
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

The most common actuators are combustion engines, electric 

motors and piezoelectrics. Combustion engines have high 

efficiency when operated continuously but not suitable for the 

intermittent motion like walking robots. Electric motors have 

high accuracy but low efficiency in torque to mass compared to 

biological muscles, which makes them very bulky for robotic, 

medical and fluidic applications. Piezoceramics have very high 

power densities but with a small strain of 0.1% which makes 

massive mechanical amplification necessary when significant 

displacements are required. These types of traditional actuators 

are not ideal for the applications in the mechatronics or 

biomimetics, such as rehabilitation devices, power assist suits 

and insect type micro robots. For these applications, the 

actuators that have the similar characteristics of biological 

muscles of light in weight, high strain and stress, soft and low 

noise are desirable.  

Polymer material based artificial muscles have attracted great 

attention these years [1, 2]. A variety of electronic, ionic, and 

photoactivated artificial muscles are proposed that exhibit large 

strain in length and volume, high response rate, and high output 

power, which is the primary similarity with muscle [3, 4]. The 

pneumatic artificial muscles (PAMs) [5, 6] have the advantages 

of high force to weight ratio, lightweight, low cost and 

flexibility. But generally a heavy and noisy energy resource (air 

or gas) equipment is needed. Shape memory polymers (SMPs) 

[7, 8] can be developed into multifunctional materials actuated 

by various methods, such as thermal-induced, electro-activated 

and magnetic-actuated SMPs. They can achieve a high strain 

and stress but a low response rate (sec to min). On the other 

hand, electro active polymers (EAPs) which exhibit large strain 

in response to electrical stimulation, are human made actuators 

that most closely emulate muscles. The most attractive feature 

of EAPs is their ability to emulate biological muscles offering 

resilience, toughness, large actuation strain and inherent 

vibration damping. Ionic polymer-metal composites (IPMCs) [9, 

10] are one type of EAP actuators that create a large bending 

motion under relatively low input voltage (1~3V). However, the 

response rate is not notable and there is a need to maintain their 

wetness. Dielectric elastomer actuators (DEAs) are one of the 

most studied EAP actuators and numerous applications are 

being developed including electroactive fluid pumps, conformal 

skins for Braille screens and insect-like robots [11-13]. However, 

the challenge for this type of actuators is their use of a high 

voltage (>1kV) due to the high electric fields that are needed 

(~100V/μm).  

Among all the candidates of artificial muscles, PVC gel based 

artificial muscles showed a great potential for practical 

applications. Hirai et al. [14] found the bending deformation of 

PVC gel under an electric field. However, to emulate nature’s 

muscle, we think it is necessary to create a contraction and 

expansion movement. Based on the unique phenomenon and 

mechanism of PVC gel at the side of anode of electrode, we 

have developed a contraction and expansion type PVC gel 

artificial muscle, using the meshed anode and foil cathode [15]. 

And we evaluated and improved its characteristics [16, 17], 

modeled it as a control element [18]. Also some applications, 

such as a motor brake [19] and walking assist gel spats [20] are 

implemented so far. The PVC gel artificial muscle has the 

advantages of stable movement in the air with a large strain and 

an output stress with a high response rate and stability on 

thermal influence. And a medium input electric field (~20V/μm) 

and a low level of power consumption (~5μW/μm) which also 

show the reasonability for practical applications. Furthermore, 

the durability (cycle life) under a continuous electric field driven 

is also confirmed sufficient for the practical applications, 

recently.  

Since each actuator is defined according to the physical 

theory on which its legitimacy is founded, a general theory of 

actuators does not exist. Each actuator has its own composition, 

mechanism, motion type and mechanical structure. As an 

alternative among the artificial muscles or the traditional 
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actuators in practical applications, it is necessary to consider 

some specific criteria, such as performance criteria and 

structural criteria. In this study, we introduced the composition, 

mechanism and present the most updated properties of PVC gel 

artificial muscles. And considering one step for various practical 

applications of PVC gel artificial muscles in the future, we 

proposed the actuation modular constructions with different 

functions to make the PVC gel artificial muscle as an useful soft 

actuator in practice. And we gave an example to show the 

effectiveness of the proposed modules and developed a model 

of static characteristics of PVC gel artificial muscles based on 

the experimental data measured by a prototype of mudules.  

This paper is organized as follows: The composition and 

mechanism of PVC gels are introduced in Section 2. The 

structure and characteristics of PVC gel artificial muscles are 

described in Section 3, and the actuation modular constructions 

are proposed in Section 4. The fabricated module unit and 

experimental results are presented in Section 5. Finally, some 

discussions and conclusions are addressed in Section 6 and 

Section 7, respectively. 

