapping images of cross section and surface of S-CP gel (WPAAm = 64 

wt%). 

 

Figure 5-8 (a) SEM and (b) EPMA sulfur mapping images of cross section of S-CP dry film 

(WPAAm feed = 70 wt%) before immersing in water. 

 

5.3.4 Electromechanical properties 

Fig. 5-9 shows resistance change of the S-CP gel (10 mm long, 2 mm wide, and 130 µm thick) 
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gel, the resistance was kept almost constant about 50-57 Ω despite of the fact that the distance 
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rates. 

 

 

 

 

 

 

 

Figure 5-9 Resistance change of S-CP gel (10 mm long, 2 mm wide, and 130 µm thick) at WPAAm 

= 64 wt% under repeated stretching by 50% at a constant strain rate of 100 %/min (applied voltage 

= 1 V). 
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Figure 5-10 Resistance changes of S-CP gel (10 mm long, 2 mm wide, and 140 µm thick) at WPAAm 

= 64 wt% under repeated stretching by 50% at constant strain rates of 150 %/min and 50 %/min 

(applied voltage = 1 V). 
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conductivity. Therefore, the mechanism can be considered as shown in Fig.5-12. The electric 

current flows through conduction paths in the PEDOT:PSS-rich conductive network layers on both 

sides of the gel, leading to the high electrical conductivity. Upon stretching the S-CP gel up to 75%, 

the PEDOT:PSS-rich conductive network layers are oriented along the stretching direction, which 

enhances the contact between the networks in the vertical direction and increases the conduction 

paths. This may enhance transport of charge carriers, thereby improving the electrical 

conductivity35,36). However, further stretching of the S-CP gel at strains higher than 75% results in 

an irreversible breakdown of the conduction paths in the PEDOT:PSS-rich conductive network 

layers by generating microcracks (Fig. 5-13), thereby dropping the electrical conductivity. In fact, 

even after removal of the stress, both length and conductivity of the S-CP gel did not recover to 

the initial values. 

 

Figure 5-11 Changes in resistance and electrical conductivity of S-CP gel (10 mm long, 2 mm 

wide, and 130 µm thick) at WPAAm = 64 wt% by stretching at a constant strain rate of 100 %/min. 
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Figure 5-12 Possible mechanism of electromechanical properties of S-CP gels. 

 

 

Figure 5-13 SEM micrographs of S-CP gel (WPAAm = 64 wt%) surface (a) before and (b) after 

stretching by 100%. The scale bars correspond to 10 µm and the arrow indicates the stretching 

direction. 
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S-CP gels spontaneously improved the electrical conductivity in response to the external stimulus 

of stretching so as to keep the resistance constant. Thus, the S-CP gels have potential applications 

to smart electrodes of soft sensors and actuators as a novel intelligent material, which will open up 

a new field of organic electronics using soft and wet hydrogels, namely, “gelectronics”. 
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Chapter 5 General Conclusions and Outlook 

 

5.1 General conclusions 

In this study, novel electric SMP and ionic SMP were fabricated using shape memory polymer. 

The electric SMP exhibits actuation after applying voltage while the ionic SMP shows electric 

response under mechanical stimulate. Furthermore, a stretchable conductive polymer gel with high 

electric conductivity was fabricated using PAAm and PEDOT:PSS, which can be used as 

stretchable electrodes in the flexible and wearable devices. 

The electric SMP was fabricated by compositing shape memory polymer with novel conductive 

polymer (S-PEDOT) in DMSO solution. The crystalline S-PEDOT formed conductive networks 

in the SMP matrix, leading to high electric conductivity and extremely low percolation threshold. 

The glass transition temperature (Tg) of the electric SMPs was ~50ºC at WS-PEDOT ≤ 30 wt%. The 

shape memory properties of the electric SMPs were evaluated by TMA. The electric conductivity 

of the electric SMP increased in proportion to S-PEDOT contents while the shape memory 

properties decreased with increasing S-PEDOT ratios in the electric SMP. The electric SMP at WS-

PEDOT = 10 wt% exhibited electric conductivity (σ), shape fixing ratio (Rf) and shape recovery ratio 

(Rr) of 29 S cm-1, 95.4 % and 90.1 %, respectively. The electrical and shape memory properties 

were better than other electric SMPs which were fabricated by carbon black, graphene, carbon 

nanotubes or PEDOT:PSS composited with SMP, due to the good miscibility between S-PEDOT 

and SMP. The good electric and shape memory properties of the electric SMP indicated it can be 

applied electro-active actuators. Furthermore, an electro-active SMP soft actuator was fabricated 

using the electric SMP with 10 wt% of S-PEDOT, quickly recovered from the temporary bent 

shape to its original open shape with 5 s upon application of 6 V. 

