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We have employed the easy-to-scale-up method of spray-coating in combination with layer-by-layer

self-assembly technique to fabricate ionic electroactive polymer actuators (IEAPAs). IEAPAs with

spray-coated silver microparticle electrodes demonstrate enhanced strain and response time when

compared to nearly identical, optimized conventional IEAPA with gold leaf electrodes. The results

demonstrate that strain of these IEAPAs increases with the decrease of thickness of the outer silver

microparticle electrodes. In addition, the response time of the actuators at frequencies of 1 and 10 Hz

improves compared to optimized conventionally fabricated IEAPA. It was found that samples

consisting of spray-coated silver electrodes can charge up to �3 times faster than conventional

actuators at 1 Hz frequency. Faster charging/discharging results in higher mobility of ions within the

actuator and thus, faster actuation. Given the relatively large thickness of the silver microparticle

electrodes (�50� gold leaf), similar strain was observed due to the lower Young’s modulus of

spray-coated layers compared to that of bulk material. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870181]

I. INTRODUCTION

Stimuli responsive materials have attracted considerable

interest from the materials research community. Unique prop-

erties of stimuli responsive materials have made this class of

materials the backbone of many fascinating ideas such as drug

delivery vehicles, artificial skin, artificial muscles, smart win-

dows, etc.1–8 Electroactive polymers (EAPs) are soft, flexible

and low-density functional materials that exhibit response to

electrical stimulant. Electromechanical EAPs are a class of

EAPs that exhibit mechanical response to external electrical

stimulus. Electromechanical response of EAPs can be

explained by either electrostatic force (dielectric EAPs) or dis-

placement of ions inside the polymer matrix (ionic EAPs

(IEAPs)).9,10 In recent years, IEAPs have increasingly been

researched and developed for a wide variety of applications,

such as microrobotics, artificial muscles, on-chip fluid mixing,

smart skins, sensors, and actuators, to name a few.11–17 Also

of increasing importance today is the ability of fabrication

techniques to be translated into manufacturing to allow these

new materials, structures and devices to be commercially

produced.18,19

Generally, IEAP actuators (IEAPAs) are constructed of

an ion-doped ionic polymer-metal composite (IPMC) sand-

wiched between two conductive electrodes. The IPMC itself

consists of an ionomeric membrane, typically nafion, with

thin layers of conductive network composite (CNC) deposited

on both sides.20,21 IPMCs have been manufactured from a va-

riety of methods, but more common methods include electro-

less plating and impregnation-reduction.22,23 Recently, Akle

et al. developed the direct assembly process or DAP for the

complete fabrication of ionic polymer transducers; the process

is unique for allowing considerable flexibility in materials and

design.24 In our previous studies, we, for the first time,

employed the layer-by-layer or LbL fabrication technique to

deposit thin films of gold nanoparticles (AuNPs) as CNC

layers onto the ionomeric membrane to form the IPMC. We

demonstrated that high performance actuators can be fabri-

cated with this technique.25 Therefore, LbL is the method we

have chosen to fabricate the CNC layers for the actuators

investigated in this report, while spray coating is employed to

fabricate the outer electrodes.

Previous studies have demonstrated the great influence

of CNC layers on the electromechanical behavior of IEAP

actuators; moreover, it is well known that the dynamics of

mobility and diffusion of ions in IPMC and their interaction

with CNC layers have a vital rule in defining the electrome-

chanical properties of ionic devices.26–28

We have previously shown that higher strain and bending

curvature can be achieved by employing the LbL technique

with AuNPs to form porous CNC layers of desired physical

properties.25,29 One of the main advantages of using the LbL

technique is the ability to construct electrically conductive,

porous CNCs while keeping the thickness in the nanometer

range.5,30,31 Such ultra-thin composites do not interfere with

the desired mechanical properties of the nafion membrane.