2. Composition and deformation mechanism of PVC gels 

2.1 Materials and fabrication of PVC gels 

Plasticized PVC gel was made from commercial PVC 

powder (degree of polymerization = 3200), dibutyl adipate 

(DBA) plasticizer and tetrahydrofuran (THF) solvent with 

different weight ratios. The mixed solution was cast in a petri 

dish and the THF was evaporated at a constant temperature of 

20˚C for two days to get a thin film gel, as one kind of soft 

dielectric elastomer with  high transparency (Fig. 1). Stiffness 

of PVC gel can be adjusted by the weight ratio of PVC to DBA. 

The lower stiffness was achieved with the higher weight ratio of 

DBA. In this study, the weight ratio of PVC and DBA was 

adjusted to 1:4.  

 

2.2 Deformation mechanism of PVC gels 

As shown in Fig. 2, when PVC gel is sandwiched between 

electrodes, creep deformation takes place between the gel and 

the anode when the electric field is charged. And with the 

electric field is turned off, the gel returns to its original shape 

quickly by its own elasticity. A phenomenon that an 

accumulation of negative charges on the gel surface near the 

anode was confirmed by space-charge measurement [21]. It was 

also found that PVC gels were separated to two layers obviously 

after applied an electrical field, of which the layer near the 

anode was thinner and softer than other layer due to the transfer 

of plasticizer to the anode [22]. Therefore, we believe that when 

an electric field is turned on, electrons are injected from the 

cathode into the gel, and migrate toward the anode. Due to the 

Maxwell force, the PVC gel will be deformed asymmetrically 

and results in creep deformation along the anode. Based on this 

hypothesis, we simulated the deformation of PVC gel by finite 

element method (FEM) and got the same creep deformation 

[23]. 

 

3. Structure and properties of PVC gel artificial muscles 

3.1 Structure of PVC gel artificial muscles 

Considering the unique creep deformation near the anode, we 

proposed the structure of a contraction and expansion type PVC 

gel artificial muscle using a meshed electrode as the anode [15].  

The PVC gel is sandwiched between a stainless mesh as an 

anode and a stainless foil as a cathode. Fig. 3 shows the 

deformation mechanism of the PVC gel artificial muscles.  

When the DC field is applied, the PVC gel creeps up the anode 

and moves into the mesh hole, and the actuator shrinks in the 

direction of thickness. When the DC field is turned off, it returns 

to its former shape very quickly because of its elasticity. Thus it 

performs as an expansion and contraction deformation similar to 

a human muscle. And by stacking in layers we can get a 

multilayered contraction and expansion type artificial muscle 

(see Fig. 4).  

 
 

3.2 Characterizations 

Fig. 5 shows an example of fabricated 10-layer multilayered 

PVC gel artificial muscles, which is sandwiched by two glass 

slides at the top and bottom. The PVC gel artificial muscle has a 

dimension of about 50×10×6 mm and a weight of 5g. Table 1 

shows the compositions and conditions of the samples in detail.  

Fig. 1. A plasticized PVC gel film. 

Fig. 2. Deformation mechanism of PVC gel. 

Fig. 3. Cross sectional deformation of a single layer PVC gel  

artificial muscle. 

Fig. 4. Structure of 10-layer multilayered PVC gel artificial  
muscles. 



 

 

 

We measured the displacement, recovery stress, electric 

current and response rate of the 10-layer PVC gel artificial 

muscle. The applied DC voltage is from 80V to 400V. 

 
 

Table 1 

Compositions and conditions of fabricated PVC gel artificial 

muscles. 

 PVC gel Anode Cathode 

Material PVC:DBA=1:4 
Stainless 

mesh (#100) 
Stainless foil 

Size 50×10×0.2 mm 

50×10×0.18 

mm (wire 

diameter of 

0.09mm) 

50×10×0.01 

mm 

Number 20 10 11 

 

3.2.1 Displacement measurement 

The displacement in the thickness direction was measured by 

a laser displacement sensor (IL-065, KEYENCE, JAPAN). Fig. 

6 shows the result of the displacement under variation of applied 

voltages. We can see the dependency of the displacement on the 

applied DC voltage. In the case of 400V, the displacement is 

about 0.72 mm and a contraction strain of 12%, which is almost 

the same as that reported in the prior literature under an applied 

voltage of 900V [16]. 

