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Abstract: In this paper, a trade-off design and fabrication of IPMC (Ionic Polymer Metal 

Composites) as an actuator for a flapping device have been described. Experiments for the 

internal solvent loss of IPMCs have been conducted for various combinations of cation and 

solvent in order to find out the best combination of cation and solvent for minimal solvent loss 

and higher actuation force. From the experiments, it was found that IPMCs with heavy water as 

their solvent could operate longer. Relations between length/thickness and tip force of IPMCs 

were also quantitatively identified for the actuator design from the tip force measurement of 200, 

400, 640, and 800µm thick IPMCs. All IPMCs thicker than 200µm were processed by casting 

Nafion™ solution. The shorter and thicker IPMCs tended to generate higher actuation force but 

lower actuation displacement. To improve surface conductivity and to minimize solvent 

evaporation due to electrically heated electrodes, gold was sputtered on both surfaces of the cast 

IPMCs by the Physical Vapor Deposition (PVD) process. For amplification of a short IPMC’s 

small actuation displacement to a large flapping motion, a rack-and-pinion type hinge was used 

in the flapping device. An insect wing was attached to the IPMC flapping mechanism for its 

flapping test. In this test, the wing flapping device using the 800µm thick IPMC could create 

around 10°~85° flapping angles and 0.5~15Hz flapping frequencies by applying 3~4V. 

 

Keywords: Artificial muscle, flapping device, Ionic polymer-metal composites (IPMCs), IPMCs 

actuator, Nafion™. 

 

1. INTRODUCTION 
 

The IPMC (Ionic Polymer-Metal Composites) is an 

electrically activated polymer (EAP) actuator [1]. The 

actuator can be made by using a Nafion
®

 membrane 

following chemical deposition of platinum as the 

source of electrodes [2-5]. When an electric field is 

prescribed through the thickness of an IPMC, cations 

inside the membrane carry solvent molecules toward 

the cathode and the movement creates bending 

providing the source of actuation force [6,7].  

The IPMCs can create a large bending motion 

under relatively low input voltage (1~3V), which is a 

unique merit over the other class of EAP actuators [8]. 

However, conventional water-based IPMCs 

significantly lose their solvent content when operated 

by higher than 1.22 input voltages in the air. This fact 

should be overcome for various potential applications 

such as artificial muscle actuators for insect 

mimicking flapping devices.  

As an effort to prevent the solvent loss, replacement 

of the water solvent with ionic liquid has been studied 

[9,10]. The IPMC with ionic liquid showed an 

extended operation time. However, its time response 

was significantly slowed down, which means the 

actuator is not appropriate for a flapping actuator. For 

the improvement of actuation force without significant 

sacrifice to the rapid actuation response, a thicker 

membrane can be used. In references [11,12], thick 

membranes were cast by using Nafion™ solution for 

enhancement of the actuation force of an IPMC. 

However, the actuation displacement of the thick 

IPMCs (~1mm) was noticeably reduced in this case, 

even though the actuation force was improved.  

In this work, we aim to develop an IPMC that can 

be used as an actuator for a flapping mechanism 

operated in the air. Therefore, trade-off in the response 

speed, actuation force, solvent loss, and actuation 
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displacement is inevitable for the actuator design. For 

investigation of solvent loss characteristics and 

actuation force, IPMCs with various combinations of 

cations and solvents have been processed and the 

actuation force, endurance, and solvent loss of each 

IPMC are compared. Thick membranes have been 

fabricated by casting Nafion™ solution to improve 

actuation force. The surface conductivity of the 

platinum electrodes was improved by gold sputtering. 

In the sputtering process, the Physical Vapor 

Deposition (PVD) process [13,14] has been used. The 

gold coating was confirmed to improve actuation 

displacement and force at the same time [2,15,16]. 

The gold-coated thick IPMC was used to actuate a 

flapping device. In this device, the bending motion 

created by the IPMC was transferred to a large 

flapping motion through a rack and pinion system. 