That is, the modulus is not changed by a significant amount,

while the CNC–ion interface is dramatically increased, and

mobility of ions through the CNC is facilitated. Moreover,

IPMCs with porous CNC layers have larger electrolyte uptake

capacity due to their high porosity. Previously, we have shown

that the thickness of the CNC is highly influential on the per-

formance of IEAP actuators.9 In that prior work, we demon-

strated that increasing the thickness of the CNC results in

larger strain and bending curvature, which are the results of

the increased electrolyte uptake, without significantly increas-

ing the overall thickness or modulus of the IPMC.
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Much research has been done regarding different materi-

als and methods for the portion of the electrode that is

adhered directly onto the ionomeric membrane itself, but not

regarding the outer electrode. Contact electrodes are typi-

cally applied as the outermost layer of IEAP actuators to

increase performance.32 It has been shown that adding a thin

metal electrode, typically gold, enhances performance

because the metal lowers the surface resistance.24 Akle et al.
have developed a few different application methods for outer

electrodes as part of their DAP process.24 For water hydrated

IPMCs, one method was to add a platinum layer by

impregnation-reduction and then electroplate a thin gold

layer on top; the second method was to apply gold in self-

assembled monolayer through light etching lithography.

Another method is to hot-press gold leaf onto the surface of

the IPMC; several other researchers have also used this

method with a variety of EAP devices.9,20,24,33

The main purpose of the outer electrodes for IPMCs is

to increase performance by efficiently distributing electrical

stimulus across the entire surface area of material. Factors to

consider regarding outer electrode materials and application

method include the material thickness necessary to produce

an adequately conductive surface and the interaction of the

electrode material with the CNC layer and ionomeric mem-

brane. Additionally, the outer electrode material must be

light-weight so the actuator can support and move its own

mass, adhere to the membrane to provide sufficient electrical

connection, and be flexible to withstand repeated back-and-

forth bending motion. Material structures with lower

Young’s modulus are desired to minimize internal mechani-

cal resistance to bending. Generally, due to their microstruc-

ture, spray-coated layers have lower Young’s modulus

compared to the bulk material.34,35 As presented in Figure

1(a), the IEAPAs utilized for this study consist of five layers,

two of which are the outer electrodes responsible for provid-

ing uniform electric field across the actuator when

stimulated; the two CNC layers and the internal ionomeric

membrane comprise the remaining three layers. High con-

ductivity of the outer electrodes is essential in defining the

response time and actuation speed of the IEAPA, while their

thickness is a limiting factor as it adds to the rigidity of the

device. Optimized electromechanical response can be

achieved by increasing the conductivity of the electrodes,

while maintaining relatively small thicknesses. This leads to

light and flexible IEAPAs with short charge/discharge times.

In this work, we investigate the performance of IEAPAs

with outer silver electrodes that have been applied via spray

deposition in comparison with the same IEAPAs with hot-

pressed gold leaf electrodes. Spray application method for

the silver electrodes provides good adhesion to the nafion

membrane and CNC layers, resulting in more stable

IEAPAs, and is also a relatively fast and easy process with

high manufacturing potentials. We have quantified the fre-

quency dependence of the strain of the resultant actuators

with different outer electrode thicknesses.

II. EXPERIMENTAL

Commercially available 25lm thick nafion (NR-211, Ion

Power, Inc.) was utilized as the ionomeric membrane in all

IEAPAs fabricated for this study. The CNCs consisted of

alternating layers of the polycation poly(allylamine hydro-

chloride) (PAH, Sigma Aldrich) and gold nanoparticles dis-

persed in aqueous solution (AuNPs, �3 nm diameter, 20 ppm,

Purest Colloids, Inc.). The CNC layers were deposited as an

ionically self-assembled thin-film onto the nafion through the

LbL process, using a StrataSequence 6 robotic multilayering

device (NanoStrata, Inc). The specifics of the LbL process for

this particular application have been described in our previous

works;9,20 briefly, the nafion film was cut and secured on glass

frames using double-sided tape, substrates were alternately

immersed for 5 min each in aqueous solutions of PAH at a

FIG. 1. (a) Schematic of components

and completely assembled actuator

(not to scale). (b) SEM image of the

silver electrode surface verifying uni-

form deposition. (c) SEM image of the

cross-section of a completely

assembled actuator, each of the differ-

ent component layers are clearly visi-

ble: Silver electrodes, CNC layer, and

nafion.
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concentration of 10 mM at pH 4.0 and AuNPs at 20 ppm con-

centration at pH 9.0 with three rinsing steps for 1 min each in

deionized water after each deposition step to form one bilayer.

