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Conjugated polymers (CP), as exemplified by polypyrrole (PPy), are intrinsically 

conducting polymers with potential for development as soft actuators or ‘artificial 

muscles’ for numerous applications. Significant progress has been made in our 

understanding of these materials and the actuation mechanisms, aided by the 

development of physical and electrochemical models. Current research is focused on 

developing applications utilizing the advantages that CP actuators have (e.g. low driving 

potential, easy to miniaturise) over other actuating materials and on developing ways of 

overcoming their inherent limitations. CP actuators are available as films, 

filaments/yarns and textiles, operating in liquids as well as in air for, ready for use by 

engineers. This review initially highlights the milestones made in understanding these 

unique materials and their development as actuators. The primary focus is on the recent 

progress, developments, applications, and future opportunities for improvement and 

exploitation of these materials possessing a wealth of multifunctional properties. 
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1. Introduction 

Conjugated polymers (CPs) represent a class of intrinsically conducting polymers that 

can be synthesised to produce materials with unique and diverse properties. Here, we 

focus our attention on their development and use as polymer actuators. Using CPs as 

electromechanically active materials to drive actuators was proposed by Baughman et 

al.[1] and thereafter demonstrated by the seminal works of Pei and Inganäs,[2] and 

Otero.[3] To understand and fully exploit these materials great inroads have had to be 

made over several decades in the understanding of their structure and actuation 

mechanisms. This has led to the development of various physical and electrochemical 

models which have helped increase our understanding of: structure-property 

relationships;[4] the effects of synthesis conditions,[5] be it electrochemical, chemical or 

other synthesis methods; the impact of device geometry. This increased theoretical and 

practical understanding of CP behaviour has led to the development of various micro- 

and larger scale devices employing bulk, linear, bending, twining or mixed actuation 

modes.[6] 

Although various electroactive polymers (EAPs) are being used to produce actuating 

devices (Table 1[7]), CP actuators have unique properties, such as large bending 

displacements, low voltage operation, hold strain under DC voltage and at open circuit, 

can be synthesised to produce a consistent material, and can easily be miniaturised 

making them an excellent choice for certain applications (Table 2[7]). As the field of CP 

has matured, a greater understanding of their strengths and current weaknesses has been 

attained and can be used to aid materials-selection by engineers. A wider understanding 
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of the properties of CPs will inspire greater confidence in their use by engineers in the 

development of innovative applications and devices. Interestingly, what might at first be 

viewed as a limitation of these materials can in certain circumstances become a strength, 

such as their ability to actuate at low electrical potentials (1-few V) in various liquids, 

particularly aqueous solutions such as bodily fluids or cell-culture media. Where 

limitations exist, such as slow response, need for an electrolyte source, low 

electromechanical coupling efficiency, these are currently being eroded by the 

implementation of innovative approaches to their synthesis, fabrication, device design, 

and use by current researchers. We will discuss both the milestone achievements of the 

earliest pioneers in the field such as Inganäs and others, whilst focusing the main 

discussion on current developments, future challenges and opportunities. CPs have 

matured and are ripe for exploitation.     

Table 1. Leading EAPs used to make soft actuators. Reproduced from Bar-Cohen, Y., 
Electroactive polymers as an enabling materials technology. Proceedings of the 
Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering 2007, 
221 (4), 553-564.[7] 
Ionic EAPs: Electronic EAPs: 

Carbon nanotubes 

Conductive polymers 

Electrorheological fluids 

Ionic polymer gels 

Dielectric elastomer EAP 

Electrostrictive graft elastomers 

Electrostrictive paper 

Electro-viscoelastic elastomers 
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Ionic polymer metallic composites Ferroelectric polymers 

Liquid crystal elastomers 

  
 
Table 2. Advantages and current disadvantages of the two major EAP groups. Modified 
from Bar-Cohen, Y., Electroactive polymers as an enabling materials technology. 
Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace 
Engineering 2007, 221 (4), 553-564.[7] 
EAP type Advantages Disadvantages 

Ionic 

EAP 

Produces large bending 

displacements and moderate 

strains 

Requires low voltage 

Natural bi-directional actuation 

that depends on the voltage 

polarity 

Operates in liquid 

environments 

Easy to miniaturise and 

microfabricate 

Except for CPs and NTs, ionic EAPs 

do not hold strain under DC voltage 

Traditionally display a slow response 

(fraction of a second) 

Bending EAPs induce a relatively low 

actuation force 

Except for CPs, it is difficult to 

produce a consistent material 

To operate in air requires using an 

ionogel or solid polymer electrolyte 

Low electromechanical coupling 

efficiency 
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Electronic 

EAP 

Can operate in room (air) 

conditions for a long time 

Rapid response (ms levels) 

Can hold strain under DC 

activation 

Induces relatively large 

actuation forces 

Requires high voltages (~150V/µm). 

