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Abstract: It is of great significance for the production of micro robots and new sensors to 

develop actuators with “muscle” properties. As a kind of electroactive polymers (EAPs), 

IPMC (ionic polymer-metal composite) can exhibit significant deformation for very low 

electrical excitation. These composites, known as the “artificial muscle”, can be regarded 

as intelligent bionic materials. With regard to the mechanism of deformation of IPMC, a 

large number of experimental studies have proved that the variety of electrodes and water 

contents relating to IPMC have great influence on its electro-mechanical and mechanical 

properties. Recent research results about IPMC were summarized here to provide a 

reference for the design and manufacture of these materials. Our conclusions show that, 

among the main electrode material, though Pt and Au show excellent stability and 

conductivity, the utilization is limited due to high cost. While Ag, as electrode material, 

has better application prospect, due to good conductivity and tensile properties. But the 

optimal voltage under electrical excitation need to be considered when used in specific 

conditions, or it will cause rapid failure of Ag-IPMC. In addition, IPMC displays high 

sensitivity to the water content, the service life of IPMC can significantly be prolonged 

by increasing the degree of humidity of the working environment. So the prospect of 

IPMC is appropriate to be used in underwater robots, as drivers or actuators. 
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1 Introduction 

With the widespread application of micro robot, bionic robot in engineering and medical, 

there is an increasing demand of material of high flexibility, high load response and high 

sensibility to environment. Ionic polymer-metal composites (IPMCs) with polymer as the 

base material, show high flexibility, low working voltage (less than 5 V), high rate of 

deformation, and can work under water [Kim, Kim, Nam et al. (2011); Kim, Pugal, Wong 

(2014)]. Because of these properties, IPMC is widely used in the research and 

development of underwater robot [Shen, Wang and Kim (2015); Palmre, Fleming, 

Hubbard et al. (2013)], fluid flow sensor [Lee and Kim (2006)], and is one of the 

highlights in the field of biomedical applications, such as artificial muscle materials and 

other biomimetic applications [Lu, Kim, Lee et al. (2008); Shahinpoor, Bar-Cohen, 

Simpson et al. (2005); Jung, Nam and Choi (2003); Naji, Safari and Moaven (2016)]. 
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IPMC is a composite obtained by depositing noble metals such as Pt and Au on the 

substrate of ion exchange polymer membrane (the current researches mainly choose 

Nafion as matrix material, as shown in Fig. 1). The intermediate layer contains a large 

number of fixed ions and mobile counterions, as well as a certain amount of solvent water 

[Kim (2003); Lee and Kim (2006)]. At present, the deformation mechanisms of IPMC 

under electric excitation mainly contain the hydrated cation movement mechanism 

[Tadokoro, Yamagami, Takamori et al. (2000)], the cationic electrostatic interaction 

mechanism [Sia and Li (2000)], and external metal electrode and anionic Coulombic 

force mechanism [Bonomo, Fortuna, Giannone et al. (2005)]. Through experiment and 

theoretical calculation, Tadokoro et al. [Tadokoro, Yamagami, Takamori et al. (2000)] 

found the electric excitation deformation mechanism of IPMC was, when the voltage was 

applied on the IPMC surface, the counterions directional moved under the effect of 

electric field, which caused the movement of water molecules. Then the solvent water 

pressure gradient changed, causing a lot of water accumulated in the cathode caused the 

cathode to expand, at the same time, the anode was shrinking, resulting in the bending 

deformation of IPMC. This mechanism has been widely recognized. 

 

Figure 1: Nafion structural formula [Kim and Shahinpoor (2003)] 

The deformation quantity of IPMC is the size of the end deformation under certain 

voltage, which is an important property of IPMC, and reflects the induction effect on 

electric excitation [Biswal, Bandopadhya and Dwivedy (2013)]. Kanno et al. [Kanno, 

Kurata, Tadokoro et al.] studied the displacement response property of IPMC, by the 

method of least square fitting, and established the function relationship between voltage 

and end displacement; then, through experimental and theoretical researches, they found 

that the deformation of IPMC were closely related to water content and the variety of 

metal electrodes. The noble metal electrodes on the upper and lower surfaces of IPMC 

are usually Ag, Au, Pt and Pd. The electrode layer dense degree of different metal 

electrode is different, and will have an impact on the resistivity of IPMC, lead to the 

change of deformation of IPMC. In addition, the deformation of IPMC is caused by the 

movement to the cathode of water molecule under the action of the electric field, causing 

the sharply expansion of cathode and contraction of anode, which makes the sample bend 

to the anode, so different water content will also cause different deformation. In order to 

provide theoretical support for deformation properties of IPMC during design and 

fabrication, an overview of the effect of electrode variety and water content on the 

deformation of IPMC was presented, to provide a summary of researches of recent years 

on IPMC deformation property, and pointed out the development trend of IPMC. 
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2 Effect of electrode variety on the deformation of IPMC  

2.1 Fabrication and properties of IPMC of different electrodes 

The main electrode materials of IPMC are Au, Pt, Ag and Pd. Many different methods 

have been used to combine the noble metal with Nafion to prepare IPMC. 

