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ABSTRACT 

 

Ionic Polymer-Metal Composite Actuators based on Nafion Blends with Functional Polymers  

by 

Jungsoo Nam 

Dr. Dong-Chan Lee, Exam Committee Chair 

Associate Professor of Chemistry 

University of Nevada, Las Vegas 

 

Ionic polymer metal composites (IPMCs) have been an attractive research subject for 

use in underwater robotic applications, biomedical and biomimetic application owing to their 

great potential as actuators, artificial muscles, and more. IPMC is synthetic composite 

nanomaterial of ion exchange membranes and metal electrode. Although both components are 

important, the properties of ion exchange membranes should be emphasized since it is 

responsible of the path for the mobile ions to migrate when voltage is applied to exhibit 

deformation. Most of the researches that have been done on IPMCs used commercially 

available Nafion as their ion exchange membranes. However, its high cost, limitations in 

thermal and mechanical properties are some of the disadvantages that needs to be modified. In 

this thesis, we chose two different polymers, poly(vinyl alcohol-co-ethylene) [P(VA-co-E)] and 

polyimide [PI], as blending partners of Nafion in order to overcome these disadvantages while 

maintaining high ionic conductivity. In chapter 2, blend ion exchange membranes of Nafion 

and P(VA-co-E) were casted using physical blending method. The membranes were 

characterized by Fourier transform infrared spectroscopy and differential scanning calorimetry. 

IPMCs based on these membranes were fabricated by deposition of platinum electrode onto 
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their surface via electroless plating process. The electrode surface of prepared IPMCs was 

measured using two point probe method. The cross-sectional morphologies of the IPMCs were 

characterized through Scanning electron microscopy and Energy-dispersive X-ray 

spectroscopy analysis was done. The electromechanical performances (displacement and 

blocking force) of the prepared IPMC actuators were further characterized. In chapter 3, blend 

ion exchange membranes of Nafion and PI were obtained by casting of Nafion and poly(amic 

acid) [PAA]membranes and the following thermal imidization. Same characterizations were 

done as in chapter 3. The IPMC actuators with the blend Nafion membranes demonstrated 

comparable electromechanical performance to the Nafion membrane by either lowering the 

manufacturing cost or improving thermal and mechanical properties. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. Ionic Polymer - Metal Composites  

Ionic electroactive polymers (EAPs) are polymers that show change in size or shape 

when electrical stimulation is applied. These EAPs form composite with metal on the surface 

which is electrically conductive, undergoing large amount of bending deformation while 

sustaining large forces when electrically stimulated. There are many types of EAPs such as 

ionic polymer gel [1-4], dielectric elastomer [5, 6], carbon nanotube films [7, 8], ionic polymer-

metal composites (IPMCs) [9-11], etc. Among these EAPs, IPMCs are the most promising field.  

IPMCs are synthetic composite nanomaterials that exhibit deformation under an 

applied voltage or electric field. IPMCs are known for flexibility since they use polymers as 

base materials, low operating voltage (less than 5V), high strain rate, and the ability to operate 

in water [12, 13]. These properties make the IPMC an attractive research subject for use in 

underwater robotic applications [14, 15], fluid flow sensor applications [16], biomedical and 

biomimetic application such as artificial muscles [17-19], and more.  

In 1949, Kuhn and Katchalsky reported that certain co-polymers may contract and 

expand chemically like a synthetic muscle [20, 21]. As an example, three dimensional networks 

which contain poly(acrylic acid) [PAA] are insoluble in water but swell extremely in water 

when base is added and contract extremely when acid is added [22]. After these studies, many 

researches have been conducted regarding chemically stimulated polymer deformation 
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including deformation of long cylindrical polymer gel [23], chemically stimulated pseudo-

muscular actuation [24, 25], and more.  

The first paper that was reported for electrochemical transduction of polyelectrolyte 

system such as PAA – poly(vinyl chloride) [PVC] was published in 1965 [26]. Later, Oguro et 

al. developed the first IPMC that was made of Nafion (N115) with platinum electrodes on both 

sides which shows electrochemical deformation when electrically stimulated [27].  

IPMCs are composed of two parts, ionic polymer membrane and metal electrode. Ionic 

polymer membranes such as Nafion or Flemion are electrochemically plated on the surface of 

the membrane with metals such as gold or platinum. When an IPMC is fabricated, it contains 

cations, anions, and water molecules inside. When a small voltage is applied to it (generally 

less than 5V), hydrated mobile ions (either cations or anions) in the ion exchange membrane 

move toward anode or cathode, forming volumetric gradient or pressure gradient between 

electrodes on both sides. This gradient is responsible for the deformation of the IPMC.  

In this thesis, we used Nafion as a base material for the ion exchange membrane. Since 

Nafion has sulfonate group that is negatively charged, these anions are fixed once they are 

fabricated into ion exchange membrane. Mobile ions are cations. When IPMC is immersed in 

water and electrically stimulated, cations in the ion exchange membrane get hydrated with 

water molecules and move toward the anode. This movement of hydrated cations results in 

pressure gradient between the electrodes leads to bending of the IPMC. Hydrated cations that 

moved toward the anode expands the anode side while contracting the cathode side, forming 

bending from the cathode to the anode direction [9]. When alternating current (AC) is applied, 

the anode and the cathode would alternately change, forming continuous bending of IPMC to 

two opposite directions. Movements of hydrated cations and water molecules inside the 

membrane of IPMC that creates the deformation are shown in Figure 1.1. 
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Figure 1.1  Schematic actuation principle of IPMC [9, 28]. 

 

 

1.2 Ion Exchange Membranes 

Ion exchange membranes are fundamental materials to fabricate IPMCs and a very 

significant factor that largely influences the performance of IPMCs. The term ion exchange 

membrane refers to membrane that is designed to transport ions selectively across the 

polymeric membrane owing to ionic groups present in the membrane. Depending on the type 

of ionic groups attached, there are two types of ion exchange membranes; (1) cation exchange 

membrane and (2) anion exchange membrane. Cation exchange membranes contain fixed 

Fixed anion Mobile cation Water Hydrated cationSide chain

Polymer membrane

Metal electrodes 
on surfaces
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anionic groups that allow the passage of cations and block anions. In reverse, anionic exchange 

membranes contain fixed cationic groups that allow the passage of anions and block cations. 

Although Flemion can be used to fabricate IPMCs [29, 30], the most commonly used 

commercially available material for fabricating IPMCs is Nafion [31, 32], which was used for 

this thesis projects. Flemion and Nafion are both perfluorinated polymers, which differ in the 

functional groups. Flemion has carboxylate (R-COO-) and Nafion has sulfonate (R-SO3
-) as 

anionic functional groups. Research on Flemion-based actuators has been limited compared to 

that on Nafion because of the limitation of adequate computational tool to describe the 

electrochemical-mechanical response of Flemion-based IPMCs [33], low force (5 gf max) 

working in aqueous environment [34], and high stiffness compared to Nafion [35].  