 

3.2.2 Recovery stress measurement 

When the DC field is applied, the electrical Maxwell force 

happens and leads to the contraction deformation of the PVC 

gel artificial muscle. When the DC field is turned off, the 

deformed PVC gel artificial muscle returns to its original form 

and generate a recovery force according to the elasticity of PVC 

gels. We measured this recovery stress as the generation force of 

this PVC gel artificial muscles. However, since the 

displacement of the artificial muscles is small, it is not ideal to 

use the strain gauge type load cell to measure the recovery force. 

There should be a big loss of force due to the strain of the load 

cell. In this study we use the strain-stress relation to measure the 

recovery stress. Fig.7 shows the method of the measurement. 

When the DC field is applied, we put a load on the artificial 

muscle. Then the load is uplifted by the upward pressure of 

artificial muscle when the DC is turned off. A laser 

displacement sensor is induced to measure the displacement of 

artificial muscle when the DC filed is turned off. With the 

applied load increases, the strain of artificial muscle decreases. 

By adjusting the load, we can get the relation between strain and 

stress. We define the stress at the strain of 0% as the maximum 

recovery stress of PVC gel artificial muscles. Fig. 8 shows the 

result of the recovery stress at different strains of each applied 

DC voltage. The recovery force also depends on the applied DC 

voltage. The maximum recovery force is about 78kPa (39N) 

when the applied voltage is 400V, which is almost 20 times as 

much as that reported in the prior literature under an applied 

voltage of 900V [16]. The PVC gel artificial muscles achieve a 

peak power-to-weight ratio of 3W/kg, and a peak 

power-to-density ratio of 4.3kW/m3 at the applied voltage of 

400V. The power-to-weight ratio is smaller than that of human 

biceps muscle of 50W/kg, but reaches the same level of 

magneto elastic wave motor and exceed a piezoelectric motor of 

0.1W/kg [24].   

 

 

3.2.3 Electrical current measurement 

As one of the evaluation criteria of artificial muscles, the 

power consumption becomes an important parameter. We 

introduced a series resistor of 1 kΩ to evaluate the electrical 

current of PVC gel artificial muscles. As shown in Fig. 9 that an 

instantaneous inrush current occurs when the DC field is turned 

on and decrease dramatically to a stable current, and a negative 

inrush current occurs when the DC field is turned off and 

decrease to zero quickly. This is due to the charge and discharge 

of the capacitance of PVC gel which is consistent with the result 

Fig. 5. A sample of fabricated 10-layer multilayered PVC gel 

 artificial muscles with a One-yen coin. 

Fig. 8. Recovery stress of PVC gel artificial muscles. 

Fig. 6. Displacement and contraction strain of PVC gel 

artificial muscles. 

Fig. 7. Illustration of recovery stress measurement of PVC gel 

artificial muscles. 



 

 

 

of the equivalent circuit of PVC gel artificial muscles in prior 

literature [18]. Fig. 10 shows the variation of the stable current 

of PVC gel actuators. The electrical current increases with the 

applied DC fields. The current of the 10-layer artificial muscle is 

about 0.036 mA (14.4mW) under an applied DC voltage of 

400V which indicates that the PVC gel artificial muscles have a 

low power consumption. 

 

 

 

3.2.4 Response rate measurement 

The response rate was investigated by the frequency response 

method. The input signal to the artificial muscles was 

rectangular pulses with the frequencies from 0.1Hz to 10Hz. 

The applied DC voltage of the rectangular pulse was 400V. Fig. 

11 shows the bode diagram of the displacement. The band 

width (-3dB) of the PVC gel artificial muscles is 9Hz which 

reaches the same level of biological muscles [25]. 

3.2.5 Cycle life evaluation of PVC gel artificial muscles 

In recently decades, a variety of artificial muscles that exhibit 

substantial deformations in response to different external 

stimulus have been developed. However, a very few of them 

have demonstrated exceptional cycle life, which should be one 

of the reasons that no single artificial muscle technology that has 

received wide-spread adoption as an artificial skeletal muscle so 

far.  Among the few artificial muscles, a swaged pneumatic 

artificial muscle [26] and a fishing line based artificial muscle 

[27] exhibit a cycle life over 1 million actuation cycles. 

Here, we evaluated the durability of the PVC gel artificial 

muscle under a continuous electric field for a long period to 

ensure that its cycle life is sufficient for practical applications. 

An applied voltage of 320V (a sine wave of ±160V, of which 

the origin was shifted from zero to 160 V) with a frequency of 2 

Hz was continuously applied to the PVC gel artificial muscles 

for about 31 days (about 5.4 million cycles). Fig. 12 shows the 

method of the durability evaluation experiment. Three 

single-layer PVC gel actuators were evaluated at a constant 

room temperature of 20˚C in a thermostatic chamber.  