The main method to manufacture IPMC is impregnation-reduction (IR) method. Onishi et 

al. [Onishi, Sewa, Asaka et al. (2001)] used sodium sulfite and Au+ solution to carry on 

plating reaction and got the dendrimers structure of Au electrode generated in the ion 

polymer. This structure increased the junction superficial area of ionic polymer and 

electrode, meanwhile the resistivity was very low, and the prepared Au-based IPMC 

showed long service life of reciprocating bending as well as large bending deformation. 

After treatment of roughening and cleaning on the surface of Nafion 117 membrane, 

Wang et al. [Wang, Chen, Wang et al. (2014)] immersed the Nafion membrane into 

Pd(NH3)4Cl2 solution to transmit the palladium cation from the solution close to the inner 

surface, and then stabilized the palladium cation to metal electrode through reduction 

process by NaBH4 solution. Wang also manufactured Au-IPMC by similar process, the 

difference was that the gold cation solution was [Au(phen)Cl2]Cl and the reducing agent 

was Na2SO3. The prepared Pd-IPMC and Au-IPMC were shown in Fig. 2.   

 
(a)                                                     (b) 

Figure 2: SEM of (a) Pd-IPMC and (b) Au-IPMC prepared by IR method [Wang, Chen, 

Wang et al. (2014)]  

To realize the properties of light-weight and brilliant flexible behavior, Khan et al. [Khan, 

Inamuddin and Jain (2016)] prepared SPVA (sulfonated poly vinyl alcohol) solution through 

the dissolution of PVA in demineralized water and then carry on sulfonation reaction by 4 

ml of 4-sulfophthalic acid after filtering. The SPVA-PANI (polyaniline) membrane was then 

got by the interaction with polyaniline. After roughening by mild sandpaper, the membrane 

was immersed in the aqueous solution of Pt(NH3)4Cl2 and NH4OH to coat Pt metal to 

prepare SPVA-PANI-Pt IPMC. In the determination of IPMC microgripping system, the end 

displacement was 14.5 mm under 5.25 V voltage, showed great potential in the application 

of micro robot, Fig. 3 showed SEMs of the SPVA-PANI-Pt IPMC membranes before and 

after actuation. Chang et al. [Chang, Chen, Zhu et al. (2012)] chose Nafion ion exchange 

membrane as substrate, Pd(NH3)4Cl2 and NaBH4 as reactants, used sandpaper to polish the 
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surface, 3 reduction plating and 2 electroless plating were carried out, after ion exchange to 

prepare Pd-IPMC. Kim [Kim (2008)] took Pd metal particles as buffer layer, and then 

carried on Pt electroless plating, after EDS analysis, found that the composite metal 

electrode IPMC Pd metal particles penetration depth reached 30 μm. When Palmre et al. 

[Palmre, Kim, Pugal et al. (2014)] manufactured IPMC of both electrical and mechanical 

properties, large superficial area Pd-Pt electrodes were prepared. EDS analysis showed that 

Pd particles reached a penetration depth of 100-200 μm in the Nafion membrane. 

  

 

 

Figure 3: SEMs of the SPVA-PANI-Pt IPMC membranes before (a, c), after actuation (b, d) 

and cross-sectional view (e) under different magnifications [Khan, Inamuddin and Jain (2016)] 
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Chung et al. [Chung, Hong, Fung et al. (2006)] used Ag nanoparticle to electroless plate 

Ag. Ma et al. [Ma and Zhang (2007)] reduced Ag+ to Ag simple substance, and a layer of 

silver electrode was formed on the surface of the Nafion membrane, to achieve the high 

conductivity electrode. There was electron transfer in the reaction process, but there was 

no external power supply and no extra energy. So, it was a controllable reduction reaction 

of metastable silver ammonia complex on the surface of Nafion membrane, and the 

Ag(NH3)2
+ was reduced to Ag simple substance and deposited on Nafion membrane 

surface. The microstructure of Ag-IPMC were shown in Fig. 4.              

  

Figure 4: Microstructure of Ag-IPMC under different magnifications [Chung, Hong, 

Fang et al. (2006); Ma and Zhang (2007)] 

The resistivity of different electrodes materials is different, and the density and water 

storage capacity are different, so IPMCs of different noble metal electrode show different 

deformation. The deformation laws of Au-IPMC and Pd-IPMC were studied by Wang et al. 