 

2. SOLVENT LOSS AND ACTUATION FORCE 
 

The movement of ions with solvent molecules is 

the source of actuation force generation in IPMCs. In 

the conventional IPMCs, deionized water has been 

widely used as the solvent. Therefore, when higher 

than 1.22V is applied through the thickness of an 

IPMC, solvent content of the IPMC can be reduced 

due to electrolysis in addition to evaporation. As a 

cation, H
+
 is widely used for IPMCs. If cations such 

as Li
+
 and Cu

++
 with larger ion sizes are used in an 

IPMC, actuation force of the IPMC tends to be 

improved [2,16-18]. On the other hand, maximum 

frequency of the IPMC was lowered due to reduced 

mobility of the cations, even though the measured 

data are not included in this paper.  

Since the available operation time of an IPMC is 

primarily dependent on the solvent loss [19], solvent 

uptake and loss have been investigated for various 

IPMCs. To examine solvent uptake characteristics, 

H
+
-, Li

+
- and Cu

++
-form IPMCs made of Nafion

®
 

117 were immersed in DI water, D2O or DMSO 

(dimethyl sulfoxide) for 24 hours and then solvent 

uptake of each IPMC was measured. Any ionic liquid 

was not considered for the solvent because of their 

low actuation response. Table 1 summarizes the 

solvent uptake of each IPMC. The IPMCs with 

DMSO swelled too much, and the others 

demonstrated similar solvent uptake. 

For measurement of solvent loss of IPMCs, each 

IPMC was operated at 2.5V input voltage with square 

wave input [20,21] of 5Hz. The solvent loss is defined 

as the lost weight percentage of solvent divided by 

solvent uptake. IPMCs with nine combinations of 

cations and solvents were tested and the results are 

compared in Fig. 1. 

The graphs in Fig. 1 indicate that the IPMC with 

heavy water (D2O) can extend the operation time 

around 2 minutes for 75%~80% solvent loss. The 

IPMC with combination of Cu
++

 and heavy water 

shows the best endurance in this test, even though the 

Table 1. Solvent uptake at 25℃ (wt%). 

Ion form DI water D2O DMSO 

H
+
 24.50 24.70 108.20 

Li
+
 26.50 26.60 110.30 

Cu
++

 26.10 26.30 109.50 

 

 
(a) H

+
-form IPMCs with different solvents. 

 

 
(b) Li

+
-form IPMCs with different solvents. 

 

 
(c) Cu

++
-form IPMCs with different solvents. 

 

Fig. 1. Solvent loss of various IPMCs. 
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amount of solvent loss was not significantly changed 

for the water-based IPMCs with the other two cations. 

The IPMC with DMSO as a solvent demonstrates 

more than 100 wt % solvent uptake from Table 1 and 

very small solvent loss from Fig. 1. However, the 

IPMC immersed in DMSO swelled too much, so it 

could not generate actuation force. Even though an 

IPMC with Cu
++

 and heavy water shows the best 

solvent loss performance, it was observed that the 

actuation response was noticeably reduced during the 

experiments. 

The 10mm×5mm size water-based IPMCs with H
+
, 

Li
+
, or Cu

++
 were prepared for the tip force 

measurement [21]. A load cell and LABVIEW data 

acquisition system was used for the measurement. Fig. 

2 shows the schematic diagram of the tip force 

measurement system. The tip force generated by the 

Li
+
-form IPMC was larger than the others as shown in 

Fig. 3. This is because lithium has higher 

electropositive value than hydrogen, which means that 

lithium turns into cations more easily than hydrogen. 

Since the ionic mass of lithium is less than that of 

copper, the mobility of Li
+
 must be better than Cu

++
. 

Therefore, Li
+
 and water are recommended as cation 

and solvent, respectively, for a flapping actuator with 

higher frequency and stronger actuation force.
 

3. IMPROVEMENT OF ACTUATION FORCE 
 

For successful application of an IPMC to the 

flapping device, the IPMC should produce a larger 

actuation displacement and force with reasonable 

actuation frequency. The actuation force is directly 

related with an actuator’s suitable size, thickness, and 

applied voltage. A long IPMC can create a large 

displacement, but it cannot produce a high tip force. 