Nafion is known for its flexibility, light weight, immediate bending response, softness, 

low actuating voltage (< 5 V), large bending deformation, commercial availability, appropriate 

mechanical robustness, good chemical stability, and high proton conductivity [36]. Nafion has 

high ion conductivity of around 0.1 S cm−1 in 1 M H2SO4 at 20 °C measured using a DC current 

pulse [37], which is important value to be a good ion exchange membrane. 

Nafion consists of two parts, backbone and functional group as shown in Figure 1.2. 

The hydrophobic backbone gives mechanical strength to the ion exchange membrane and 

functional group which is sulfonate (SO3
-) allows transportation of cations. The proton (H+) 

attached to the sulfonate group as shown in Figure 1.2 can be replaced with other common 

mobile cations that are used in IPMC membranes such as lithium, sodium, and potassium. The 

functional group draws hydrated cations from side to side between two electrodes, producing 

bending movement.  

 

 



5 

 

 

Figure 1.2  Chemical structure of Nafion in acid form [38]. 

 

 

When DC voltage is applied for long periods, Nafion-based actuators initially bend 

toward the anode, and undergo back relaxation by bending back toward the cathode. This is 

due to the leakage of water molecules to the anode side and it has been the major drawback of 

Nafion-based IPMCs, along with high cost and low blocking force [39]. There have been many 

studies to overcome the drawbacks by modifying the ion exchange membrane: Han et al. [40] 

fabricated new IPMC actuator using fluoropolymers grafted with polystyrene sulfonic acid 

[PSSA] as ion exchange membrane and investigated the actuation of the middle parts of the 

IPMCs and the blocking force under DC 2 V. They concluded that IPMCs based on the PSSA-

grafted fluoropolymers can produce several times larger displacement than the Nafion-based 

IPMC with a similar thickness and successfully eliminated the back relaxation which was the 

major drawback of Nafion-based IPMCs. Jeon et al. [41] chose sulfonated poly(ether ether 

ketone) [SPEEK] and SPEEK/polyvinylidene fluoride [PVDF] as ion exchange membrane and 

tested the actuation performances. The reported that SPEEK/PVDF membrane-based IPMC 

showed larger actuation than that of SPEEK membrane-based IPMC under the applied DC 

voltages, harmonic sinusoidal voltages, and excitation frequencies. At 3 V DC, the blocking 

force of the SPEEK/PVDF-based IPMC actuator was higher than that of the SPEEK-based 
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IPMC actuator and lower than that of the Nafion-based actuator. They concluded that the good 

actuation performance of SPEEK/PVDF-based actuator might be due to the unique 

microstructure. Phillips and Moore [42] fabricated IPMC based on a sulfosuccinic acid-

modified ethylene-co-vinyl alcohol [EVOH] membrane. The displacement and blocking force 

of the IPMC were lower than those compared to the Nafion-based IPMC. They concluded that 

this is due to the slow diffusion of water that passes through the disorganized ionomer 

morphology formed in the sulfonated EVOH matrix.  

 

 

1.3  Research objectives 

Despite the excellent electromechanical performances of Nafion, there are drawbacks 

which include high-cost and limitation in the property modification. To overcome the problems, 

we chose two different types of polymers, poly(vinyl alcohol-co-ethylene) [P(VA-co-E)] and 

polyimide [PI] as blend partners of Nafion. The main objective of this thesis is to fabricate 

IPMC actuators using blend ion exchange membranes of Nafion with P(VA-co-E) and PI that 

show comparable electromechanical properties to Nafion-only acutuator while reducing the 

cost and improving thermal and mechanical properties.  

This thesis presents simple but effective approaches to reduce the cost and improve the 

physical properties of Nafion-based IPMC via solution-based polymer blending. In Chapter 1, 

we chose P(VA-co-E) as the blending partner of Nafion to lower the manufacturing cost while 

maintaining the electromechanical properties. In Chapter 2, we chose PI as the blending partner 

of Nafion to modify thermal and mechanical properties of Nafion.  
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CHAPTER 2 

 

IPMC BASED ON  

NAFION / POLY(VINYL ALCOHOL-CO-ETYLENE) BLENDS 

 

2.1 Introduction 

Poly(vinyl alcohol-co-ethylene) [P(VA-co-E)] is nontoxic and biocompatible polymer 

which has considerable chemical resistance [43], high mechanical strength, low fouling 

potential, and excellent film forming properties [44]. Since it could be compatible with Nafion 

owing to their similar structures that contain both hydrophobic and hydrophilic part, we chose 

P(VA-co-E) as a blending partner with Nafion to fabricate a blend ion exchange membrane.  

As mentioned earlier, Nafion is the most generally used ion exchange membrane 

material used for the IPMC actuators, and this is due to its advantages which include good 

chemical stability, high proton conductivity, commercial availability, and appropriate 

mechanical robustness [45-47]. Although Nafion – based IPMC actuators show good actuation 

performances under low voltage stimulus, high cost of Nafion is the major drawback for its 

practical applications [47]. Therefore, there have been many attempts to replace Nafion and 

develop other materials that are lower in cost for ion exchange membranes used in IPMC 

actuators [37, 45, 48]. In attempt, fluorinated acrylic copolymer membrane, non-fluorinated 

hydrocarbon polymers, and sulfonated polymers have been investigated [49-51]. Some of the 

research was focused on developing composites of Nafion with different kinds of fillers such 

as montmorillonite, titanium dioxide, and silica [52-54]. These attempts of replacing Nafion, 

however, have been only partly successful. Hence, it is important to continue seeking for 
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polymers that can replace Nafion for the use in IPMC actuators. 

 The objective of the work is to prepare homogeneous Nafion/polymer composite 

membranes through solution casting method which is physical blending method, and to study 

the electromechanical properties of the membrane and compare it with Nafion. We chose P(VA-

co-E) as the blending polymer, since it is considered as a polymer matrix that can be used to 

make new cost-saving ionomers owing to its ability to form film, high modulus, high strength, 

and hydrophilicity [55-57]. 

 After investigating different conditions to cast high quality blend membranes, the 

chemical structure of the blend membranes was characterized by FT-IR and thermal properties 

were characterized by DSC. We fabricated IPMCs from the blend membranes and 

characterized the cross-sectional morphologies by SEM. Also, the chemical composition was 

characterized by EDX. The electromechanical performances including displacement testing 

and blocking forces were also tested.  

 

 

2.2 Materials  

Nafion dispersion (5 wt.%) was purchased from DuPont™. P(VA-co-E) and dimethyl 

sulfoxide (DMSO) were purchased from Sigma-Aldrich to use for the preparation of the blend 

membranes. Ammonium hydroxide (NH4OH), tetraammineplatinum (II) chloride hydrate 

(Pt(NH3)4Cl2•xH2O), and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich 

to use for platinum plating. Hydrazine monohydrate (H2NNH2•H2O) and hydroxylamine 

hydrochloride (H2NOH•HCl) were purchased from Sigma-Aldrich to use as the reducing 

agents. Lithium chloride (LiCl) was purchased from Sigma-Aldrich to use for ion exchange 
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process. 