The ionic SMP was fabricated using shape memory polymer and ionic liquid (EMI+TFSI-). The 

ionic SMP/PEDOT:PSS exhibited sensing behaviors under mechanical stimulate. The ionic SMPs 

were used as acceleration sensors and displacement sensors. The electric charges increased in 

proportion to the IL content, leading to the increasing of acceleration sensitivity. The highest 

acceleration sensitivity was achieved as 13.7 nC m-1 s2 at WIL = 30 wt%. Due to the difference of 

the molar ionic conductivity between cations and anions, the transfer number of cations and anions 

are different, leading to the potential difference between the two electrodes under the mechanical 

stimulate. The generated voltage increased in proportion in the bending displacements while less 
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dependent on the accelerations, indicated the ionic SMP can be used as non-powered displacement 

sensors. Furthermore, we claimed that the generated voltage is strongly dependent on the total 

transferred charges (ΔQ) under the mechanical stimulate and the capacitance (C) of the ionic gel 

sensors. The highest voltage was achieved at WIL = 30 wt%, as high as 5.96 mV, which can be 

explained by the largest ΔQ and relative lower C. Furthermore, the ionic SMP exhibited shape 

memory property of Rf = 86.9 %, Rr = 89.8 % at WIL = 10 wt%. 

Furthermore, a novel stretchable and highly conductive S-CP gel was fabricated using PAAm 

and PEDOT:PSS. The S-CP gel exhibited highly electrical conductivity and large fracture strain 

of 17 S cm-1 and 110% at WPAAm = 64 wt%. The S-CP gel was composed of soft and stretchable 

PAAm-rich porous network surrounded by the PEDOT:PSS-rich conductive network layers. The 

S-CP gels spontaneously improved the electrical conductivity in response to the external stimulus 

of stretching so as to keep the resistance constant. The S-CP gels have potential applications to 

smart electrodes of soft sensors and actuators as flexible and stretchable electrodes, namely, 

‘gelectronics’. 

 

5.2 Outlook 

In the view of energy consumption, non-powered sensors and energy generators will play very 

important roles in future. Compared with electromagnetic1), piezoelectric2-6) and triboelectric7-11) 

non-powered sensors or energy generator, piezoionic sensors exhibit some distinguished 

advantages, such as stable output voltage signals, response to not only the displacements but also 

the accelerations and directions and so on. Piezoionic gels are a good candidate for the flexible 

non-powered sensors and generators. The output voltage should be improved much more. 

In this research, the sensing performance of the ionic SMP and the mechanism of the piezoionic 

effect were investigated in detail. The results clearly indicated that the generated voltage strongly 

dependent on the combination of total transferred electric charges (ΔQ) under mechanical bending 

and capacitance (C) of the ionic SMP gels, as shown in follow equation: 

𝑉 =
𝛥𝑄

𝐶
=
𝑄+ − 𝑄−
𝐶

 

The measured voltage was highly agreed with that calculated by the equation. This equation 

provides a direction for increasing the sensitivity of the non-powered displacement sensors. By 

increasing the total transferred charges (ΔQ) and reducing the capacitance (C) of the ionic polymer 
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gels, the generated voltage will be improved. ΔQ was determined by the difference between 

transferred cations (Q+) and anions (Q-). Q+ and Q- related to the transfer number of cations (t+) 

and anions (t-) of the ionic liquid in the polymer matrix. Large Q+ and small Q- will result in large 

ΔQ, leading to the larger voltage. The selection of ionic liquid is important for the generated 

voltage. It is potential to applying piezoionic gels to non-powered sensors and energy generator. 

On the other hand, the fundamental theory of the piezoionic effect is related to the elastic 

modulus of the materials, mobility of the ions, diffusion constant, cation and anion concentration, 

dielectric constant of the materials and so on. In order to understanding on the ionic sensing 

mechanisms, investigating the transport process of ions of ionic polymer gels is necessary. Many 

multi-physical models of cation and water transport in ionic polymer-metal composite sensors 

(single ion transferred) had been built12-15). But there is no model to discuss the ionic liquid-

polymer gels (double ions transferred). So developing of multi-physical model of the ionic liquid 

polymer gels is an effect way to understanding on the sensing mechanism. 
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