All samples studied in this work consisted of 20 bilayers of

AuNPs/PAH. Following deposition of the CNC layers, the

membranes were soaked in 1-ethyl-3-methylimidazolium tri-

fluoromethanesulfonate (EMI-Tf) (Sigma Aldrich) ionic liquid

at 80 �C to approximately 40 wt. %; excess EMI-Tf was care-

fully removed by pressing the membrane with a piece of soft

filter paper. Outer electrodes were fabricated on IPMCs via ei-

ther spray-coated silver or hot pressed gold leaf (50 nm thick).

For silver electrodes, conductive silver paste (PELCO) in

form of finely dispersed silver microparticles in an acrylic

resin was diluted in acetone to 25% of its original concentra-

tion and was applied for electrodes. The silver paste was

diluted to minimize excess weight to allow the IEAPAs to

function with characteristic high strain and fast response while

still providing a uniform conductive surface. After the excess

ionic liquid was removed, a small air compressor in combina-

tion with gravity feed airbrush with a 0.2 mm nozzle, set at

20 psi operating pressure, was used to spray the diluted silver

paste onto the membranes. In order to vary electrode thick-

ness, samples were fabricated with both single and double

layers of silver paste deposited for the electrodes; different

thicknesses of single layer electrodes were also fabricated by

varying the deposition speed. For gold electrodes, gold leaf

was hot-pressed at 90 �C under 220 psi for 20 s. The thick-

nesses of different samples are presented in Table I.

The actuators were cut into approximately 1� 10 mm2

strips for testing purposes. The 4-point-probe method with

collinear probe arrangement was used to measure and calcu-

late sheet resistance. Sheet resistance calculations were per-

formed using the following equation:

Rs ¼ 4:53� V

I
; (1)

where Rs is sheet resistance (X/�), V is the voltage (mV), I
is current (mA), and 4.53 is the correction factor due to small

sample size and consequent edge effects.

The thickness of the silver electrode layers was meas-

ured from scanning electron microscopy (SEM) images of

the cross section of the films. Standard electrochemistry

experiments were conducted on both the gold leaf and

spray-coated silver microparticle electrodes to test for sur-

face reactions. According to the results of cyclic voltamme-

try measurements, there do not appear to be significant

chemical reactions occurring on either of the electrode

surfaces, within the operation range (64 V) of the actua-

tors. Electrical stimulus (4 V square waveform) was pro-

vided by a function generator and monitored using a digital

phosphor oscilloscope. A charge-coupled device (CCD)

camera, mounted to an in-house made micro-probe station,

recorded actuation at a rate of 30 fps. Subsequent video

analysis yielded radius of curvature r or tip displacement d
of the free end of the actuator, depending on if the material

flexed to a large extent or produced a more vibration-like

motion, respectively. Net strain percentage e(%) was calcu-

lated using two different methods, again depending on the

extent of flexing. For significant flexing, the following

equation was used:

eð%Þ ¼ h

2r
� 100; (2)

where r is the radius of curvature and h the thickness of the

actuator.20 For very minimal (vibration-like) flexing, the fol-

lowing equation was used:

eð%Þ ¼ dh

L2
� 100; (3)

where d is the tip displacement and L is the free length of the

actuator.20,24

III. RESULTS AND DISCUSSION

A. IEAPA characteristics

The spray-coating method we utilized allowed us to pro-

duce thin, light, and uniform silver electrodes on the surface

of the IPMC, which is critical to the functionality of the actua-

tors. Actuation depends largely on the uniform distribution of

electrical charge across the surface area of the entire actuator;

thus, imperfections in the outer conductive surface have sig-

nificant impact on the overall function of the actuator. Since

actuation occurs due to the motion of ions through the CNC

layers and the nafion, it follows that uniform electric charge

will result in uniform and simultaneous motion of ions and

causes the entire actuator to bend evenly along its length. The

complete structure of the ionic electroactive polymer actua-

tors, with silver electrodes, is shown in detail in Fig. 1.