 

 
Fig. 13 shows the result of displacement variation during the 

durability experiment.  The displacements of the three samples 

decreased to about 64% of the maximum displacement after 6 

hours, 50% after 168 hours (7 days) and remained constant until 

600 hours (25 days). However, no notable change of the 

recovery stress was confirmed before and after the durability 

experiment. Furthermore, we found an increasing trend of 

displacement after a break time, which can be attributed to the 

recovering shape of PVC gel from a long-term deformation due 

to the complex structure of the stainless mesh anode. Therefore 

it was confirmed that the PVC gel artificial muscles’ cycle life is 

more than 5 million times at the state of continuous electric field 

Fig. 12. Photograph of the measurement system.  

Fig. 10. Current of PVC gel artificial muscles. 

Fig. 11. Response rate of PVC gel artificial muscles. 

Fig. 13. Variation of displacement during a long-term 

experiment.  

Fig. 9. Variation of current at an input voltage of 400V. 



 

 

 

driven (2Hz), which reaches a level closes to a mammalian 

skeletal muscle [28]. It shows a great advantage over many 

other artificial muscles, such as 3000 actuation cycles of IPMC 

[29].  

As all the properties mentioned above, the PVC gel artificial 

muscles are light in weight, having good performances of large 

displacement, high output force, low power consumption and 

long cycle life, and therefore suitable for various of practical 

applications. 

 

4. Proposal of modular constructions of PVC gel artificial 

muscles 

Although the PVC gel artificial muscles are capable of 

generating large strain and strain rate. However, the 

multilayered PVC gel artificial muscles are just simply stacked 

by the unit structures of PVC gels, mesh anodes and foil 

cathodes. And each of the artificial muscle units moves 

independently under the electric fields. As long as a micro 

nonuniform structure of mesh anodes or PVC gels happens, the 

multilayered artificial muscles separate from one layer to the 

others when being pulled by a certain force under the electric 

fields. Consequently, the contraction force generated under the 

electric fields cannot be efficiently utilized in the practical 

applications. Though Ogawa et al [30] tried to solve this 

problem by enlarging the mesh anode of each layer and 

connecting them together to give a prepressing to enhance the 

contact between the gels and mesh anodes, it brought a big loss 

of strain and got an unsatisfactory contraction stress of 1.9 kPa. 

And we applied a thin coating of PVC gel on the surface of 

multilayered PVC artificial muscles to prevent the breaking, and 

tried to use the variable stiffness generated by the contraction 

force to develop PVC gel spats for walking assistance [20]. 

However, we only got a maximum tensile strain of 7%, with a 

generation force of 2.63 N (5.26 kPa) until a break happened. 

The output stress is under one quarter of the recovery stress that 

we mentioned in section 3.2.2.  

In this study, considering the drawback that mentioned above, 

we propose to use the recovery stress of PVC gel artificial 

muscles for the practical applications. Meanwhile, we propose 

three types of actuation modular constructions for different 

purposes of applications, so as to make PVC gel artificial 

muscles being robust actuation devices. 

4.1 Compression type actuation module structure 

The proposed compression type actuation module, as shown 

in Fig.14, being defined as that the actuation module can 

generate a compressive force without a break under an external 

compressive force. The multilayered PVC gel artificial muscle 

is enclosed in a case, with the top layer connected to a force 

transferring unit. To avoid the separation between the artificial 

muscle and the transferring unit, we fixed two mesh anodes on 

the bottom sides of the transferring unit and the container, 

respectively. 

When the DC field is on (left part of Fig.14 (1), (2)), the 

artificial muscle shrinks in the direction of thickness. When the 

DC field is off, the artificial muscle recovers to the original 

shape and generate a force. The stroke and output force of the 

module can be controlled by the input voltage. The shape, size 

and other detailed design specifications of the case and artificial 

muscles can be adjusted according to the practical applications. 

Furthermore, we can get more displacement by the series 

connection of the actuation module units and bigger output 

force by the parallel connection of the actuation module units. In 

this case, the connection between each unit should be a rigid 

connection. Meanwhile, even though this type of actuation 

module units is not robust to the stretching force, we can make a 

more robust compressive and stretching actuation device by 

connecting the connector parts of the compression type 

actuation module units in I-shaped. 