 

 

2.3 Preparation of Membranes 

The cast membrane of Nafion was prepared by solution casting of 10 mL of Nafion 

dispersion in a Teflon mold (Size = 2.5 × 2.5 × 0.5 cm) at 30 °C overnight. Blend membranes, 

NPVAE-34 and NPVAE-55 were prepared by solution casting of 10 mL of mixed Nafion 

solution with P(VA-co-E) / DMSO (5 wt.%) solution in the Teflon mold at 60 °C overnight. 

The detailed composition of materials after drying is summarized in Table 2.1.  

 

 

 

 

 

 

Photographic images of prepared samples of Nafion, NPVAE-34, and NPVAE-55 

membranes are shown in Figures 2.1. Nafion – only membrane was transparent but as P(VA-

co-E) blended into Nafion, the blend membranes became opaque and the stiffness of the 

Samples Weight ratio of P(VA-
co-E) : Nafion Drying condition Thickness (μm)

Nafion 0 : 100 30 °C, overnight 280

NPVAE-34 34 : 66 60 °C, overnight 290

NPVAE-55 55 : 45 60 °C, overnight 350

Table 2.1  Composition, drying condition, and thickness of the membranes: Nafion, 

NPVAE-34, and NPVAE-55 
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membranes increased as the content of P(VA-co-E) increased. The prepared NPVAE-34 and 

NPVAE-55 membranes are cost effective up to 30 and 50 % respectively, compared to pure 

Nafion (based on the current prices of the chemicals as of 2016). 

 

 

 

 

Figure 2.1  Photographic images of the prepared membranes:  

(a) Nafion, (b) NPVAE-34, and (c) NPVAE-55 (Size = 2.5 × 2.5 cm). 

 

 

2.4 Characterizations of membranes 

2.4.1 Chemical Structures of prepared membranes 

The blend membranes were characterized with FT-IR spectroscopy to confirm the 

presence of both constituents, Nafion and P(VA-co-E) in the membranes. The results are shown 

in Figure 2.2. FT-IR spectra of NPVAE-34 and NPVAE-55 are shown in Figures 2.2 (d) and 

(e), respectively. Spectra of (a) Nafion 117, (b) cast Nafion, and (c) P(VA-co-E) membranes 

were also included as reference. 

The FT-IR spectra of Figures 2.2 (a) commercially available Nafion 117 membrane 

and (b) cast Nafion membrane were very similar, showing peaks at 1153 cm-1 (CF2 stretching, 
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asymmetric) and 1213 cm-1 (CF2 stretching, symmetric) which are characteristic to Nafion [58]. 

These peaks are shown in the spectra of NPVAE-34 and NPVAE-55, confirming the presence 

of Nafion in the blend membranes. For the spectrum of P(VA-co-E), a broad peak at 3200-3400 

cm-1 (O-H stretching), peaks at 2924 cm-1 (C-H stretching, aliphatic), and 1443 cm-1 (C-H 

bending, aliphatic) which are characteristic to P(VA-co-E). These peaks are shown in the 

spectra of NPVAE-34 and NPVAE-55, confirming the presence of P(VA-co-E) in the blend 

membranes. The FT-IR results clearly confirms the presence of both components, Nafion and 

P(VA-co-E) in the blend membranes. 

 

 

 

Figure 2.2  The FT-IR spectra of (a) Nafion (N117), (b) cast Nafion, (c) P(VA-co-E), (d) 

NPVAE-34, and (e) NPVAE-55 membranes. 
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2.4.2 Thermal properties of prepared membranes 

 Thermal properties of the blend membranes were characterized by DSC as shown in 

Figure 2.3 and the resulting glass transition temperature (Tg), melting transition temperature 

(Tm), and heat of fusion (ΔHf) are shown in Table 2.2. While P(VA-co-E) showed Tg at 43 °C 

and Tm at 165 °C, Nafion did not show distinguishable transition. As the content of Nafion 

increases, Tg significantly decreases from 58.9 °C (P(VA-co-E)) to 45.4 °C (NPVAE-55) to 

42.6 °C (NPVAE-34). For Tm, while P(VA-co-E) and NPVAE-55 shows similar values, 

165.2 °C and 165.5 °C, respectively, NPVAE-34 shows a decreased value of 161.1 °C. The 

heat of fusion, ΔHf, decreases constantly as the content of Nafion increases from 45.7 J/g 

((P(VA-co-E)) to 25.5 J/g (NPVAE-55) to 15.2 J/g (NPVAE-34). Decreasing trend in Tg, Tm, 

and ΔHf as increasing of the content of Nafion indicates the reducing crystallinity of P(VA-co-

E) owing to the blending of the amorphous Nafion. The DSC results indicate that P(VA-co-E) 

and Nafion be a miscible blend system. 
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Figure 2.3  DSC thermograms of Nafion, NPVAE-34, NPVAE-55, and P(VA-co-E). [First 

heating scan at 10 °C/min under nitrogen.] 

 

 

Table 2.2  Glass transition temperature, melting transition temperature, and heat of fusion of 

P(VA-co-E), NPVAE-34, and NPVAE-55 
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Samples Tg (°C) Tm (°C) ΔHf (J/g)

P(VA-co-E) 58.9 165.2 45.7

NPVAE-55 45.4 165.5 25.5

NPVAE-34 42.6 161.1 15.2
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2.5 Fabrication of IPMCs 

The membranes were sanded with sandpaper (800 / 1000 counts) in order to deposit 

more platinum particles onto the inner surface by increasing the surface area. It also helps 

increase the contact area of polymer and electrode. Sanding needs to be done in the direction 

perpendicular to the bending direction of the IPMC. After sanding, all membranes were cleaned 

to remove impurities before progressing to the primary plating process. Membranes were 

cleaned in 3 wt.% H2O2 solution at 70 °C for 40 minutes, 1 M H2SO4 aqueous solution at 60 °C 

for 40 minutes, D.I. water at 70 °C for 40 minutes, 1 M H2SO4 aqueous solution at 60 °C for 

40 minutes, followed by cleaning in D.I. water at 40 °C for 40 minutes.  

The next step, primary plating is an impregnation-reduction process on the roughened 

inner surface of the membranes. Membranes were soaked in 0.02M Pt (II) salt solution 

(tetraammineplatinum (II) chloride hydrate, Pt(NH3)4Cl2·xH2O) for 3.5 h and rinsed with D.I. 

water several times. To metalize the surface of the membranes, they were immersed in 350 mL 

aqueous solution containing NH4OH (0.3 mL) and NaBH4 (0.2g) at 60 °C for 2 h. 0.2g of 

NaBH4 was added every 0.5 h. Membranes were cleaned in 1 M H2SO4 aqueous solution at 

60 °C for 40 minutes, D.I. water at 70 °C for 40 minutes, 1 M H2SO4 aqueous solution at 60 °C 

for 40 minutes, followed by cleaning in D.I. water at 40 °C for 40 minutes. The primary plating 

procedure was repeated three times.  