The IEAPAs fabricated via LbL fabrication process

have been shown to produce higher strains and bending cur-

vatures than similar IEAPAs fabricated using alternative

methods.25 Based on our previous studies, thicker9 and more

closely-packed20 CNC layers exhibit higher strains and

bending curvatures. In addition, we have shown previously

that denser CNCs charge and discharge at a faster rate, which

translates to faster actuation speed and smaller time con-

stants. In this work we examined samples with CNC layers

consisting of 20 closely-packed bilayers of AuNP/PAH; this

configuration was chosen based on previous studies.9,20,25

The CNC layer, while also highly conductive, functions as a

reservoir for the ionic liquid and as a porous material through

which ions can migrate. It follows that a thick, dense active

CNC layer with pores large enough to allow the passage of

ions, in combination with thinner external outer electrodes,

will result in optimum efficiency. Taking into account the

approximate two-dimensional geometry of the IPMCs, with

thickness significantly smaller than width and length, the

TABLE I. Thickness of different components of variety of actuators.

Sample CNC (lm) IPMC (lm) Outer electrode (lm) Actuator (lm)

Au 0.040 25.08 0.050 25.18

Ag1 0.040 25.08 2.75 30.58

Ag2 0.040 25.08 3.80 32.68

Ag3 0.040 25.08 6.67 38.42
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sheet resistance of IPMC consisting of 20 bilayers of

AuNP/PAH was measured using the four-point-probe

method (Eq. (1)). The measurements were carried out under

20–120 mV, using very low current flow (10–100 nA) to

compensate for the relatively high resistance of the thin

films. The sheet resistance of the IPMC was measured to be

1.31 MX/�, which is significantly smaller than that of

uncoated nafion (50.48 MX/�).

We also experimented with dip-coating the IPMCs

into diluted conductive silver to fabricate the outer electro-

des, but the nafion absorbed the solvent and then crinkled.

This resulted in pooling of the silver particles in the

remaining solvent, causing significant variations in the

thickness of the silver electrode so that portions of the sur-

face were not conductive. Crinkling of the nafion due to

absorption of solvents has also been mentioned by Akle

et al.24 However, when the conductive silver was sprayed

onto the IPMC, the solvent dried quickly enough that it

was not absorbed by the nafion, and the samples remained

flat and uniform. SEM images were taken from the cross-

section of actuators consisting of different thickness outer

electrodes. The thicknesses of the outer electrodes were

then deduced from the cross-section images. Data regard-

ing the thickness of components of each IEAPA are pre-

sented in Table I. We expect that there is some limit where

the outer electrode thickness is small enough that the sheet

resistance becomes quite significant, causing actuator per-

formance to decrease.

B. Mechanical response

The sheet resistance of the silver electrode material is

reported to be 0.015 X/�/25 lm (�0.0006 X/�/lm).

Considering the application method, the actual sheet resist-

ance value for the spray-coated electrode layers may be

slightly higher than the given value; the spray coating pro-

duced a uniform layer of silver flakes (Fig. 1), so any dis-

crepancy is simply due to the morphology and structure of

the silver microparticle layer. However, the potential higher

resistance inherent to using silver microparticles as the outer

electrode does not seem to significantly impede the bending

curvature or tip displacement.

Electromechanical response of the actuators was meas-

ured and recorded under application of a 4 V square wave at

various frequencies. Strain values were calculated using

measured radius of curvature (Eq. (2)) for frequency of

0.1 Hz, and tip displacement (Eq. (3)) for frequencies of 1

and 10 Hz.