 

4.2 Stretching type actuation module structure 

When the applications need a pulling force, for example, 

walking assist application, it is effective to design the actuation 

module as the structure shown in Fig.15. It mainly contains a 

slide frame and a container. The multilayered PVC gel artificial 

muscle is placed on the slide frame, of which the height is 

adjusted to the thickness of artificial muscles so as to prevent a 

hardly break when bearing a compressive load. And we can 

adjust the part of the connector and force transferring (‘a’ of 

Fig.15 (1), (2)) to control the preload to the artificial muscle. To 

avoid the separation among the layers of artificial muscles due 

to the self-weight of the slide frame, we fixed two mesh anodes 

on the top side and the bottom side of the container and the slide 

frame, respectively. 

When the DC field is applied to the artificial muscle, it 

contracts and brings the slide frame an upward movement. And 

when the DC field is turned off, the artificial muscle occurs a 

downward movement and generate a tensile force without a 

break happens. Also, it is reasonable to connect the stretching 

actuation modules in a series connection or a parallel connection 

to adopt the practical applications. In this case, flexible 

connection is suitable for the connection among the modules, 

for example, using stainless wire. Although this type of 

actuation module units is not robust to the external compressive 

force, we can make a more robust compressive and stretching 

actuation device by connecting the connector parts of the 

Fig. 14. Illustration of compression type actuation modules. 

a: connector and force transferring part; 

b: container and protector; 
c: pipeline for wiring and aeration (left and right); 

d: input of cathode (-); 

e: PVC gel artificial muscle; 

f: input of anode (+). 

(1) Rectangular cuboid type 

(2) Cylindric type 



 

 

 

stretching type actuation module units in I-shaped to make a 

device that is robust in both upward and downward movements. 

 

4.3 Compression-Stretching type actuation module structure 

By combination of the compression type and stretching type 

actuation modules, we can make a compression and stretching 

type actuation module as shown in Fig.16. The basic structure is 

the same as the stretching type that contains a slide frame and a 

container. Two multilayered PVC gel artificial muscles are 

arranged inside and outside of the slide frame. Both the top and 

bottom sides of the upper artificial muscle are fixed to the 

container and slide frame, respectively. And the top and bottom 

sides of the lower artificial muscle are fixed to the bottom side 

of slide frame and the container, respectively.  

When the upper artificial muscle is charged and the lower 

artificial muscle is discharged at the same time, the actuation 

module produces a compressive force. Otherwise, when the 

upper artificial muscle is discharged and the lower artificial 

muscle is charged coinstantaneous, a pulling force occurs. The 

interaction force between the upper and lower artificial muscles 

can prevent the break in both the contraction and expansion 

movement of the slide frame. Therefore, this actuation module 

type is robust in the bidirectional assistance.  

 

5. Experimental  

In this study, we made a prototype of stretching type 

actuation module to evaluate the effectiveness of the proposed 

modules. We investigated the advantages of using recovery 

force of PVC gel artificial muscles instead of contraction force 

using the fabricated stretching type actuation module, from two 

aspects of robustness and response time against the external 

loads. Furthermore, as a design and control element of the 

proposed modules in practical use, we developed a model of 

static characteristics of PVC gel artificial muscles based on the 

experimental data measured by the prototype of modules.  

5.1 Prototype of module units 

Fig. 17 shows the overview of the fabricated stretching type 

module unit. It mainly contains of a slide frame that made of 

Aluminum plate and a container that made of Aluminum and 

Teflon plates. In order to decrease the frication force of sliding 

movement, we introduced a linear bearing (LMUF3, MISUMI, 

JAPAN) to the slide frame. And the length of the slide frame 

was adjustable so as to fit the thickness of artificial muscles. 

A 10-layer multilayered PVC gel artificial muscle was fixed 

between the bottom of slide frame and the top of the container. 

The compositions and conditions of the artificial muscle was the 

same as shown in Tab.1 in section 3.2. When making the 

Fig. 15. Illustration of stretching type actuation modules. 

a: connector and force transferring part; 
b: slide frame; 

c: container and protector; 

d: pipeline for wiring and aeration (left and right); 
e: input of cathode (-); 

f: PVC gel artificial muscle; 

g: input of anode (+). 

(1) Rectangular cuboid type 

(2) Cylindric type 

Fig. 16. Illustration of compression-stretching type actuation  

modules. 

a: connector and force transferring part; 
b: slide frame; 
c: container and protector; 
d: pipeline for wiring and aeration (left and right); 
e: input of cathode (-) of the upper artificial muscle; 
f: input of cathode (-) of the lower artificial muscle; 
g: upper PVC gel artificial muscle; 
h: lower PVC gel artificial muscle; 

i: input of anode (+) of the upper artificial muscle. 

j: input of anode (+) of the lower artificial muscle. 