Whereas a short IPMC can produce a high tip force, it 

can create only small tip displacement. Even though a 

thick IPMC can generate a high tip force and work for 

a relatively longer time, the IPMC’s response speed 

and tip displacement are decreased. When the applied 

voltage is increased, tip displacement and tip force are 

also increased. In this case, however, electrolysis is 

accelerated and, at the same time, evaporation 

increased by the heat generated by the IPMC resulting 

in shorter endurance. 

Therefore, trade-off in the actuation force, actuation 

displacement, response speed, and endurance must be 

considered in the flapping actuator design by using 

IPMCs. In a flapping device, a set of wing structures 

needs to be attached at the tip of the actuator and the 

wing must flap with reasonable frequency. Because 

the maximum attachable mass for the wing structure is 

limited by the maximum generative tip force, 

improvement of tip force performance is very 

important. In this work, therefore, actuation force and 

response speed become primary concerns and the 

other factors are secondary. Limited actuation 

displacement of an IPMC can be amplified by 

implementing a mechanical design. 

Reduced surface resistance of platinum electrodes 

in an IPMC also contributes to improvement of 

actuation displacement and force at the same time. 

Effects of gold coating on the actuation tip force and 

actuation displacement are also examined in this 

section. 

 

3.1. Effect of length 

The length of an IPMC directly affects the tip force. 

 

 

Fig. 2. Schematic diagram of tip force measurement. 

 

Fig. 3. Tip force for various input voltages. 

 

 
Fig. 4. Tip force with effective bending length. 
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To discover the effect of length on the actuation force, 

the tip forces of 200µm thick IPMCs made of 

Nafion
®

 117 with various lengths have been measured 

by using the same method described in Fig. 2. In Fig. 

4, the effect of length of the IPMCs was quantitatively 

identified. As expected, a shorter IPMC could produce 

a higher tip force for a given electric field. Therefore, 

a shorter IPMC is recommended as a flapping motor. 

As indicated in Fig. 4, the tip force was still generated 

even though electrolysis started over 2V. 

 

3.2. Effect of gold coating 

In a platinum plated IPMC, the solvent in the IPMC 

is lost through the platinum electrodes and side edges, 

which is caused by electrolysis and evaporation. 

During this process, the pores in the membrane are 

closed gradually. Theses pores act as a transport 

channel, which was described in the cluster network 

model [22]. This contraction by the drying out 

increases surface conductivity. At the same time, 

however, it blocks the ion channel through which 

cations and solvent molecules are moving, resulting in 

reduction in actuation force. For the improvement of 

actuation performance of IPMCs [3,15,16] coating 

another conductive metal such as gold over the 

platinum electrode can be a plausible approach. 

Fig. 5 shows a SEM (Scanning Electron Micro-

scope) image of the platinum-electrode surface in a 

Li
+
-based IPMC. The platinum electrode was plated 

using the chemical deposition process [2-5]. When the 

SEM image of a crack area shown in Fig. 5 is 

magnified 50,000 times, the pores can be clearly 

identified as shown in Fig. 6. 

Repeated contraction and relaxation during bending 

actuation of an IPMC creates more cracks on the 

surface of the electrode and it deteriorates surface 

conductivity of the IPMC. If the surface electrode of 

an IPMC has a large surface resistance, the cations 

and solvent molecules inside the membrane will move 

toward the outer electrodes connected to the power 

supply due to the induced gradient in the electric field, 

as described in Fig. 7(a). As shown in Fig. 7(b), since 

the surface resistance is relatively low in the gold 

coated IPMCs, the alternating electric voltage applied 

through the outer electrodes will be almost constant 

over the entire surface electrode and the cations and 

solvent molecules will mostly move up and down 

through the thickness. However, if the electric voltage 

is lowered due to high surface resistance at the tip, 

then the mobile molecules can be attracted toward the 

outer electrodes from the tip of the actuator. This 

explains why the dry-out of a solvent always begins 

from the tip of an IPMC, and the actuation 

displacement and force become reduced. 

