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ABSTRACT 

This paper presents the synthesis and characterization of thin and ultra-fast conducting polymer microactuators which 

can operate in the open air. Compared to all previous existing electronic conducting polymer based microactuators, this 

approach deals with the synthesis of robust interpenetrating polymer networks (IPNs) combined with a spincoating 

technique in order to tune and drastically reduce the thickness of conducting IPN microactuators using a so-called 

“trilayer” configuration. Patterning of electroactive materials has been performed with existing technologies, such as 

standard photolithography and dry etching. The smallest air-operating microbeam actuator based on conducting polymer 

is then described with dimensions as low as 160x30x6 µm3. Under electrical stimulation the translations of small ion 

motion into bending deformations are used as tools to demonstrate that small ion vibrations can still occur at frequency 

as several hundreds of Hz. Conducting IPN microactuators are then promising candidates to develop new MEMS 

combining downscaling, softness, low driving voltage, and fast response speed.  

Keywords: conducting IPNs, PEDOT, microactuators, microsystems, fast ionic motion 

1. INTRODUCTION

Electronic conducting polymers (ECPs) are now considered as a very important class of materials which exhibit 

interesting electrical and optical properties [1]. They have also attracted considerable attention because of potential 

dimensional changes generated by the ion expulsion/inclusion motions during oxidation and reduction processes [2–5]. 

As a result, ECPs might be used as the active material in actuators for interesting applications such as robotics, 

prosthetics and micro-valves [2]. Actuators designed for operation in open air are usually built as three-layer system with 

an internal layer composed of a solid polymer electrolyte (SPE) sandwiched between two ECP layers (ECP//SPE//ECP). 

The relative differential expansion between conducting polymer layers results in bending [2]. 

In those systems, the diffusion phenomena of ions and solvents into the ECP is a rate-limiting step in the actuation 

performances as with every ionic EAP [6], making them considered to be slow devices, typically in the range of 1 Hz 

which is not sufficient for many applications. In order to increase speed, the ionic conductivity has to be increased and/or 

the distance between electroactive layers has to be reduced, The miniaturization of tri-layer actuators operating in air has 

been described using a laser ablation technique [7] or a combination of photolithography and reactive ion etching (RIE) 

[8] for fabricating sub-millimeter sized devices. In such system the SPE layer plays a key role in the ultimate 

performances of these electrochemomechanical devices and the decrease of its thickness is the main limiting factor 

hindering further miniaturization of the conducting polymer actuators operating in air. Indeed, they have to provide 

suitable mechanical properties while keeping ionic conductivity as high as possible. This drawback has been recently 

solved by the synthesis of ultrathin conducting interpenetrating polymer network (IPN) microactuators using the 

spincoating method and patterning through microsystem techniques. The SPE is synthesized as an IPN based on a PEO 

network for ionic conductivity with improvement of mechanical properties by the interpenetration of a high molecular 

mass elastomer, nitrile butadiene rubber (NBR), within the PEO network. After interpenetration of two poly(3,4-

ethylenedioxythiophene) (PEDOT) electrodes and incorporation of an ionic liquid as electrolyte, large displacements 

under +/-4V above 900 Hz corresponding to the fundamental eigenfrequency have then been demonstration for a 

690x45x12 µm
3 microbeam actuator [9].  

In the present work, the smallest air-operating microbeams actuator based on ECP will be described (160x30x6 µm3). 

The synthesis of 6 µm thick SPE will be presented as well as the interpenetration of PEDOT electroactive electrodes. 

Patterning of this pseudo-trilayer structure will be discussed as a function of the chemical nature of the polymer partners. 

Finally electromechanical response under electrical stimulation will be presented. 
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2. EXPERIMENTAL SECTION

Synthesis of Poly(ethylene oxide)/nitrile butadiene rubber thin film. PEO/NBR 50/50 IPN films are obtained by an 

in-situ polymerization according to a modified method of previously described procedure [9,10,11]. First the linear NBR 

solution is prepared by dissolving NBR in cyclohexanone (1:5 weight ratio). After complete dissolution, DCP (6 wt% vs 

NBR) as cross-linker was then added to the mixture. PEO network precursors (50 wt% vs NBR) are introduced by 

adding PEGM monomer (75 wt% of the PEO network) and PEGDM crosslinker (25 wt% of the PEO network). DCPD 

initiator (3 wt% PEO precursors) was then introduced and the mixture was stirred for 30 min under vacuum. When 

homogenization was achieved, aqueous PVA solution at 300 g.L-1 was firstly spincoated onto a glass slide (3000 rpm, 

3000 rpm.s-1 for 30 s, corresponding to 2.2 µm thick layer) and dried at 80°C. Afterwards, the homogeneous mixture of 

PEO and NBR was spincoated. The thickness of the polymer films depends on the selected spinner speed, time and 

solution viscosity. The substrate is then kept at 50°C for 4 h and then postcured for 2 h at 80°C. The temperature is then 

increased for 60 min at 160°C for the crosslinking step of NBR. The lift-off of the PEO/NBR IPN is carried out in water 

by dissolving the PVA sacrificial layer. The resulting PEO/NBR IPNs were then dried 4 h at 70°C under vacuum. 