[Wang, Chen, Wang et al. (2014)]. They found that under the conditions of the same 

relative humidity, the deformation of Au-IPMC was significantly higher than that of Pd-

IPMC. That was mainly because when electrode materials were different, Au had better 

conductivity than Pd, while the electrode layer was more compact, which further reduced 

the resistivity. Liu et al. [Liu, Wang, Bian et al. (2010)] made the prepared Pt-IPMC sample 

drive by DC voltage. When the voltage reached 3V, the deformation displacement of Pt-

IPMC sample reached 90°. Bian et al. [Bian, Xiong, Chen et al.] contrasted Ag-IPMC and 

Pt-IPMC samples by experiment. When the applied DC voltage was 0.2 V, Ag-IPMC 

sample reacted to the excitation; when the driving voltage increased to 0.4-1.0 V, the 

deformation of Ag-IPMC showed steady state deformation of about 90°; when the driving 

voltage increased to 1.2 V, the deformation velocity and deformation rate rapidly increased, 

resulting in sample curling; while Pt-IPMC reacted to the excitation when the driving 

voltage reached 1.0 V, and showed a steady state deformation of about 90° when the 

driving voltage was 5 V. It proved that the driving deformation property of Ag-IPMC was 

better than that of Pt-IPMC, reflecting in the deformation property and speed of response. 

Based on the above analysis, although the stability and conductivity of Pt and Au are very 

good, the cost are much higher. Pd is more suitable for composite materials electrode. 

While the preparation process of Ag-IPMC is simple, no pollution, and Ag has good 

conductivity and tensile properties as electrode, so Ag is more suitable for the large-scale 

production of IPMC.  
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2.2 Displacement and force of Ag-IPMC under electric excitation 

Ag-IPMC produces large deformation under electrical excitation, and the output force is 

more than several times the weight of its own. In order to provide a reasonable reference 

for the application of Ag-IPMC and test the properties of Ag-IPMC, a clamping device 

test platform had been designed, as shown in Fig. 5. The platform mainly included 

clamping parts, DC power supply, force measuring device and data processing software 

[Meredith, Priam and Mary (2011); Punning, Kruusmaa and Aabloo (2007)]. 

 

Figure 5: Clamping device test platform of Ag-IPMC [Meredith, Priam and Mary (2011); 

Punning, Kruusmaa and Aabloo (2007)] 

 

Figure 6: Transient state of Ag-IPMC deformation [An, Xiong and Gu (2010)]: (1) 0.2 s 

(2) 0.4 s (3) 0.6 s 

The Ag-IPMC sample was fixed on one end of clamping device and the other end was 

free state. The experimental model of cantilever structure was established. The bending 

deformation of IPMC was measured by high-precision laser displacement measuring 

system. According to the electrodynamic characteristics of Ag-IPMC, the 0.25 Hz and 3 

V sinusoidal driving voltages were applied on both sides of the electrodes [An, Xiong 

and Gu (2010)]. The Ag-IPMC sample showed bending deformation under electrical 
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excitation, and the deformation was shown in Fig. 6. It was obvious that Ag-IPMC 

exhibited cantilever beam flexural structure under electrical excitation. 

When the input voltage frequency was certain, the relationship between the displacement 

of free end and the input voltage was shown in Fig. 7. With the increase of voltage, the 

displacement of free end increased linearly. The maximum output displacement was 32 

mm; but when the voltage exceeded 3 V, the displacement began to decline. The changes 

of the displacement showed nonlinear and instability relationship. At the same time, the 

sample surface turned black, which meant that the sample tended to failure state [Vahabi, 

Mehdizadeh, Kabganian et al. (2011); Lee, Park and Kim (2005)]. In summarize, the 

driving voltage should not exceed the maximum stability value (which was 3 V in this 

test), and when less than the maximum value, Ag-IPMC free end displacement showed 

stability change. 

 

Figure 7: Relationship of displacement and voltage [Vahabi, Mehdizadeh, Kabganian et 

al. (2011)] 

In the test, the Ag-IPMC samples were set under the voltage of 1 V, 2 V, 3 V, 4 V and 5 

V to measure the output force. The results were shown in Table 1. From the data in the 

table, the output force increased with the increase of voltage before the voltage came to 3 

V, and the maximum value appeared when the voltage was 3 V. It would accelerate the 

water molecule electrolysis and electrode oxidation when continued increasing the 

voltage. At the same time, the output force reduced and the sample failed rapidly [Lee, 

Park and Kim (2005)].  