The secondary plating was processed to develop platinum on the outer surface of the 

membrane, on top of the inner platinum layer, to reduce the surface resistance of the electrode. 

The membranes were soaked in 350 mL of aqueous solution containing Pt (II) salt (0.2 g) and 

two reducing agents, 20 wt.% H2NNH2·H2O solution (1 mL) and 5 wt.% H2NOH·HCl solution 

(2 mL) at 50 °C for 1 h and then 60 °C for 3 h. The reducing agents were added every 30 

minutes for 4 h. Then, the composites were cleaned in 1 M H2SO4 aqueous solution at 60 °C 
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for 40 minutes, D.I. water at 70 °C for 40 minutes, 1 M H2SO4 aqueous solution at 60 °C for 

40 minutes, followed by cleaning in D.I. water at 40 °C for 40 minutes. If the resistance is 

greater than 10-15 Ω, the entire procedure should be done up to two times. After all the process 

was done, the membranes were placed in 1 M LiCl solution overnight in order to replace 

protons with lithium ions. The platinum layers were successfully plated on to the surfaces of 

the membranes without cracks. The photographs of the fabricated IPMCs fabricated from 

Nafion, NPVAE-34, and NPVAE-55 membranes after electroless plating are shown in Figure 

2.4.  

The IPMCs were cut into rectangular shapes [0.5 × 2.0 cm] for further 

characterizations. The electrode surface resistance for the IPMCs was measured using two-

point probe method and the results after each step of electroless plating is shown in Table 2.3. 

When the content of P(VA-co-E) increases in the blend membranes, the electrode resistance 

also increases. This may be due to the less impregnation of platinum complex ions into the 

membrane during electroless plating process. As an assumption, impregnation of platinum 

complex ions become harder as the content of P(VA-co-E) in the blend membranes increases. 

All values were less than 2.0 Ω/cm after secondary electroless plating which are appropriate 

compared to the previous work [46].  
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Figure 2.4  Photographs of the prepared IPMCs after platinum plating:  

(a) Nafion, (b) NPVAE-34, and (c) NPVAE-55 (Size=0.5 x 2.0 cm). 

 

 

Table 2.3  The electrode surface resistance of prepared IPMCs after electroless plating 

(measured by two-point probe method). 

 

 

 

 

Samples 1st Primary plating 
(Ω/cm)

2nd Primary plating 
(Ω/cm)

3rd Primary plating 
(Ω/cm)

Secondary plating 
(Ω/cm)

Nafion 5.1 - 5.3 2.0 - 2.2 1.0 - 1.1 0.7 - 1.0

NPVAE-34 8.7 - 9.0 3.3 - 3.7 2.2 - 2.4 1.2 - 1.4

NPVAE-55 19.5 - 20.0 10.1 - 11.0 9.9 - 10.2 1.5 - 1.8
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2.6 Characterizations of IPMCs 

2.6.1 Cross-sectional morphologies and chemical compositions of IPMCs 

The cross-sectional morphologies of fabricated IPMCs characterized by SEM and the 

according EDX results are shown in Figure 2.5. From the cross-sectional morphologies and the 

deposited layer of platinum on the surface of the membrane as shown in Figures 2.5 (a)-(c), it 

is observable that the thickness of platinum electrode layer decreases as the content of P(VA-

co-E) in the membrane increases. The thickness of the platinum electrode decreases from 17 

µm (Nafion) to 14 µm (NPVAE-34) to 10 µm (NPVAE-55). As mentioned earlier, as an 

assumption, impregnation of platinum complex ions become harder as the content of P(VA-co-

E) in the blend membranes increases, resulting in thinner electrodes. EDX analysis of the cross-

sectional SEM images are shown in Figures 2.5 (d)-(f). These results show the chemical 

composition of the fabricated IPMCs. Also, a graph that compares the number of counts of the 

elements C, O, and F in the Nafion and blend membranes is shown in Figure 2.5 (g). As the 

content of P(VA-co-E) in the membranes increases, the counts of C and O in the membranes 

increase while that of F decreases.  
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Figure 2.5  The SEM images of cross-sectional morphologies [(a) Nafion, (b) NPVAE-34, 

and (c) NPVAE-55] and EDX results [(d) Nafion, (e) NPVAE-34, and (f) NPVAE-55] of the 

fabricated IPMCs. (g) Chemical composition of main elements in the membranes. 
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deflection at the tip was measured by placing a laser 2mm ca. above the bottom edge of the 

IPMC where it gives the maximum displacement. Frequency analyzer was connected to the 

power source and the voltage was adjusted. The experimental setup is shown in Figure 2.6. 

 

 

 

 

Figure 2.6  The experimental setup to measure bending displacement of the IPMCs. 

 

 

Measured voltage, current, corresponding displacement responses, and bending strain 

of Nafion, NPVAE-34, and NPVAE-55 – based IPMCs at ±3V AC (square wave input) at 

frequencies 0.5 and 1.0 Hz are shown in Figure 2.7. The bending strain (ε) was converted from 

displacement (δ) using the relation of ε ≅ ஔ୲
୐మାஔమ

, where t is the thickness of the IPMC and L 

is the free length. 

Among the three IPMC actuators, the Nafion – based IPMC actuator shows the highest 

displacement performance. NPVAE-55 shows the lowest electromechanical performance 

owing to the high electrode surface resistance and relatively high stiffness of the membrane. 
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Interestingly, NPVAE-34 – based IPMC actuator showed almost the similar displacement (2.5 

mm) and bending strain (0.27 %) to that of the Nafion-only IPMC which showed displacement 

of 2.8 mm and bending strain of 0.26 %, under a low actuation frequency of 0.5Hz. However, 

under higher frequency of 1Hz, Nafion actuator shows displacement of 2.8 mm and bending 

strain of 0.29 % while NPVAE-34 actuator shows lower displacement (2.0 mm) and lower 

bending strain (0.21 %). Comparing 0.5Hz and 1 Hz, under higher frequency of 1Hz, the 

displacement and bending strain decreases for NPVAE-34 actuator due to the limited charging 

time [15].  

Although NPVAE-34 IPMC actuator did not show higher actuation performance 

compared to Nafion actuator, it is important to focus on the fact that it shows a comparable 

electromechanical performance even though the content of Nafion is significantly reduced by 

34 wt.% (weight percent ratio of Nafion:P(VA-co-E) = 66:34). 
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Figure 2.7  Measured voltage, current, displacement responses, and bending strain at ±3 V 

AC square-wave under (a) 0.5 Hz and (b) 1 Hz of the IPMC actuators: Nafion, NPVAE-34, 

and NPVAE-55. 

 

 

The photographs of the IPMC actuators at maximum displacement with/without 

applying voltage (±3 V, AC) under frequency of 0.1, 0.5, and 1.0 Hz are shown in Figure 2.8. 