As presented in Figure 2, at low frequency of 0.1 Hz,

samples consisting of thinner silver electrodes (i.e., Ag1 and

Ag2) exhibited strains comparable to that of Au sample.

Both Ag1 and Ag2 samples exhibited 0.47% strain, which is

barely more than 0.46% strain of the Au sample. It is

expected that greater strains occur at low frequencies

because the electrodes have enough time to fully charge;

thus, ions have more time to migrate through the internal

structure of the nafion and CNC layers to accumulate at the

oppositely charged electrodes, causing larger bending curva-

ture. It is anticipated that the ions in sample Ag3 have also

accumulated at the oppositely charged electrodes; however,

the generated strain was not enough to fully compensate the

increased stiffness due to the added thickness. Given that the

Au sample is an optimized sample, it is particularly interest-

ing that the thin Ag samples, at low frequency, functioned

comparably to their gold electrode counterpart. We believe

that the performance of Ag samples could be increased by

fabrication of even thinner electrodes, if the conductivity can

be maintained. Utilizing thinner electrodes reduces both

stiffness and mass of the actuators; thus, reduces the force

wasted within the actuator.

At an order of magnitude higher frequency (1 Hz), the

strain values dropped by several folds; however, overall, the

Ag1 sample exhibited superior performance compared to Au

and other Ag samples. While the strain of the Au sample

dropped by 6.5 folds (0.46% to 0.07%), that of Ag1 sample

dropped by only 3.3 folds (0.47% to 0.14%). The evidence

suggests that the Ag1 outer electrodes can reach approxi-

mately 33% of full charge capacity in approximately 10% of

time required for fully charging the electrodes, when the Au

sample can only reach about 15% of the full charge capacity

in the same duration of time. Presented in Figure 3 is

FIG. 2. Net strain percentage e(%) as a function of frequency using a 4 V

square wave function. Data presented for gold and varying silver electrode

thicknesses. 10 Hz data are presented vs. the secondary y-axis.

FIG. 3. Normalized charging of the Au and Ag1 IEAPA as a function of

time. The lines are to guide the eye and were extrapolated between the three

marked data points, which correlate to the charging in arbitrary units (ARB)

at three distinct frequencies: 10 Hz, 1 Hz, and 0.1 Hz. These are the three dis-

tinct frequencies shown in Fig. 2, encompassing the range of frequencies

tested in this study.

134302-4 Meis, Hashemi, and Montazami J. Appl. Phys. 115, 134302 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

173.25.193.210 On: Tue, 01 Apr 2014 17:04:31



normalized charging of the two thinnest samples (Au and

Ag1) as a function of time.

Samples Ag2 and Ag3 did not exhibit a substantial strain

at significantly faster frequency of 10 Hz. Since both samples

are relatively thick and thus stiff, the stress generated by the

very limited number of ions that have reached the oppositely

charged electrodes at the short period of 100 ms is not

enough to significantly bend the structure. The thinner Ag1

and Au samples showed a strain drop of approximately 27

folds (compare to 0.1 Hz); yet, the vibration-like bending

was still noticeable in both cases. Ag1 and Au samples

showed strains of 0.018% and 0.017%, respectively. This

suggests that both samples charge to about the same level of

3.7% in the first 1% of time required to fully charge (10 s).

IV. CONCLUSION

We have successfully fabricated IEAPA with spray-

coated silver outer electrodes, with minimum influence on

the electromechanical performance of the devices; and,

have demonstrated that the IEAPA fabricated with this

easy-to-scale-up method can exhibit comparable perform-

ance to IEAPA fabricated with ultra-thin gold-leaf electro-

des. It was observed that IEAPA consisting of a relatively

thin spray-coated electrode is capable of generating higher

strain at a faster rate. The maximum strain generated by

this actuator (Ag1) was barely more than that of an opti-

mized conventional actuator (Au); when the time constant

of the Ag1 is shorter than that of Au sample. The improved

response time and strain achieved in this work are results of

successful fabrication of thin, yet highly conductive outer

electrodes with low Young’s modulus due to the use of

spray-coating.
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