(1) Rectangular cuboid type 

(2) Cylindric type 



 

 

 

actuation movement without an external load, to avoid the 

separation among the layers of artificial muscles due to the 

self-weight of the slide frame, we fixed two mesh anodes on the 

top side and the bottom side of the container and the slide frame, 

respectively. 

 

 

5.2 Performance evaluation experiment 

5.2.1 Methods and conditions 

In this study, based on the prototype of stretching type 

actuation module, we conducted a comparison experiment 

between the contraction force and recovery force to confirm the 

performances and advantages of the proposed actuation 

modules that using the recovery force of PVC gel artificial 

muscles. Fig.18 shows the method of the evaluation experiment. 

As shown in Fig.18 (a), to evaluate the performance of 

contraction force of the actuation module, we put the loads on 

the top of the slide frame of actuation module. When the DC 

field is applied to the artificial muscle, it shrinks and a 

contraction force Fc generated to lift the load upward. And it 

returns to its original shape due to the elasticity of PVC gel and 

the applied load when the DC field is turned off. A laser sensor 

is used to measure the displacement of the load. As we 

mentioned before that each of the artificial muscle units moves 

independently under the electric fields. With the increase of the 

applied loads, the displacement of the load decreases and the 

multilayered artificial muscle separates from one layer to the 

others when being compressed by a certain force due to the 

nonuniform structure of mesh anodes or PVC gels. As a result, 

the contraction force generated before the break can be 

efficiently utilized in the practical applications.  

On the other hand, for the recovery force evaluation of the 

actuation module, we designed a measurement device as shown 

in Fig.18 (b). The actuation module is connected to the applied 

load by stainless wire and pulleys. When a DC field is applied to 

the artificial muscle, it shrinks and brings a downward 

movement to the external load. And when the DC field is turned 

off, the artificial muscle recovers to its original shape by its 

elasticity very quick, generating a recovery force Fr and 

consequently lift the applied load upward. The displacement of 

the applied load is measured by displacement of the slide frame. 

By this utilization of the stretching type actuation module, there 

will not be a break happens among the layers of PVC gel 

artificial muscles. With the applied load increases, the strain of 

artificial muscle decreases and the stress at the strain of 0% is 

the maximum recovery stress of PVC gel artificial muscles that 

we can efficiently utilize in the practical applications. 

In this experiment, we compared the variation of both the 

contraction force and recovery force under a DC voltage of 

400V. Also the response time of the two kinds of forces was 

investigated. As shown in Fig.19, the response time of 

contraction force (tc) and recovery force (tr) is defined as the 

time from 10% to 90% of the contraction displacement and 

recovery displacement, respectively. 

 

 

5.2.2 Results of experiment 

Fig.20 shows the result of the comparison of contraction 

force and recovery force measurement. As shown in the result 

of contraction force and strain, the strain drops dramatically to 

0% at the applied load of 3.5N (7kPa) which shows that the 

maximum generation force that can be used before a break 

happens is below 3.5N. However, as for the recovery force and 

strain, we can see that the maximum generation force is about 

38N (78kPa) at the strain of 0% which is about 11 times of the 

maximum contraction force. 

Fig.21 shows the result of the response time of contraction 

force and recovery force. The response time tr of recovery force 

is about 57ms, which is slow than that of contraction force tc 

a: connector and force transferring part; 
b: slide frame; 
c: input of cathode (-); 
d: container and protector; 
e: PVC gel artificial muscle (10 layers); 
f: input of anode (+); 
g: linear bearing (left and right). 

Fig. 17. A prototype of stretching type actuation modules. 

(1) Front view (2) Side view 

(3) Top view (4) Perspective view 

Fig. 18. Method of evaluation experiment. 

(b) Performance measurement of recovery force 

(a) Performance measurement of contraction force 

Fig. 19. Definition of response time of contraction and 

expansion. 



 

 

 

(about 36ms). But we don’t consider it as a big difference in the 

practical applications. Since the response time of the recovery 

force is determined by the viscoelasticity of PVC gel, we can 

adjust the weight ratio of PVC and DBA to improve the 

response speed. 

Therefore, as discussed above, it is obvious that the proposed 

module constructions are effective to utilize the properties of 

PVC gel artificial muscles so as to make the PVC gel artificial 

muscles as a kind of robust actuation devices in various 

applications from some micro machines to large scale devices. 

 

 

5.3 Module unit based characteristics evaluation and modeling 

5.3.1 Characteristics with different number of stacked layers 

In this study, based on the prototype of stretching type 

actuation module (Fig.17), we conducted a characteristics 

evaluation experiment of PVC gel artificial muscles with 

different number of stacked layers. The method of measurement 

was the same as shown in Fig.18 (b). 