From Figures 2.8 (a) and (b), it is shown that the NPVAE-34 actuator show similar range of 

displacement as Nafion actuator. As the frequency decrease, from 1 to 0.5 to 0.1Hz, a clear 

difference in displacement response between the samples is observed. It is shown in Figure 2.8 

(c) that NPVAE-55 actuator shows the lowest displacement due to the higher electrode surface 

resistance and higher stiffness compared to other samples. Again, the displacement of NPVAE-
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34 actuator is comparable to that of Nafion actuator.  

 

 

 

 

Figure 2.8  Photographs of the IPMC actuators, (a) Nafion, (b) NPVAE-34, and (c) NPVAE-

55 with/without applying voltage (±3 V, AC) under frequencies of 0.1, 0.5, and 1.0 Hz. 

 

 

2.6.3 Blocking forces of IPMCs 

The blocking force, which represents the electromechanical force formed at tip of 

IPMC at zero displacement, was measured under driving voltage of 3V, DC. The experimental 

setup is shown in Figure 2.9. Figure 2.10 shows the typical blocking force responses measured 

in time for Nafion, NPVAE-34, and NPVAE-55 actuators. The Nafion actuator show the highest 
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blocking force (13.5 mN) and the fastest response time (4.39 s) among three actuators. The 

measured highest blocking force of NPVAE-34 and NPVAE-55 is 12.3 mN at 4.54 s and 11.59 

mN at 13.57 s, respectively. The results indicate that when the content of P(VA-co-E) in the 

membrane increases, the blocking force and response time of the actuators decreases, due to 

the increasing stiffness of the membrane. These results are correspondent with the displacement 

measurements that were discussed earlier. 

 

 

 

 

Figure 2.9  The experimental setup to measure blocking force of the IPMCs. 
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Figure 2.10  Measured blocking force responses in time at 3 V, DC for IPMC actuators: (a) 

Nafion, (b) NPVAE-34, and (c) NPVAE-55. 

 

 

2.7 Conclusions 

We successfully casted blend membranes of Nafion and P(VA-co-E), which were used 

to fabricate into IPMCs. The membranes were casted using solution casting method and were 

successfully blended. The blend membranes were characterized by FT-IR and DSC. FT-IR 

results confirmed the presence of both components, Nafion and P(VA-co-E) in the blend 

membranes and DSC results suggested the miscibility between the components. The blend 

membranes were fabricated into IPMCs using the conventional platinum electroless plating 

process of Nafion. The cross-sectional morphologies of the IPMCs and the chemical 

composition were characterized through SEM and EDX. Actuation performance of the 

actuators were also tested. As a result, NPVAE-34 showed comparable actuation performance 
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to that of Nafion even though we significantly reduced the content of Nafion by 34 wt.%. The 

work done in this chapter may give rise to modifying and improving the properties of Nafion 

using a simple and reproducible blending process, which can provide us with more cost-saving 

IPMC materials. 
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CHAPTER 3 

 

IPMC BASED ON  

NAFION / POLYIMIDE BLENDS 

 

3.1 Introduction 

Aromatic PIs, is a class of high-performance polymers. Owing to their outstanding 

thermal and dimensional stability that have been widely studied for past years. Aromatic PIs 

are most widely used as coatings for microelectronic devices and high-temperature materials 

for the aerospace industry [59]. Because PI membrane, Kapton, is commercially available from 

DuPont and the outstanding thermal and mechanical properties are known, it was considered 

as a strong candidate for blending partner of Nafion. By blending PI with Nafion for making 

ion exchange membrane, the anticipated enhancements in features are specifically thermal 

properties [60], dimensional stability [61], and mechanical properties. There have been some 

reports on developing high-performance fuel cell applications [62-67] with sulfonated PI 

polyelectrolytes. Only limited examples are available for the electromechanical applications of 

sulfonated PIs [68, 69]. These examples utilize the lengthy chemical synthesis for sulfonated 

PI. There have been no prior example of employing physical bending of PI and Nafion. 

Therefore, we thought it would be promising if we could blend PI with Nafion successfully 

and use the blend membrane as an ion exchange membrane to fabricate IPMCs. Such blends 

could render better properties to Nafion which is potentially useful for the space utilization. 

The initial work was to find the optimum conditions to cast the blend membranes to obtain 

quality membranes and once they were obtained, we investigated the electromechanical 
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properties of the blend membranes. 

Because of the rigidity of their chain and strong interchain interactions, most PIs 

(especially Kapton in Figure 3.1) are insoluble in organic solvents and intractable in their imide 

forms. Therefore, to make a blend ion exchange membrane of PI and Nafion, blend membrane 

of poly(amic acid) [PAA] precursor of PI and Nafion should be made first. This is due to the 

fact that PAA is soluble in organic solvent such as N-methyl-2-pyrrolidone [NMP] while PI is 

not. If PAA/Nafion membranes can be prepared, then PAA can be transformed to PI thermally, 

resulting in blend membranes of PI and Nafion. The scheme of the process is shown in Figure 

3.1. 

 

 

 

Figure 3.1  Summary of preparing blend membrane of PI and Nafion. 
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3.2  Materials 

Poly(pyromellitic dianhydride-co-4,4’-oxydianiline), amic acid solution (11 wt.% ± 5 

wt.% in NMP/aromatic hydrocarbons (80 % / 20 % solvent ratio)) was purchased from Sigma-

Aldrich. Alcohol-based Nafion dispersion (5 wt.%) and NMP were purchased from DuPontTM 

and TCI, respectively and were used for preparation of the blend membranes. 

Tetraammineplatinum (II) chloride hydrate (Pt(NH3)4Cl2•xH2O), ammonium hydroxide 

(NH4OH), and sodium borohydride (NaBH4) were purchased from Sigma-Aldrich and used for 

platinum plating. Hydrazine monohydrate (H2NNH2•H2O) and hydroxylamine hydrochloride 

(H2NOH•HCl) were purchased from Sigma-Aldrich and used as the reducing agents. Lithium 

chloride (LiCl) was purchased from Sigma-Aldrich. Deionized (DI) water was used to clean 

the membrane and to prepare IPMCs. 

 

 

3.3  Preparation of membranes 

The membrane of Nafion was provided by solution casting of 30 mL of Nafion 

dispersion (5 wt.%, d: 0.87 g/mL) in a polystyrene mold (r = 3.0 cm, 1.9 depth) at 50 °C 

overnight. PI membrane was provided by solution casting of 12 mL of poly(pyromellitic 

dianhydride-co-4,4’-oxydianiline), amic acid solution (11 wt.% ± 5 wt.% in NMP/aromatic 

hydrocarbons (80 % / 20 % solvent ratio), d : 1.066 g/mL) in aluminum foil mold (r = 2.3 cm, 

1.27 cm depth) at 85 °C overnight.  