Freestanding PEO/NBR IPNs are thus obtained. 

Trilayer actuators preparation. The methodology for the preparation of conducting IPN actuators has been described 

previously [9]. IPN films are swollen with EDOT vapor under reduced pressure for given lengths of time. The swollen 

films were then immersed in an iron III trichloride FeCl3 aqueous oxidative solution (1.5 mol.L-1) for an oxidative 

polymerization of EDOT. This synthetic pathway ensures a non-homogeneous distribution of the electronic conducting 

polymer throughout the thickness of the PEO/NBR IPN. After polymerization, the resulting films were washed with 

methanol, i.e. excess of FeCl3 is removed, and dried under vacuum at 40°C for 1 h. The edges of the thin film were then 

trimmed off. The chemical synthesis was optimized to avoid short circuit between the two ECP electrodes. Very thin C-

IPN films of 3.5 to 14 µm are obtained. Prior to electrochemomechanical characterization, the actuators were immersed 

in EMITFSI for at least 72 hours until saturation. 

Microactuators patterning process. Patterning using standard photolithography and a dry etching technique were 

carried out according to a procedure described elsewhere [8,9]. Firstly, C-IPN films were fixed on silicon substrates with 

a PVA adhesive layer (from a spincoated aqueous solution at 1500 rpm/750 rpm.s-1 for 15s, 5 μm thick layer was 

obtained). The positive photoresist SPR220-7µm (Microchem Corporation) is spincoated at 1000 rpm for 40s, with a 

ramp rate of 750 rpm.s-1. The softbake for SPR220 was 115°C on a contact hotplate with slow ramp up and down to 

avoid formation of cracks. The resulting ~ 17 µm thick photoresist is then patterned. Photoresist was exposed through a 

mask to an energy dose of 400 mJ.cm-2 during 40 s with a light at 365 nm. A hold time of at least 180 min is required to 

complete the photoreaction before the next step. The sample is then soaked in the corresponding photoresist developer 

(Microchem Corporation MF-326) for 10 min in order to obtain a patterned protective layer on top of the C-IPN. In a 

second step, dry etching of C-IPN was achieved using reactive ion etching. The C-IPN actuators were etched with a 

mixture of O2/CF4 gas (90/10) at 300 W and 200 mT. Finally, the remaining photoresist is removed with acetone and the 

C-IPN lift-off was carried out by dissolution of PVA sacrificial layer in water. Ionic liquid incorporation was then 

performed producing self-standing microactuators. 

Electrochemomechanical characterizations. The frequency-dependent tip displacements of the microactuators were 

measured using a laser displacement sensor (Keyence laser LK-G32). From the resulting displacement signal, strain 

difference between the electrodes was calculated according to Sugino et al. [12]: ∆ = (1)

Where Δε is the strain difference, D is half of the peak to peak displacement, h is the thickness of the actuator (measured 

with SEM microscope after swelling in electrolyte), and L is the distance from the clamped end of the actuator to the 

projection of the laser. 

The output force was measured using a FT-S Microforce Sensing Probes from FemtoTools. Microforce sensors are 

capable of measuring forces from millinewtons (10-3 N) down to several nanonewtons (10-9 N) along the sensors’ probe 

axis. Both compression and tension forces can be measured. The measured force is calculated by the equation F = Sensor 

2



Gain * (Vout

and Vout is 

whereas a co

calibration da

3.1 Synthes

Figure 1 su

configuration

electrolyte m

present good

of the materi

poor mechan

[10-11,13-14

combining a

(NBR) will e

Figure 1: 

PEO/NBR IP

solubilized in

wafer coated

PEO network

crosslinker) i

network by D

t - Vout,0) , wh

the output vo

ompression for

ata sheet. 