To avoid this situation, the surface resistance needs 

to be reduced by coating conductive materials over the 

platinum electrodes. In this work, gold was sputtered 

 
 

Fig. 5. SEM surface image of an IPMC. 

 

 
 

Fig. 6. SEM image of the IPMC surface crack. 

 

(a) For a normal IPMC (high surface resistance). 
 

 

(b) For a gold sputtered IPMC 

 (low surface resistance). 
 

Fig. 7. Movement of internal ions in IPMCs. 
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over the platinum electrode using the PVD (Physical 

Vapor Deposition) process to improve the surface 

conductivity of a flapping actuator. Fig. 8 displays the 

cross-section of a SEM image in the gold sputtered 

IPMC made of Nafion
®

 117. The upper white portion 

is the gold-coated surface and the second gray layer 

stands for the gold layer. It is clearly seen that 1~2 

micro meters of the gold layer was sputtered over the 

platinum electrodes of the IPMC surface. Compared 

to the chemical deposition of the gold coating 

[3,15,16], the process of PVD is easier to handle and 

the time required for the coating is significantly 

reduced. 

The gold layer is so soft that it reduces cracks on 

the surface of an IPMC. In addition, the low surface 

resistance results in low heat generation over the 

electrodes and less evaporation. As a result, the 

movement of cation and solvent is much confined 

toward the thickness direction due to the relatively 

constant electric field over the electrodes, and dry-out 

due to evaporation is abridged thanks to the reduced 

surface cracks and low heat generation. Therefore, the 

gold sputtered IPMC can provide higher actuation 

force, larger actuation displacement and extended 

endurance at the same time. 

Dry surface resistances of the 5mm×30mm size 

normal and gold sputtered IPMCs were measured by 

changing the distance of two probes. Fig. 9 indicates 

the measured surface resistance of a dry IPMC with 

gold coating and without gold coating, where it can be 

clearly confirmed that the gold sputtered IPMC has 

lower surface resistance than the normal IPMC. It is 

also noticeable that the gold sputtered IPMC has low 

surface resistance even when the distance of the two 

probes is increased. The low surface resistance 

contributes to reduce the heat generation during 

operation, which can minimize solvent evaporation.  

 

3.3. Effect of membrane thickness 

To investigate the actuation performance of thick 

IPMCs, various thick membranes were fabricated by 

casting Nafion™ solution. The general procedure for 

the casting is well explained in References [11,12]. 

After the casting, the thick membranes were processed 

such that Li
+
-form membranes with DI water as the 

inner solvent can be fabricated. We have chosen Li
+
 

and DI water as cation and solvent, respectively, 

because the IPMC with them demonstrates a 

reasonable response speed even though solvent loss is 

significant as described in the previous section. Gold 

was also sputtered over the platinum electrode of thick 

IPMCs for higher actuation force and large actuation 

displacement.  

Tip forces of the thick IPMCs were measured by 

the same test set-up shown in Fig. 2. The size of each 

IPMC was 10mm (effective bending length)×5mm 

(width), and dry thickness of each IPMC was 200, 400, 

640, and 800µm. Fig. 10 shows the measured 

maximum tip force of the various thick IPMCs. 

Relatively high voltage (4V) was intentionally 

prescribed to find out how much tip force can be 

generated even with electrolysis. It can be found that 

the gold sputtered 800µm thick IPMC can create 

about 10 grams of force for 4V, which is more than 

30% larger tip force than can be generated by 800µm 

thick IPMC without gold coating. 

Fig. 11 shows the measured maximum tip forces of 

gold sputtered IPMCs for various input voltages. For a 

 

 
 

Fig. 8. SEM image of Au sputtered IPMC cross 

section. 

  

 
Fig. 9. Surface resistance of dry IPMCs. 

 

 
Fig. 10. Tip force of gold-coated thick IPMCs. 
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low applied voltage, the tip force increment is almost 

proportional to the thickness increment. The tip force 

becomes nonlinearly increased for anything higher 

than 2V input. These data should be very useful for 

the design of a flapping device.  