Table 1: The relationship of output force and the voltage [Lee, Park and Kim (2005)] 

Voltage（V） 1 2 3 4 5 

Force（mN） 12.5 20.2 28.1 18.6 11.2 

In summarize, Ag-IPMC will have an optimal voltage under electrical excitation. When 

the voltage is less than the optimal voltage, the displacement and output force of the free 

end will increase linearly with the increase of voltage, and the maximum value will be 

obtained when the voltage is optimal. When the voltage is applied more than the optimal 



 

 

 

250   Copyright © 2018 Tech Science Press          FDMP, vol.14, no.4, pp.245-258, 2018 

voltage, the displacement becomes unstable, and the output force will decrease, which 

causes the rapid failure of Ag-IPMC. 

 

3 Effect of water content on the deformation of IPMC 

3.1 Deformation and failure mechanism of IPMC 

The hydrated cation movement mechanism is the most widely recognized mechanism to 

explain IPMC deformation under electric excitation, its principle was shown in Fig. 8, 

which is due to that the hydrophilic cation carrying hydrated ions to gather in the cathode 

to form pressure difference, then make IPMC bend to the anode [Gong, Fan and Wang 

(2009)]. Thus, it can be seen that the amount of deformation of IPMC is closely related to 

the water content. 

 

Figure 8: Hydrated cation movement mechanism [Gong, Fan and Wang (2009)] 

Lu et al. [Lu, Kim, Lee et al. (2008)] found that because of moisture dissipation, a large 

number of nano-cracks occurred in the metal layer deposited on the surface of IPMC 

actuator. Lee et al. [Lee, Park and Kim (2011)], Park et al. [Park, Yoon, Lee et al. (2010)] 

observed IPMC actuator after multiple actuation, and found that the electrode surface 

also showed fragmented cracks, as shown in Fig. 9. These cracks cause water molecules 

to leak out from the electrode crack, affecting the hydration of IPMC and the 

conductivity of the electrode, driving properties greatly reduces. The study of water 

content and IPMC deformation law can provide theoretical support and practical 

guidance for the working environment and preparation of IPMC. 
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Figure 9: SEM of fragmented cracks of electrode [Park, Yoon, Lee et al. (2010)]  

An et al. [An, Xiong and Gu (2009)] measured the geometrical size of IPMC samples 

under different water content, and the relationship between tensile properties, modulus of 

elasticity and water content was studied. The theoretical basis was provided for the 

mechanical modeling of IPMC. In the study of Zhu et al. [Zhu, Asaka, Chang et al. 

(2013); Zhu, Chang, Takagi et al. (2014)], they proved stresses of IPMC actuator was 

quite sensitive to water content, with the decrease of water content, relaxation 

deformation gradually decreased due to the increase of the osmotic pressure and the 

decrease of total static stress. Wang et al. [Wang, Chen, Luo et al. (2014)] carried on tests 

to compare Au-IPMC and Pd-IPMC, and got the same conclusion. The relaxation 

deformation occurred when under high water content and the relaxation deformation 

disappeared under low water content They also found that under different relative 

humidity, the performance of Au-IPMC was better than Pd-IPMC, and the deformation of 

Au-IPMC could reach 17.4 mm, as shown in Fig. 10. In the study of Guo et al. [Guo, Liu, 

Cheng et al. (2015)], the theoretical steady state results of properties of Ag-IPMC were 

compared with the experimental results. They found that due to the decrease of water 

content, the end displacement of IPMC decreased gradually. 

 

(a) Au-IPMC                        (b) Pd-IPMC 

Figure 10: Au and Pd electrode IPMC deformation law [Wang, Chen, Luo et al. (2014)] 
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3.2 Electrical excitation attenuation test of Ag-IPMC 

Liu et al. [Liu, Wang, Bian et al. (2010)] tested the water content of Ag-IPMC in the air 

by weighing method. Liu put the Ag-IPMC sample on the analysis balance tray and kept 

the air flow on the surface of the sample. Then they connected the analytical balance with 

the computer, and set the time as 2 min to send a weighing data. The water content of Ag-

IPMC sample was calculated by data processing, and the water content curve of Ag-

IPMC sample in the air was shown in Fig. 11. 

 

Figure 11: water content curve of Ag-IPMC sample in the air [Liu, Wang, Bian et al. 

(2010)]  

According to Fig. 11, water content of Ag-IPMC sample in air decreased continuously 

because of evaporation. After about 20 min, the water content decreased and tended to 

maintain stable at 10-15%. The electro kinetic test of the sample after the loss of water 

showed the decrease of activity, which meant that the Ag-IPMC sample failed mainly due 

to evaporation of water in the membrane. 

 

Figure 12: Water content curve of Ag-IPMC sample in air under electric excitation 

We used the voltage of 1 V, 2 V and 3 V to drive the Ag-IPMC in the air. The ambient 

humidity was 50%, and the temperature was 23°C. The mass was measured every 40 s. 