Several 5-layer and 10-layer PVC gel artificial muscles, with 

the same conditions of material and size as shown in Table1, 

were used in this experiment. We measured the relation 

between displacement and output force with the applied DC 

voltages from 80V to 400V. 

Fig.22 shows the results of the relation between displacement 

and output force of PVC gel artificial muscles under different 

applied voltages. An inversely proportional relationship (as part 

of a rectangular hyperbola) was confirmed between 

displacement and output force. At the same applied voltage, 

with the increase of the displacement, the output force decreases. 

And for the same displacement (or output force), with the 

increase of number of stacked layers, the output force (or 

displacement) increases. Besides, with the increase of the 

applied voltage, the maximum displacement and output force 

increase. 

 

 
Fig.23 shows the results of relation between strain and output 

stress of PVC gel artificial muscles under different applied DC 

Fig. 23. Relation between strain and output stress under 

different applied DC voltages. 

Fig. 22. Relation between displacement and output force 

under different applied DC voltages. 

Fig. 20. Result of contraction force and recovery force 

measurement. 

Fig. 21. Result of response time of contraction force and 

recovery force. 



 

 

 

voltages. As shown in the results, for all the applied voltages, 

the curves of the 5-layer artificial muscles are almost the same 

as that for the 10-layer artificial muscles. This indicates that, 

under a certain applied DC voltage, the displacement of PVC 

gel artificial muscles is linear proportional to the number of 

stacked layers. And the output stress remains constant with the 

variation of the number of stacked layers. 

5.3.2 Modeling of characteristics 

Considering practical applications of the proposed actuation 

modular constructions, as a design and control element, we 

modeled the static characteristics of PVC gel artificial muscles 

based on the experimental results that measured by the 

prototype of stretching type actuation module. 

In this study, we developed a model to represent the relation 

between the applied DC voltages and output of displacement 

and force based on Hill’s muscle model [31]. Hill demonstrated 

that the force-velocity relation in skeletal muscle can be 

described as part of a rectangular hyperbola as shown in Fig.24. 

And the general equation of this relation given as the Hill 

muscle model as follows: 

CbaPbSaP m  )))(( （ ,                         (1)   

tcons
S

S

P

P

mm

tan                                  (2)  

where P and S are the muscle force and the contraction velocity, 

respectively. a, b and C are constants. Pm is the maximum force 

with zero velocity, and Sm is the maximum contraction velocity 

with zero force. 

 
Since the curve of displacement and output force of PVC gel 

artificial muscles is quite similar with Hill’s muscle model, we 

modeled the relation between displacement and output force of 

PVC gel artificial muscles as described in the following 

equation: 

cabXbaFbXaF fxmxfmxf  )()))(( （          (3) 

where F and X are the output force and the displacement, 

respectively. af, bx and c are constants. Fm is the maximum force 

with zero displacement, and Xm is the maximum displacement 

with zero force.  

F and X can be obtained by the experimental data. af, bx and c 

can be obtained by fitting Hill’s hyperbolic equation to 

experimental data using regression analysis of the variables F, X 

and FX in the hyperbolic equation [32]. We used the 

experimental data of 10-layer PVC artificial muscles to 

calculate the numerical values of the three constants. The 

obtained af, bx and c with different applied DC voltages are 

shown in Fig.25.  

 
The relation between the constants and applied DC voltages 

can be presented as follows: 

6956.2103400.410-5.0176)( 32-6   vvvAf           (4) 

7018.9102700.1)( 4   vvBx                                      (5) 

1.4925-106.2100)( -3 vvC                                          (6) 

Therefore, we can model the relation between the applied DC 

voltages, displacement and output force of PVC gel artificial 

muscles by Eq. (7): 

)())())((( vCvBXvAF xf                                         (7) 

Fig.26 shows the simulation result of the model and the 

measured data of 10-layer artificial muscles. This indicates a 

good agreement between the model and the measured data. For 

a practical application, once two of the desired parameters of 

applied DC voltage, displacement and output force in the model 

are defined, we can obtain the rest one. Since we have addressed 

in Fig.23 that the displacement of PVC gel artificial muscles is 

linear proportional to the number of stacked layers and the 

output stress remains constant with the variation of the number 

of stacked layers, this model can be also effective to different 

number of stacked layers by simply normalize the displacement 

with the number of stacked layers.   