sis of the pseud

ummarizes the

n. The central 

media, (ii) offe

d damping prop

al can be obtai

nical properties

4]. In order to i

a second netwo

ensure conveni

PNs are obtain

n cyclohexano

d with a PVA 

k is obtained f

initiated by DC

DCP. After sol

here F is the fo

ltage as the lo

rce will result 

3. 

do-trilayer con

e general pro

SPE is synthe

er sufficient fr

perties in order

ined by the use

s. Free-volume

improve the re

ork in the firs

ent mechanica

ned following a

ne, a high boil

underlayer. Th

first at 50°C b

CPD. Raising t

lubilization of 

orce axially app

oad is applied.

in a decrease 

RESULTS

nducting IPN

ocedure to ob

esized first. Th

ree-volume in 

r to prevent cra

e of polyethylen

e can be provid

esulting mecha

t one as conti

al properties. 

an in-situ path

ling point solv

he resulting th

by free radical 

the temperatur

the PVA unde

plied to the sen

 A tensile forc

of the output 

S AND DISC

s 

btain ultrathin

he ideal SPE m

order to impr

ack formation d

ne oxide (PEO

ded through th

anical propertie

inuous phases.

hway with sequ

vent. The reacti

hin viscous lay

copolymerizat

re to 160°C, NB

rlayer in water

nsor probe, Vou

ce will result 

voltage. Each

CUSSION

n conducting 

matrix must (i

rove the ions m

during actuatio

O) networks wh

he synthesis of 

es, IPN archite

 In this study 

uential polyme

ive mixture is 

yer is thermally

tion of PEGM

BR is then cro

r, the IPNs are 

ut,0 is the outp

in an increase

h individual se

IPN presenti

i) be polar so 

mobility in th

on or integratio

hich is a classic

PEO network

cture can be a 

a high molec

erization. All t

then applied b

y cured under 

M (monomer) an

oss-linked in th

released as th

put voltage at z

e of the output

ensor is deliver

ing a pseudo

as to swell in

he membrane, 

on. Herein, the

cal SPE despite

s with danglin

powerful appr

cular weight el

the SPE precur

by spin-coating

inert atmosph

nd PEGDM (a

he presence of 

in membranes 

zero load 

t voltage 

red with 

o-trilayer 

n various 

and (iii) 

 polarity 

e usually 

ng chains 

roach by 

lastomer 

rsors are 

g on a Si 

here. The 

acting as 

the PEO 

that can 

be manipulated many times without suffering from cracking. PEO/NBR SPE can be obtained with tunable thicknesses 

from 30 µm to 600 nm with very good reproducibility. 

3



In a second step conducting IPN were prepared according to the procedure described elsewhere [9,10]. Typically, EDOT 

monomer is incorporated into the SPE by gas-phase swelling under reduced pressure until the swelling ratio reached the 

desired value of 150% of the initial SPE mass. Next, samples were dipped for different length of time into an aqueous 

iron III trichloride (FeCl3) solution at 40 °C for the oxidative chemical polymerization of EDOT. Water is chosen as the 

solvent for the oxidative polymerization of EDOT due to the low EDOT solubility in water, i.e. 1.5 10-2 mol L-1. The 

polymerization rate and the diffusion of EDOT out of the film into the aqueous solution is slow and allows the 

penetration of FeCl3 in the matrix before a significant amount of EDOT leaves the matrix. This synthetic pathway 

ensures a non-homogeneous distribution of the ECP throughout the thickness of the PEO/NBR IPN: two PEDOT layers 

are then interpenetrated into the both faces of the SPE leading to the desired pseudo-trilayer configuration. Three 

different thicknesses have been obtained: 3.5, 8 and 14 µm. The electrolyte necessary to the redox process of the 

conducting polymer is subsequently introduced in the electroactive material through a swelling step. The chosen 

electrolyte is the ionic liquid N,N’-ethylmethylimidazolium bis(trifluoromethylsulfonyl)imide (EMITFSI). After the 

swelling step the total thickness of the samples is increasing to 6, 12 and 19 µm. 

Then the samples can be macroscopically dimensioned with scissors or microsized using photolithography and reactive 

ion etching. In both cases microbeam geometries have been chosen since mechanical models are well established.  

3.2 Determination of the Young modulus of macroscopic bending beam actuators 

The Young modulus of the beams has been measured on macroscopic samples according to two approaches. First the 

Young modulus has been estimated by measuring the resonant frequency of 19µm thick beams with different free 

lengths L ranging from 2.5 cm to 4 mm (Figure2A and 2B) under +/-3V electrical stimulation. Resonant frequencies 

ranging from 6.4 to 60 Hz have been obtained respectively and are increasing linearly with 1/L2. According to equation 

(2) the Young modulus of the macrobeams has been estimated to be 178 MPa which is in the range of previous values 

[9]. = √ (2) 

Where αn is the resonant frequency mode (1.875 for fundamental resonant frequency) and ρ is the mass density (1700 

kg/m3). 