The average value of several tests was collected to draw water content curve, as shown in 

Fig. 12. The end point of the curve was when the IPMC could not be driven under the 
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constant voltage. From the figure, the greater the excitation voltage was, the faster the 

water loss rate was. When the voltage is 1 V, 2 V and 3 V, the minimum water content of 

stopping movement was 5.153%, 2.708% and 2.5327% respectively, indicating that the 

higher the voltage was, the higher the attenuation degree of water content of the 

membrane surface was. 

The electric excitation of Ag-IPMC under different voltage excitation was carried out in 

water. The relationship between the driven time and the water content of Ag-IPMC was 

shown as Fig. 13. When the excitation voltage was 1 V, the water content rate was 

9.736% when Ag-IPMC stopped movement; when the excitation voltage was 2 V, the 

rate was 6.435%; when the excitation voltage was 3 V, the rate was 5.7%. The higher the 

electrical excitation voltage, the faster water content decreased. 

 

Figure 13: Water content curve of Ag-IPMC sample in water under electric excitation 

In comparison of the attenuation of Ag-IPMC in air and in water, the water content in 

water was much more than that in air when Ag-IPMC stopped movement. In another test, 

the Ag-IPMC which stopped movement in the test in water would be activated in the air. 

Therefore, the reason that Ag-IPMC stops in water is not due to lack of water, is because 

of the resistance of water. 

 

3.3 Application strategy of IPMC  

Summarize the above measurement and fitting analysis of IPMC properties under 

different water content, comparing the response velocity, acceleration and displacement, 

we concluded that IPMC actuating performance of different water content were different. 

With the increase of water content, its actuating performance and response velocity 

became better. The choice of electrode material did not well compensate for the loss of 

IPMC actuating performance caused by water content loss. 

Because IPMC has properties similar to natural muscle, with advantages of low driving 

voltage, large displacement, fast response, and very low vibration and noise, and because 

of the high dependence of IPMC on the environment water content, so IPMC is more 

suitable for application in underwater propeller. Such as Tan et al. (Fig. 14(a)) [Tan, Kim, 
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Usher et al. (2006); Tan (2011)], Eamex company (Fig. 14(b)), Zhang et al. (Fig. 14(c)) 

[Zhang, Guo and Asaka (2006)], Su et al. (Fig. 14(d)) [Su, Ye and Guo (2010)], Hao et al. 

(Fig. 14(e)) [Hao, Xu and Liu (2009)], Shen et al. [Shen, Wang, Liang et al.] developed 

tail fin muscle IPMC robotic fish. Such as Chen et al. [Chen, Shatara and Tan (2009)] 

developed a kind of bionic fish with IPMC tail fin, as shown in Fig. 14(f), the robotic fish 

was manufactured by excellent waterproofing materials, the control circuit of the robot 

fish was enclosed in fish body, the maximum cruising speed could reach 2cm/s. In 

addition, Nakabo et al. [Nakabo, Mukai and Asaka (2007)] designed the snake robot (Fig. 

14(g)), ERI company developed the flapping wing device (Fig. 14(h)) [Shahinpoor, Bar-

Cohen, Xue et al. (1998)], and NASA Jet Propulsion Laboratory (JPL) developed 

artificial joint multi DOF Manipulator (Fig. 14(i)) [Bar-Cohen (2002)]. 

 

Figure 14: Application of IPMC in robot actuator (a), (b), (c), (d), (e) and (f) tail fin 

muscle IPMC robotic fish (g) snake robot (h) flapping wing device (i) artificial joint 

multi DOF Manipulator 

To sum up, as the IPMC is highly sensitive to water content, the response velocity and 

end deformation properties of IPMC decrease rapidly under the condition of water 

content loss. In view of the character of IPMC, it is necessary to study the preparation 

method of IPMC with stronger water retention ability, and to improve the relative 

humidity of the working environment of IPMC. The underwater working environment 

can effectively maintain IPMC water content in a certain degree, at the same time IPMC 

can adapt to underwater equipment of underwater complex environment, and realize the 

lightweight and sensitivity, so IPMC will have important engineering value in the 

underwater propeller field. 
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4 Summary and outlook 

Compared observation of a large number of experiment of different electrode materials 

and water content of IPMC samples, analyzed the deformation mechanism of IPMC from 

many aspects such as surface microstructure and chemical composition, summarized the 

past qualitative and quantitative analysis of IPMC deformation properties of IPMC, 

provided a reference for the research of IPMC deformation properties. Firstly, although 

recently IPMC is mainly used for experiments and research, but with the development of 

IPMC, it is necessary to consider the preparation of IPMC electrode materials from both 

properties and cost. While Ag-IPMC has similar property with Au and Pt, and the cost is 

lower, so is more likely to become the mainstream of raw materials to manufacture IPMC; 

in addition, as the IPMC is highly sensitive to water content, it is obliged to strictly 

control the water content during the design and fabrication of IPMC, to prevent water 

loss, as far as possible to improve the water content of IPMC working environment, if 

IPMC is applied to underwater equipment, can effectively prolong the service life of 

IPMC, improve the reaction velocity and deformation efficiency. 