 

 
When the requirement of an application is determined, we 

have to design the actuation module to satisfy it. Then we have 

to determine the structure and size of the actuation module 

according to the size of artificial muscles. PVC gel artificial 

muscles’ size is determined by the number of stacked layers and 

the area of each layer. And the displacement is linear 

proportional to the number of stacked layers and the output 

force is linear proportional to the area of each layer. To find the 

relation between the number of stacked layers and the output 

stress, we can define the F and X of Eq. (7) as follows: 

Fig. 26. Simulation result based on the proposed model. 

(a)  (b)  (c)  
Fig. 25. Results of constant coefficients at different voltages. 

(a) af. (b) bx. (c) c. 

Fig. 24. Hill’s force-velocity relationship, where Pm is 

maximum isometric force or force with zero velocity, Sm is 
the highest possible velocity, a and b are constant force 

and constant velocity. 



 

 

 

layer

desire

N

X
X

10
                                                (8)  

stressstressarea SSAF 4105                                        (9) 

where Xdesire is the displacement required by an application. Nlayer 

is the number of stacked layers. Aarea and Sstress are the area of 

one layer and the output stress, respectively. Then, the model of 

relation between number of stacked layers and output stress can 

be given as Eq. (10). 
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Fig.27 shows the simulation result of a desired displacement 

of 0.5mm. At the same number of stacked layers, with the 

increase of applied DC voltage, the output stress increases. And 

at the same applied DC voltage, with the increase of number of 

stacked layers, the output stress increases. The output force is 

determined by the area and stress and the height of artificial 

muscles is determined by the number of stacked layers. 

Therefore, using this model we can get an optimization design 

of the size of the actuation modular constructions for a practical 

application, for example, an application as a motor brake. 

 
6. Discussions 

Although a variety of artificial muscles have so far been 

developed and exhibited different advantages compared to the 

conventional mechanical actuators, most of them are being 

challenged by the characteristics improvement to reach or 

exceed the level the nature muscles for a successful 

commercialization and a wide use. That is to achieve a large 

strain and stress, a fast response rate and a long cycle life with a 

low power consumption. Meanwhile, with the progress of the 

characteristics improvement, it is also important to take the 

modeling, controlling, standardization and fabrication into 

consideration. 

PVC gel artificial muscles have been studied for several years 

in our research and we have gotten properties that almost close 

to the level of the nature muscles, especially in terms of stable 

contraction strain and response rate in the air. And the 

maximum stress is about one quarter of the maximum stress of 

nature muscles. These advantages along with the satisfactory 

cycle life indicate that the PVC gel artificial muscles have a 

great potential to use as a candidate of artificial muscles in 

practical use. The three types of modular constructions proposed 

in this study are very important elements for the standardization 

of PVC gel artificial muscles. They make the PVC gel artificial 

muscles become robust actuation devices. By combining them 

in different constructions with different functions we can realize 

various applications. For example, we can make a robust and 

lightweight walking assist wear by combining the stretching 

type actuation module units in a series connection. We can 

support the walking motion by the output force generated with 

the DC field on and off, so as to lighten the load of human 

muscles. Furthermore, the model of the characteristics 

developed in this study which showed a good agreement with 

the experimental data could be an effective element for the 

specific design and control of the proposed modular 

constructions in an application. In future, we will do further 

research to improve the characteristics and decrease the input 

voltage for the safety. And we believe that the PVC gel artificial 

muscles based actuation modular units will play an important 

role in the field of mechatronics, robotics, biomimetics and 

biomedicine in the future. 

7. Conclusions 

In this study, we introduced the most updated characteristics 

of PVC gel artificial muscles to show the potential as a 

candidate of artificial muscles in practical use. In addition, as 

one important step for the practical application, we proposed 

three types of actuation modular constructions to make the PVC 

gel artificial muscles as a robust actuation device.  

In view of the drawback of utilizing the contraction force, we 

proposed to use the recovery stress of PVC gel artificial muscles 

for the practical applications. Based on this view, we proposed a 

compression type, a stretching type and a 

compression-stretching type actuation modular constructions for 

different purposes of applications. And a prototype of stretching 

type actuation module unit was fabricated to confirm the 

effectiveness of the proposed modules. The results showed the 

reasonability of the proposed modular constructions. And we 

developed a model of the characteristics of PVC gel artificial 

muscles based on the experimental data measured by the 

prototype of module units, which could be effective in 

designing and controlling of the actuation modular 

constructions. 

PVC gel artificial muscles based actuation modules are 

capable of generating a stable movement in the air without any 

noise, with a large strain and stress, a fast response rate with a 

low power comsumption. In addition to these advantages, a 

more than 5 millon times’ cycle life is also sufficient for 

practical uses. Therefore, as an alternative among the artificial 

muscles or the traditional mechanical actuators, many 

applications are expected.  
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