Blend membranes of Nafion and PAA were prepared by solution casting of 21 mL of 

mixed Nafion solution (5 wt.%) with PAA / NMP solution (1.26 wt.%) through the following 

procedures. At first, 11 wt.% PAA solution (5.33 g, 5 mL) and NMP (41.36 g, 40 mL) were 
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added in a 100-mL beaker and stirred at room temperature for 1 hour. This 1.26 wt.% PAA 

solution (amount of PAA solution used for samples, NPI-6: 3.7 mL, 0.044 g, NPI-12: 6.6 mL, 

0.086 g, NPI-18: 8.8 mL, 0.115 g, and NPI-30: 4.3 mL, 3.9 g) was mixed with 5 wt.% Nafion 

(amount of Nafion solution used for samples, NPI-6: 17.3 mL, 15.05 g, NPI-12: 14.4 mL, 12.53 

g, NPI-18: 12.2 mL, 10.61 g, and NPI-30: 10.5 mL, 9.1 g) and the mixtures were stirred at 

70 °C for NPI-6 (due to small amount of NMP) and room temperature for NPI-12, NPI-18, and 

NPI-30 for 1 hour. NPI-6, NPI-12, and NPI-18 were stirred at 60 °C overnight to evaporate 

solvent in a 50 mL beaker covered with Kimwipes. In the case of NPI-30, temperature was 

set to 50°C since less solvent needed to be evaporated. The solutions were cooled to room 

temperature. None of the solutions precipitated, so each solution was poured into an aluminum 

foil mold (r = 2.3 cm, 1.27 cm in depth). The mold was placed in a desiccator connected to 

house vacuum and bubbles are removed for 10-20 minutes before casting. For samples NPI-6, 

NPI-12, and NPI-18, the mold was placed on a hot plate and was heated at 85 °C overnight. 

For NPI-30, the mold was placed in an oven at 70 °C for 2 days, since the same condition as 

other blends produced very brittle film. The cast membranes were taken out of the molds and 

placed in vacuum oven at 180 °C for 12 hours for thermal imidization to obtain Nafion/PI blend 

membranes. The photographs of prepared membranes are shown in Figure 3.2 and the detailed 

composition of materials is summarized in Table 3.1. 

As shown in Table 3.1, NPI-6, NPI-12, NPI-18, and NPI-30 were named based on the 

weight ratio of PI to Nafion after drying solvents. The total amount of PI and Nafion in unit 

area respectively were calculated in mg/cm2 and the weight ratio of the two components. 
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Figure 3.2  Photographs of prepared membranes after thermal imidization. (condition: 

180 °C, 12 h, vacumm) (a) Nafion, (b) NPI-6, (c) NPI-12, (d) NPI-18, and (e) NPI-30 (Size = 

1.0 × 1.0 cm). 

 

 

Table 3.1  Detailed composition of materials used in the prepared samples after casting. 

 

 

 

 

3.4 Characterizations of membranes 

3.4.1 Chemical structures of prepared membranes 

The samples were characterized by Fourier Transform Infrared Spectroscopy (FT-IR) 

after the imidization at 180 °C for 12 h in vacuum to confirm that they were successfully 

Sample name Wt% ratio
(PI : Nafion)

Total amount of 
PI (mg/cm2)

Total amount of 
Nafion (mg/cm2) Casting condition Thickness (µm)

Nafion 0 : 100 - 46.3 50°C, 5hrs 340

NPI-6 6 : 94 3.01 45.2

85°C, overnight

278

NPI-12 12 : 88 5.42 38 285

NPI-18 18 : 82 7.22 31.9 290

NPI-30 30 : 70 11.7 27.4 70°C, 2 days 310

PI 100 : 0 38.6 - 85°C, overnight 350
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imidized and both PI and Nafion components are in the blend membranes. Figure 3.3 shows 

spectra of PAA membrane and PI membrane before and after thermal imidization, which were 

compared as reference. Untreated PAA membrane showed peaks at 1714 cm-1 (C=O stretching, 

carboxylic), 1657 cm-1 (C=O stretching, amide), and 1540 cm-1 (N-H bending) [70]. After 

thermal imidization, 1714 cm-1 (C=O stretching, carboxylic) and 1657 cm-1 (C=O stretching, 

amide) were replaced with 1774 cm-1 (C=O stretching, asymmetric) and 1712 cm-1 (C=O 

stretching, symmetric) which are characteristic to PI. Moreover, other peaks at 1453 cm-1 (C=C 

stretching), 1367 cm-1 (C-N stretching, imide), and 1163 cm-1 (imide ring deformation) 

appeared, which indicated the successful thermal imidization [70]. 

 

 

Figure 3.3  FT-IR spectra of PAA film (untreated) and PI film (treated) before and after 

thermal imidization (condition : 180 °C, 12 h, vacuum) for regions (a) 4000-700 cm-1 and (b) 

2200-700 cm-1. 
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As shown in Figure 3.4, the blend membranes NPI-6, NPI-12, NPI-18, and NPI-30  

showed peaks at 1780 cm-1 (C=O stretching, asymmetric), 1730 cm-1 (C=O stretching, 

symmetric), 1502 cm-1 (C=C stretching), and 1383 cm-1 (C-N stretching, imide). These peaks 

are characteristic to PI, confirming that the thermal imidization was successful and that PI is 

present in the blend membranes. Also, peaks at 1205 cm-1 (C-F stretching, asymmetric) and 

1144 cm-1 (C-F stretching, symmetric) which are characteristic to Nafion were shown in NPI-

6, NPI-12, NPI-18, and NPI-30, confirming the presence of Nafion in the blend membranes. 

[71] From FT-IR results, we confirmed the success of thermal imidization as well as 

incorporation of both polymers, PI and Nafion, in the blend membranes. 

  

 

 

Figure 3.4  FT-IR spectra of Nafion, NPI-6, NPI-12, NPI-18, NPI-30 and PI for regions (a) 

4000-700 cm-1 and (b) 2100-700 cm-1. All the spectra were normalized to have same intensity 

at 1207 cm-1. 
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3.4.2 Thermal properties of prepared membranes 

Thermal properties were characterized by TGA. The characterization was done at room 

temperature under nitrogen atmosphere, heating rate of 10 °C/min. As shown in Figure 3.5, PI 

membrane is stable at temperatures up to 550 °C. It shows a distinguishable thermal 

degradation around 550 - 600 °C. Also, the TGA derivative curve shows a broad transition peak 

at 315 °C and a sharp transition peak at 572 °C, with a total weight loss of 38 % after 

decomposition. Nafion membrane shows major weight loss stages around 325-380 °C and 420-

570 °C. The TGA derivative curve shows two sharp transition peaks at 360 and 462 °C, with a 

total weight loss of 92% after decomposition.  