 

Acknowledgment: Project support by the National Natural Science Foundation of China 

(51476144), the Zhejiang Provincial Natural Science Foundation of China 

(LQ15E050005), the Public Welfare Technology Application Projects of Zhejiang 

Province(2017C31025), the China Postdoctoral Science Foundation (2016M601736). 

 

Reference 

An, Y.; Xiong, K.; Gu, N. (2009): Experimental research on IPMC material tensile 

samples. Acta Aeronautica Et Astronautica Sinica, vol. 30, no. 5, pp. 966-971. 

An, Y.; Xiong, K.; Gu, N. (2010): Dynamic mechanical properties of an ionic 

polymermetal composites. Chinese Journal of Materials Research, vol. 24, no. 2, pp. 

196-200. 

Bar-Cohen, Y. (2002): Electroactive polymers: Current capabilities and challenges. 

Proceedings of SPIE-The International Society for Optical Engineering, pp. 4692-4695. 

Bian, K.; Xiong, K.; Chen, Q.; Liu, G.; Wang, B. F. (2010): Manufacture and 

actuating characteristic of ionic polymer metal composites with silver electrodes. Chinese 

Journal of Materials Research, vol. 24, no. 5, pp. 520-524. 

Biswal, D. K.; Bandopadhya, D.; Dwivedy, A. S. K. (2013): Investigation and 

evaluation of effect of dehydration on vibration characteristics of silver-electroded ionic 

polymer-metal composite actuator. Journal of Intelligent Material Systems and Structures, 

vol. 24, no. 10, pp. 1197-1212. 

Bonomo, C.; Fortuna, L.; Giannone, P.; Graziani, S. (2005): A method to characterize 

the deformation of an IPMC sensing membrane. Sensors and Actuators, A: Physical, vol. 

123, pp. 146-154. 

Chang, L. F.; Chen, H. L.; Zhu, Z. C.; Li, B. (2012): Manufacturing process and 

electrode properties of palladium-electroded ionic polymer-metal composite. Smart 

Materials and Structures, vol. 21, no. 6, pp. 1-14. 



 

 

 

256   Copyright © 2018 Tech Science Press          FDMP, vol.14, no.4, pp.245-258, 2018 

Chen, Z.; Shatara, S.; Tan, X. B. (2009): Modeling of robotic fish propelled by an ionic 

polymer-metal composite caudal fin. Proceedings of SPIE, vol. 7287, pp. 448-459. 

Chung, C. K.; Hong, Y. Z.; Fung, P. K.; Ju, M. S. (2006): A novel fabrication of ionic 

polymer-metal composites (IPMC) actuator with silver nano-powders. Sensors & 

Actuators B Chemical, vol. 117, no. 2, pp. 367-375. 

Gong, Y. Q.; Fan, J. P.; Wang, C. (2009): Influence of water molecule diffusion 

resistance force on electro-actuating characteristics of ionic polymer-metal composites. 

Chinese Journal of Theoretical and Applied Mechanics, vol. 41, no. 3, pp. 342-349. 

Guo, D. J.; Liu, R.; Cheng, Y.; Zhang, H.; Zhou, L. M. et al. (2015): Reverse adhesion of 

a gecko-inspired synthetic adhesive switched by an ion-exchange polymer-metal composite 

actuator. ACS Applied Materials and Interfaces, vol. 7, no. 9, pp. 5480-5487. 

Hao, L.N.; Xu, S.; Liu, B. (2009): A miniature fish-like robot with infrared remote 

receiver and IPMC actuator. Journal of Northeastern University, vol. 30, no. 6, pp. 773-776. 

Jung, K.; Nam, J.; Choi, H. (2003): Investigations on actuation characteristics of IPMC 

artificial muscle actuator. Sensors and Actuators A: Physical, vol. 107, no. 2, pp. 183-192. 

Kanno, R.; Kurata, A.; Tadokoro, S.; Takamori, T.; Oguro, K. (1994): 

Characteristics and modeling of ICPF actuator. Proceeding Japan-USA Symposium on 

Flexible Automation, pp. 691-698. 

Khan, A.; Jain, R. K. (2016): Easy, operable ionic polymer metal composite actuator based 

on a platinum-coated sulfonated poly(vinyl alcohol)-polyaniline composite membrane. 