 
4. FLAPPING DEVICE 

 

4.1. External electrodes 

In the design of a flapping mechanism, many 

aspects need to be considered even though actuation 

performance of an IPMC is much improved. One of 

them is the external electrodes needed to supply the 

electric field to the IPMC. The actuation can be 

retarded due to a chemical reaction between the 

external electrodes and the surface electrodes of the 

IPMC that contains solvent and cation. Platinum 

electrodes are widely used for the external electrodes 

to prevent the chemical reaction. Since the platinum 

plate is quite expensive, 100nm thick platinum was 

sputtered by the PVD process [13,14] on one side of 

the 25µm thick copper plate, where the surface 

electrode of an IPMC will be contacted. To prevent 

deformation of the thin electrodes, the platinum 

sputtered electrodes were attached to a 5mm× 

5mm×1mm size balsa wood plate as shown in Fig. 

12. 

4.2. Actuation system 

In the actuation system of a flapping device, a 15 

mm long, 5mm wide, and 800µm thick IPMC was 

selected for the actuation because the primary 

concerns in the design are actuation force and 

response speed. However, the actuation system should 

be able to produce a desired flapping angle for a 

successful flapping device. A rack-and-pinion system 

shown in Fig. 13 was devised to transfer the actuation 

force from the IPMC actuator to a wing system and to 

amplify the flapping angle at the same time. The rack 

was attached at the end of the IPMC actuator in the 

vertical position and two pinions 3mm in diameter 

were placed such that they were tightly contacted with 

the vertical rack. The rack created an up-and-down 

motion due to the bending motion of the IPMC and 

the pinion produced a rotating motion. Since the 

wings were attached at the outer surface of the pinion, 

the wings could flap with large flapping angles. 

Fig. 14 and Fig. 15 show the assembled flapping 

wing at the ends of the upstroke and downstroke. The 

applied voltage was 3~4V in the square wave form 

with 0.5~10Hz frequency. The maximum flapping 

angle of 85 degree was produced for 1Hz input. 

However, the flapping angle was reduced for higher 

input frequency, and it reached a 15 degree flapping 

angle for 3V, 15Hz input. The slow response may be 

 
Fig. 11. Maximum tip force of gold-coated thick 

IPMCs for various voltages. 

  

 

Fig. 13. Schematic figure of IPMC with rack-and-

pinion device. 

 

 
 

Fig. 14. Upstroke of the flapping wing. 

 

Fig. 12. Schematic diagram of the movement. 

Rack 

Pinion 

IPMC 

Pt Electrode 

Wing 

Pinion 

Rack 

IPMC 
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caused by the increased distance that cations travel 

through the thickness in a thick IPMC. Therefore, the 

flapping device should be useful for mimicking an 

insect that flies in low frequency with relatively large 

wings. 

 

5. CONCLUSION 
 

In this work, performance improvement of IPMCs 

was attempted focusing on the solvent loss and 

actuation force. For reduction of solvent loss and 

improvement of actuation force, IPMCs with various 

solvents (DI water, D2O, DMSO) and cations (H
+
, Li

+
, 

Cu
++

) were tested for measurement of solvent loss and 

actuation force. From the test, the IPMC with D2O as 

solvent and Cu
++ 

as cation presented the lowest 

solvent loss and largest actuation force. To achieve 

larger actuation force from an IPMC, thick IPMCs 

were fabricated by casting Nafion™ solution and gold 

was sputtered over the platinum electrode of the 

IPMC by the Physical Vapor Deposition process. The 

coating was very effective for preventing solvent loss 

due to evaporation and improvement of actuation 

force. Even though the IPMC could produce a larger 

actuation force, the time response was slowed down 

due to increase in the thickness of the IPMC. For a 

trade-off, therefore, water was used for solvent and 

Li
+
 for the cation in the thick IPMC for a faster 

flapping actuation. A flapping device was designed 

and fabricated using an 800µm IPMC and rack-and-

pinion system. The device could produce a large 

flapping angle of about 85 degrees for a low 

frequency input (3~4V at 0.5Hz). The angle reached 

about 15 degrees for a 3V, 15Hz input. The flapping 

device should be useful for mimicking an insect flying 

at low frequency. 
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