Blend membranes NPI-6, NPI-12, NPI-18, and NPI-30 show two major weight loss 

stages around 325-380, 380-420, and a small third decomposition around 420-570 °C. The third 

decomposition increases as the content of PI increases. Differences in transition points 

compared to Nafion are not observable for TGA curve. In addition to sharp transition peaks at 

360 and 462 °C, which are characteristic to Nafion, TGA derivative curve of blend membranes 

show broad transition peak at 315 °C and decomposition of PI as a shoulder at 565 °C. The 

total weight loss is 81 % for NPI-6 and NPI-12, and 77 % for NPI-18 and NPI-30. The TGA 

and TGA derivative curve of blend samples confirms the presence of both components, Nafion 

and PI, in the blends. 
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Figure 3.5  TGA using the Q500 (TA) increasing temperature 30-700 °C, heating rate 

10 °C/min in nitrogen environment: (a) TGA and (b) TGA derivative curve of the 

membranes. 

 

 

3.4.3 Mechanical properties of prepared membranes  

A dynamic mechanical analysis using the Pyris Diamond DMA was conducted on 

Nafion 117, NPI-6, NPI-12, and PI membranes. DMA was not measured on NPI-18 and NPI-

30 due to the stiffness of the membranes. DMA is important to understand the viscoelastic 

properties of the materials. The samples were cut into 0.5 cm × 2.5 cm. DMA was setup in 

tension, and they were oscillated at different frequencies (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 

10, 20 Hz). Measured storage modulus, loss modulus, and tangent delta are shown in Figure 

3.6 (a)-(c), respectively. To clearly show the increasing and decreasing trends, storage modulus, 

loss modulus, and tan δ of samples at 10 Hz are shown in Figure 3.6 (d). At 10 Hz, as the 
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content of PI in the membrane increased, the storage modulus (E′) increased from 0.1563 

(Nafion) to 0.5723 (NPI-6) to 1.619 (NPI-12) to 2.430 GPa (PI) (Figure 3.6a). In the case of 

loss modulus (E″), there was only minor changes: 0.0432 (Nafion), 0.1252 (NPI-6), 0.2343 

(NPI-12), and 0.1366 GPa (PI) (Figure 3.6b).  Therefore, damping properties (tan δ = E″/E′) 

[72-74] decreased from 0.2799 (Nafion) to 0.2191 (NPI-6) to 0.1448 (NPI-12) to 0.0562 (PI) 

as the content of PI increased (Figure 3.6c). The trends in E′, E″, and tan δ as a function of PI 

content were clearly shown in Figure 3.6d. We can conclude that by increasing the content of 

PI, we can increase the storage modulus, which represents the elastic property of the material. 

Meanwhile, loss modulus, which represents the viscous property, was not affected significantly 

up to 12% of PI, which result in the decrease in damping property. Although limited, selective 

tuning in the mechanical properties can be achieved by this simple physical blending.  It 

should be noted that the DMA analysis of the blends with higher PI contents was not conducted 

due the brittleness of the samples. 
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Figure 3.6  DMA results of membranes Nafion 117 (■), NPI-6 (●), NPI-12 (▲), and PI (◆). 

The results are (a) storage modulus, (b) loss modulus, and (c) tan δ with a frequency range 

from 0.01 to 20 Hz in tensile mode. The storage modulus (◀), loss modulus (▶), and tan δ 

(★) of samples at 10 Hz are shown in (d). 
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The measured electrode surface resistance of the prepared IPMCs after each plating step is 

summarized in Table 3.2. As mentioned earlier, solution casted Nafion, NPI-6, and NPI-12 

show relatively high surface resistance that ranges 5.6-20.2 Ω/cm while NPI-18, NPI-30, and 

Nafion 117 show values less than 2 Ω/cm which are reasonable values compared to our 

previous work [47]. The photographic images of NPI-18, NPI-30, and Nafion 117 IPMCs are 

shown in Figure 3.7. 

 

 

Table 3.2  The electrode surface resistance of prepared IPMCs after electroless plating 

(measured using two-point probe method). 

 

 
 

 

 
 

Figure 3.7  Photographic images of the fabricated IPMCs: (a) Nafion 117, (b) NPI-18, and (c) 

NPI-30. 

1st primary plating 
(Ω/cm)

2nd primary plating 
(Ω/cm)

3rd primary plating 
(Ω/cm)

Secondary plating 
(Ω/cm)

Nafion
(solution casted) 33.8 – 45.7 21.0 – 28.0 14.1 – 18.8 11.1 – 20.2

NPI-6 11.1 – 14.2 10.8 – 13.3 8.1 – 9.2 4.7 – 7.7

NPI-12 13.2 – 15.1 11.1 – 12.9 8.8 – 9.4 5.6 – 8.2

NPI-18 3.3 – 5.1 2.2 – 2.5 1.6 – 1.9 1.1 – 1.5 

NPI-30 3.3 – 5.2 2.2 – 2.6 1.5 – 1.8 0.9 – 1.6

Nafion 117 4.2 – 5.3 2.8 – 3.1 1.6 – 1.9 1.3 – 1.7
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3.6 Characterizations of IPMCs 

3.6.1 Cross-sectional morphologies of IPMCs  

The cross-sectional morphologies of solution casted Nafion, NPI-6, NPI-12, and NPI-

18 – based IPMC actuators were characterized with SEM images as shown in Figure 3.8. For 

solution casted Nafion platinum complex ions were impregnated too deep into the polymer 

membrane during electroless plating process. For NPI-6, the thickness of the electrode was too 

thin (ca. 6 µm) and for NPI-12 membranes, platinum complex ions were impregnated too deep. 

As a result, solution casted Nafion, NPI-6, and NPI-12 – based IPMC showed high surface 

resistance of the electrode as shown in Table 3.2. Since the casting temperature was high for 

solution casted Nafion compared to previous work [47], fast evaporation of solvent may be 

responsible for uneven surface and high surface resistance of the Nafion-only IPMC. From the 

fact that NPI-18 shows good membrane quality and plating while NPI-6 and NPI-12 does not 

show good quality enough to make IPMCs, it can be concluded that the current casting 

condition is good for blend membranes that contain certain amount of PI. For the blend 

membranes with low PI content (up to 12 wt%), the casting casting temperature may need to 

be lowered to avoid fast evaporation.  

Among the fabricated IPMCs, only NPI-18 and NPI-30 resulted in surface resistance 

(1.1-1.5 Ω/cm) less than 2.0 Ω/cm after secondary electroless plating, which is appropriate 

value compared to our previous work. Since the surface resistance of solution casted Nafion – 

based IPMC was too high, we prepared Nafion117 – based IPMC that resulted in surface 

resistance (1.3-1.7 Ω/cm) less than 2.0 Ω/cm to compare actuation performance of Nafion 117 

and NPI-18 – based IPMCs. 
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Figure 3.8  SEM images of prepared IPMCs : (a) Nafion (solution casted), (b) NPI-6, (c) NPI-

12, and (d) NPI-18. 