Journal of Applied Polymer Science, vol. 133, no. 33, pp. 43787-43795. 

Kim S. M.; Kim, K. J. (2008): Palladium buffer-layered high performance ionic 

polymer metal composites. Smart Materials & Structures, vol. 17, no. 3, pp. 1-6. 

Kim, D.; Kim, K. J.; Nam, J. D.; Palmre V. (2011): Electro-chemical operation of ionic 

polymer-metal composites. Sensors and Actuators B: Chemical, vol. 155, no. 1, pp. 106-113. 

Kim, K. J.; Shahinpoor, M. (2003): Ionic polymer-metal composites: II. Manufacturing 

techniques. Smart Materials and Structures, vol. 12, no. 1, pp. 65-79. 

Kim, S. J.; Pugal, D.; Wong, J.; Kim, K. J.; Yim, W. (2014): A bio-inspired multi 

degree of freedom actuator based on a novel cylindrical ionic polymer-metal composite 

material. Robotics and Autonomous Systems, vol. 62, no. 1, pp. 53-60. 

Lee, J. W.; Yoo, Y. T. (2011): Preparation and performance of IPMC actuators with 

electrospun Nafion ®; -MWNT composite electrodes. Sensors & Actuators B Chemical, 

vol. 159, no. 1, pp. 103-111. 

Lee, S. G.; Park, H. C.; Pandita, S. D.; Yoo, Y. (2006): Performance improvement of 

IPMC (ionic polymer metal composites) for a flapping actuator. International Journal of 

Control Automation & Systems, vol. 4, no. 6, pp. 748-755. 

Lee, S.; Kim K. J. (2006): Design of IPMC actuator-driven valve-less micropump and 

its flow rate estimation at low Reynolds numbers. Smart Materials and Structures, vol. 

15, no. 4, pp. 1103-1109. 



 

 

 

Recent Developments About IPMCs (Ionic Polymer-Metal) Composites                   257 

Lee, S.; Park, H. C.; Kim, K. J. (2005): Equivalent modeling for ionic polymer-metal 

composite actuators based on beam theories. Smart Materials and Structures, vol. 14, no. 

6, pp. 1363-1368. 

Liu, G.; Wang, B. F.; Bian, K.; Jin, N.; Chen, Q. et al. (2010): Test of moisture 

content and static tension of IPMC based on Pt electrode. Ordnance Material Science and 

Engineering, vol. 33, no. 4, pp. 19-22. 

Liu, G.; Wang, B. F.; Bian, K.; Jin, N.; Chen, Q. et al. (2010): Test of moisture 

content and static tension of IPMC based on Pt electrode. Ordnance Material Science and 

Engineering, vol. 33, no. 4, pp. 19-21. 

Lu, J.; Kim, S. G.; Lee, S.; Oh, L. K. (2008): A biomimetic actuator based on an ionic 

networking membrane of poly (styrene-alt-maleimide)-incorporated poly (vinylidene 

fluoride). Advanced Functional Materials, vol. 18, no. 8, pp. 1290-1298. 

Ma, C. X.; Zhang, Y. J. (2007): Preparation and electro-deformation of Nafion-metal. 

Aerospace Materials & Technology, vol. 37, no. 4, pp. 34-36. 

Meredith, N. S.; Priam, V. P.; Mary, C. B. (2011): Biaxial elastic-viscoplastic behavior 

of Nafion membranes. Polymer, vol. 52, no. 2, pp. 529-539. 

Naji, L.; Safari, M.; Moaven, S. (2016): Fabrication of SGO/Nafion-based IPMC soft 

actuators with sea anemone-like Pt electrodes and enhanced actuation performance. 

Carbon, vol. 100, pp. 243-257. 

Nakabo, Y.; Mukai, T.; Asaka, K. (2007): Biomimetic soft robots using IPMC. 

Electroactive Polymers for Robotic Applications, pp. 165-198. 

Onishi, K.; Sewa, S.; Asaka, K.; Fujiwara, N.; Oguro, K. (2001): Morphology of 

electrodes and bending response of the polymer electrolyte actuator. Electrochimica Acta, 

vol. 46, no. 5, pp. 737-743. 

Palmre, V.; Fleming, M.; Hubbard, J. J.; Pugal, D.; Kim, S. et al. (2013): An IPMC-

enabled bio-inspired bending/twisting fin for underwater applications. Smart Materials 

and Structures, vol. 22, no. 1, pp. 1-11. 

Palmre, V.; Kim, S. J.; Pugal, D.; Kim, K. (2014): Improving electromechanical output 

of IPMC by high surface area Pd-Pt electrodes and tailored ionomer membrane thickness. 

International Journal of Smart & Nano Materials, vol. 5, no. 2, pp. 99-113. 