The Young modulus has been also determined using the Hooke’s law. A displacement is applied to the macrobeam 

(L=2.5mm, width=0.75mm, thickness=19µm) with a sensor probe and the resulting force is measured. The stiffness of 

the beam is then used to calculate the Young modulus according to equation (3):  = (3)

Where k is the stiffness of the beam, L the length, w the width and h the thickness. A Young modulus of 170 MPa is 

obtained. Then the two methods provide similar values for the microbeam modulus. 
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Table 1. Etching rate and selectivity of conducting IPN, IPN and individual components in a O2/CF4 (90/10) plasma, 300W, 

200 mTorr. 

Material Nature
Etching time 

(min) 

Etching rate 

(µm/min) 
Selectivity

a
 

PEO-NBR-PEDOT 

14 µm 
conducting IPN 5 1.05 1.5 

PEO-NBR-PEDOT 

8 µm 
conducting IPN 5 0.85 1.2 

PEO-NBR-PEDOT 

3.5 µm 
conducting IPN 5 0.8 1.15 

PEO-NBR IPN 5 0.4 0.6

PEO saturated polymer 4 1 1.4

NBR unsaturated polymer 4 0.5 0.7

PEDOT conjugated polymer / n.m.b n.mb

a ratio between the etching rate of the material and the etching rate of the Megaposit SPR 220 7.0 photoresist in the O2/CF4 (90/10) 

plasma at 300W, 200 mTorr 
b non-measurable 

Etching rate of the PEO single network and NBR single network are 1 µm/min and 0.5µm/min respectively. However no 

etching step can be measured for PEDOT in these conditions as it has been described previously. The PEO/NBR IPN 

presents an etching rate around 0.4 µm/min, close to the one of the rubber network. This result can be explained by the 

continuity of the NBR network in the whole SPE, then being the limiting factor of the etching process. Interestingly 

PEO/NBR/PEDOT conducting IPNs present etching rate higher than those of individual components. Etching rate is 

ranging between 0.8 and 1.05 µm/min for the three different thicknesses of the electroactive materials. This behavior has 

already been described previously [8] and has been attributed to a “self-degradation” process in the presence of PEO and 

PEDOT. 

In these conditions selectivities ranging from 1.15 to 1.5 are obtained, indicating that the Megaposit SPR 220 7.0 

photoresist was etched more slowly than the actuator. As a consequence the conducting IPNs can be fully patterned 

before the protective photoresist layer is fully etched. Then microfabrication of conducting IPN microactuators can be 

performed with precise control of the geometry for the three different thicknesses.  

3.4 Actuation of the conducting IPN microactuator 

To turn microbeam into microactuator EMITFSI ionic liquid is incorporated through a swelling step of the material. As 

illustrated on figure 3 the microbeam actuator as small as 160x30x6µm3 can be obtained which is to the best of our 

knowledge the smallest air-operating microbeam actuator based on ECP.  

Figure 3: SEM micrograph of conducting IPN microbeam (160x30x6 µm3)  
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4. CONCLUSION

This paper reports on the fabrication of the smallest air-operating microbeam actuator based on conducting polymer. 

This result was obtained by the synthesis of ultrathin solid polymer electrolyte using a spin coating technique. The solid 

polymer electrolyte was prepared with an IPN architecture and was synthesized from poly(ethylene oxide) (PEO) and 

nitrile butadiene rubber (NBR) networks. The combination of ionic conductivity of the PEO partner along with the 

mechanical properties of NBR network led to flexible SPE as thin as 3.5µm, suitable with microsystem processes. In a 

second step, the conducting IPN actuator was prepared by oxidative polymerization of 3,4-ethylenedioxythiophene 

(EDOT) inside the SPE in order to insure inhomogeneous dispersion of PEDOT throughout the PEO/NBR thickness. To 

micro-size these materials dry etching was used and led to microbeam actuator as small as 160x30x3.5µm3. After 

incorporating an ionic liquid as electrolyte, the swollen microbeam (160x30x6µm3) was stimulated under square wave 

potential of +/- 2V. Actuation was demonstrated up to 500 Hz indicating that ionic motions are still present in the 

membrane at such frequency and can induce oscillatory bending movement of this soft ionic microactuator. 
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