 

 

3.6.2 Voltage, current, displacement responses, and bending strain of IPMCs 

Displacement responses of Nafion 117, NPI-18, NPI-30 IPMC actuators were 

measured at 0.1, 0.5, and 1 Hz. A displacement laser sensor kept track of the displacement at 

the tip while the voltage at the clamp was sensed by the circuit. Measured voltage, current, 

corresponding displacement responses, and bending strain of Nafion 117 and NPI-18 – based 

IPMC at ±3V AC (square wave input) at frequencies 0.1, 0.5, and 1 Hz are shown in Figure 

3.9. The bending strain (ε) was converted from displacement (δ) using the relation of ε ≅

ஔ୲
୐మାஔమ

, where t is the thickness of the IPMC and L is the free length.  

 As shown in Figure 3.9 (a), the displacements of Nafion 117 and NPI-18 actuators at 
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0.1 Hz were 5.3 and 5.9 mm, and strains were 0.21 and 0.28 %, respectively. Superimposed 

image of video captures of NPI-18 actuator at 0.1 Hz is also included. The actuators show 

similar displacement performances up to 2.8 s. While NPI-18 shows a bounce-back effect, 

which does not maintain the maximum displacement but bounces back before bending to the 

opposite direction, from 2.8 to 4.7 s where displacement changes by 1.3 mm, which is not the 

case with the pristine Nafion 117. This result is in accordance with the DMA analysis. The 

increased elasticity may be responsible for the bounce-back effect. In the case of NPI-30, due 

to the experimental error, number of cycles of 0.1 Hz were not the same as Nafion 117 and 

NPI-18. However, important data from the displacement results was that the displacement was 

found to be 1.6 mm which was lower than Nafion 117 and NPI-18. This is due the stiffness of 

the blend. 

At 0.5 Hz, as shown in Figure 3.9 (b), the displacement of Nafion 117 and NPI-18 

actuators were almost same (3.8 mm), and strains were 0.17 and 0.28 %, respectively. The 

displacement of NPI-30 actuator was 1.1 mm and the strain was 0.06 %, which were lowest 

among the actuators due to the stiffness of the actuator. At 1.0 Hz, as shown in Figure 3.9 (c), 

the displacement of Nafion 117 and NPI-18 actuators were 1.3 and 2.0 mm, and strains were 

0.07 and 0.14 %, respectively. The displacement of NPI-30 actuator was 1.1 mm and the strain 

was 0.06 %, which were lowest.  

The displacement decreases at 1.0 Hz compared to 0.5 Hz and the displacement 

responses are slower compared to 0.5 Hz. These effects are thought to be due to the limited 

charging time at higher frequency [46]. As the actuating frequency increases, the charging time 

for the hydrated cations to move toward the anode becomes shorter, resulting in the decrease 

of both displacement and strain. From the displacement results, we could see comparable 

electromechanical performance even with significant amount of 18 wt.% of PI in the actuator.  
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 The photographic images of prepared IPMC actuators at maximum displacement 

with/without applying voltage (±3 V, AC) under varied frequency (0.1, 0.5, and 1.0 Hz) are 

shown in Figure 3.10. It shows that the NPI-18 IPMC actuator demonstrated the similar 

displacement range compared to Nafion 117 IPMC actuator. NPI-30 IPMC actuator showed 

lowest degree of deformation among the actuators. The photographic images correspond with 

the displacement performances. 
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Figure 3.9  The actuation performance of the IPMC actuators (Nafion 117, NPI-18, and NPI-

30) : measured voltage, current, displacement responses, and bending strain at ±3 V, AC square-

wave under (a) 0.1 Hz, (b) 0.5 Hz, and (c) 1.0 Hz. Superimposed image of video captures of 

NPI-18 actuator at 0.1 Hz is also included in (a) clearly exhibiting the bounce-back effect of 

PI-incorporated actuator system. 
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Figure 3.10  Photographic images of prepared IPMC actuators, (a) Nafion 117, (b) NPI-18, 

and (c) NPI-30 with/without applying voltage (±3 V, AC) under varied frequency (0.1, 0.5, 

and 1.0 Hz). 

 

 

3.6.3 Blocking forces of IPMCs 

The blocking force, which represents the electromechanical force formed at the tip of 

IPMC at zero displacement, was measured under driving voltage of 3V, DC. Figure 3.11 shows 

the typical blocking force responses measured in time for Nafion 117 and NPI-18 actuators. 

The highest blocking forces of Nafion 117 and NPI-18 were measured to 6.86 mN at 1.84 s 

and 5.93 mN at 1.47 s. The blocking for decrease of NPI-18 is likely to come from the increased 

stiffness of PI incorporated in Nafion. The blocking force is decreased by less than 15 % and 

the response time is also decreased by 20 %. While obtaining faster response time of actuators 
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by blending PI is important, the decrease in blocking force that accompanies should also be 

considered in the fabrication of IPMC actuators. We believe that NPI-18 could give better 

actuation performance by providing faster response time that is usually needed in IPMC 

actuators.  

 

 

 

 

Figure 3.11  Blocking force responses in time at 3 V, DC for IPMC actuators comparing  

Nafion 117 and NPI-18. 
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IPMCs. The Nafion/PAA blend membranes were successfully successfully via solution casting 

method, which underwent thermal imidization to form Nafion/PI. To our knowledge, it is the 

first example to prepare Nafion/PI membrane. The blend membranes were characterized by 

FT-IR, TGA, and DMA. FT-IR results confirmed the success of thermal imidization process 

and the presence of both components, Nafion and PI in the blend membranes. Thermal 

properties were characterized using TGA, which confirmed the presence of both components 

in the blends. DMA results showed that as the content of PI increases, elasticity of the material 

increases while damping of the material decreases. The mechanical properties characterized by 

DMA, suggests the possibility of controlling elasticity and the degree of damping of materials 

by varying the content of PI in the blends. The blend membranes were fabricated into IPMCs 

using the conventional platinum electroless plating process of Nafion. Fabricated IPMCs were 

characterized by SEM and the actuation performance were investigated. Through surface 

resistance and SEM results, solution casted Nafion, NPI-6, and NPI-12 IPMCs were not 

qualified to do actuation testing. We chose Nafion 117, NPI-18, and NPI-30 IPMCs to compare 

the actuation performance. As a result, Nafion-PI blend actuator showed comparable actuation 

performance including displacement and blocking forces compared to commercially available 

Nafion 117 even though we reduced the content of Nafion by 18 wt.% (weight percent ratio of 

Nafion:PI = 82:18) while improving both thermal and mechanical properties.  

 

 

3.8  Future studies 

Future studies will be dedicated to investigating other types of polymers to blend with 

Nafion that can improve or control chemical and mechanical properties ion exchange 
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membranes while maintaining electromechanical performances. As one of the attempts, we 

could expand Nafion-PI project by developing different types of PIs as blending partners. By 

synthesizing different types of PIs using different types of dianhydrides and dianilines, we may 

be able to modify properties of PIs such as solubility, dimensional stability, and thermal 

properties, etc. Using different types of PIs to blend with Nafion to make new types of IPMCs, 

we can expect to modify various properties of Nafion.  
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