Park, K.; Yoon, M. K.; Lee, S.; Choi, J.; Thubrikar, M. (2010): Effects of electrode 

degradation and solvent evaporation on the performance of ionic-polymer-metal 

composite sensors. Smart Materials & Structures, vol. 19, no. 19, pp. 1-13. 

Punning, A.; Kruusmaa, M.; Aabloo, A. (2007): Surface resistance experiments with 

IPMC sensors and actuators. Sensors and Actuators, A: Physical, vol. 133, no. 1, pp. 200-209. 

Shahinpoor, M.; Bar-Cohen, Y.; Simpson, J. O.; Smith, J. (1998): Ionic polymer-

metal composites (IPMCs) as biomimetic sensors, actuators and artificial muscles: A 

review. Smart Materials & Structures, vol. 7, no. 6, pp. 251-267. 

Shahinpoor, M.; Kim, K. J. (2005): Ionic polymer-metal composites: IV Industrial and 

medical applications. Smart Materials and Structures, vol. 14, no. 1, pp. 197-214. 



 

 

 

258   Copyright © 2018 Tech Science Press          FDMP, vol.14, no.4, pp.245-258, 2018 

Shen, Q.; Wang, T. M.; Liang, J. H.; Wen, L. (2013): Hydrodynamic performance of a 

biomimetic robotic swimmer actuated by ionic polymer-metal composite. Smart 

Materials & Structures, vol. 22, no. 7, pp. 1-13. 

Shen, Q.; Wang, T.; Kim, K. J. (2015): A biomimetic underwater vehicle actuated by 

waves with ionic polymer-metal composite soft sensors. Bioinspiration & Biomimetics, 

vol. 10, no. 5, pp. 1-28. 

Sia, N. N.; Li, J. Y. (2000): Electromechanical response of ionic polymer-metal 

composites. Journal of Applied Physics, vol. 87, no. 7, pp. 3321-3331. 

Su, Y. D.; Ye, X. F.; Guo, S. X. (2010): An autonomous micro robot fish based on 

IPMC actuator. Robot, vol. 32, no. 2, pp. 262-270. 

Tadokoro, S.; Yamagami, S.; Takamori, T.; Oguro, K. (2000): Modeling of nafion-Pt 

composite actuators (ICPF) by ionic motion. International Society for Optical 

Engineering. Smart Structures and Materials Symposium: Electroactive Polymer 

Actuators and Devices, vol. 3987, pp. 92-102. 

Tan, X. B. (2011): Autonomous robotic fish as mobile sensor platforms: Challenges and 

potential solutions. Marine Technology Society Journal, vol. 45, no. 45, pp. 31-40. 

Tan, X. B.; Kim, D.; Usher, N.; Laboy, D.; Jackson, J. et al. (2006): An autonomous 

robotic fish for mobile sensing. IEEE/RSJ International Conference on Intelligent Robots 

and Systems, pp. 5424-5429. 

Vahabi, M.; Mehdizadeh, E.; Kabganian, M.; Barazandeh, F. (2011): Experimental 

identification of IPMC actuator parameters through incorporation of linear and nonlinear 

least squares methods. Sensors and Actuators, A: Physical, vol. 168, no. 1, pp. 140-148. 

Wang, Y. J.; Chen, H. L.; Luo, B.; Zhu, Z. C.; Wang, Y. Q. et al. (2014): Water 

content and deformation of Au- and Pd-typed ionic polymer metal composites. Hsi-An 

Chiao Tung Ta Hsueh, vol. 48, no. 10, pp. 90-95. 

Wang, Y. J.; Chen, H. L.; Wang, Y. Q.; Zhu, Z. C.; Li, D. C. (2014): Effect of 

dehydration on the mechanical and physicochemical properties of gold- and palladium-

ionomeric polymer-metal composite (IPMC) actuators. Electrochimica Acta, vol. 129, no. 

20, pp. 450-458. 

Zhang, W.; Guo, S. X.; Asaka, K. (2010): A new type of hybrid fish-like microrobot. 

International Journal of Automation and Computing, vol. 3, no. 4, pp. 358-365. 

Zhu, Z. C.; Asaka, K.; Chang, L. F.; Takagi, K.; Chen, H. L. (2013): Physical 

interpretation of deformation evolvement with water content of ionic polymer-metal 

composite actuator. Journal of Applied Physics, vol. 114, no. 18, pp. R15-R30. 

Zhu, Z. C.; Chang, L. F.; Takagi, K.; Wang, Y. J.; Chen, H. L. et al. (2014): Water 

content criterion for relaxation deformation of Nafion based ionic polymer metal 

composites doped with alkali cations. Applied Physics Letters, vol. 105, no. 5, pp. 1-3. 