Recent development allowed for 

(~20V/µm) 

Glass transition temperature is 

inadequate for low-temperature 

actuation tasks and, in the case of 

Ferroelectric EAPs, high temperature 

applications are limited by the Curie 

temperature 

Because of the associated 

electrostriction effect, a monopolar 

actuation is produced independent of 

the voltage polarity 

 

 

2. Mechanism 

The volume change, which is the driving mechanism behind these electromechanically 

active polymers, is an effect of the electrochemistry in CPs. The electrochemistry of 

CPs can be depicted by three basic reactions (equations 1-3) which summarize the 



 

 

6 

 

mechanism operating depending on the relative size/mobility of the dopant and whether 

the CP is n- or p-doped (equation 4):[8-11]  

CP+(a-) + e-     ↔     CP0 + a- (solv)  (1) 

Oxidized chains           Neutral chains 

The mechanism summarised by equation 1 is displayed by p-doped CPs with 

small/mobile anions. Electrons (e-) entering the CP reduce the polymer network, 

resulting in mass transfer of small mobile anions (a-) and solvent (solv) out of the 

polymer to maintain charge neutrality, causing it to contract. 

CP+(A-) + c+(solv) + e-     ↔     CP0 (A- c+) (2) 

Oxidized chains                          Neutral chains 

The mechanism shown in equation 2 is displayed by p-doped CPs containing 

large/immobile anions (A-) trapped by the polymer network. When the CP is reduced 

the small mobile cations (c+) and solvent enter the polymer to balance the charge on 

large/immobile anions. This mass transfer of cations and solvent into the polymer 

causes the polymer chains to move apart, the volume occupied by the CP increases and 

expands. 

CP- (c+) - e-     ↔     CP0 + c+ (solv)  (3) 

Reduced chains          Neutral chains 
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The mechanism depicted by equation 3 is displayed by n-doped CPs containing 

small/mobile cations (c+).  Electrons leaving the oxidised CP network results in mass 

transfer of small mobile cations (c+) and solvent out of the CP allowing the network to 

contract and compact decreasing the volume occupied by the network and causing the 

CP to shrink. 

In general: 

Reduced CP chains     ↔    Neutral CP0 chains     ↔    Oxidized CP+ chains (4) 

        n-doping                                                                          p-doping 

where some CPs may undergo only one of the reactions in (4) (from reduced to neutral 

and vice versa or from neutral to oxidized and vice versa) and others may undergo both 

of them depending on their state.[12]  

Bilger and Heinze showed that changes in the mass of PPy films occur during redox as 

a result of ion movement into and out of the polymer[13] and that redox cycling of PPy is 

characterized by a constant contribution of ions to the diffusion process to maintain 

charge neutrality. In addition, they showed that mass transfer occurs during 

polymerization and redox reaction because of currentless diffusion which they attributed 

to the movement of solvent and neutral electrolyte salt. Using the Bending Beam 

Method (BBM), Pei and Inganäs showed that the reversible expansion of PPy films that 

occurs on redox switching is primarily the result of ion movements[9] and that different 

ion transport modes can operate depending on the size of dopant ion used during 

electropolymerization.[11] The use of small to medium sized mobile dopant anions such 
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as perchlorate (ClO4
-) anions results in PPy films that expand upon oxidation (reaction 

1), whereas the use of large immobile dopant anions such as dodecylbenzenesulphonate 

(DBS-) anions results in PPy films that expand upon reduction (reaction 2). They also 

noted a relaxation of the film which they attributed to so called salt draining.[10]  Wang 

and Smela studied the ion movement in more detail using a specially designed setup 

that only allowed lateral movement of the ions through the film.[14, 15] By monitoring the 

simultaneous colour and volume change in thin PPy(DBS) film during redox they 

showed that ion transport is the rate-limiting step in the redox reaction, so that reduction 

does not take place at a given location until the cations arrive there, and oxidation does 

not occur until they leave.  

The importance of the state of the polymer network on the actuation of PPy films, has 

been shown by Otero et al., who have developed the electrochemically stimulated 

conformational relaxation model (ESCR)[16] consistent with experimental 

observations.[17] The model explains how the state of compaction of the polymer matrix, 

impacts upon the actuation performance. During electrochemical reactions in 

electrolytic solution, electrons are extracted from, or injected to, the CP chains changing 

the oxidation state of sections of the CP network. The CP chains respond by undergoing 

conformational changes resulting in a change in its state of compaction. During 

electrochemical reactions in electrolytic solution, electrons are extracted from, or 

injected to, the CP chains changing the oxidation state of sections of the CP network. 

The CP chains respond by undergoing conformational changes resulting in a change in 

its state of compaction.[18]  When the network becomes less compact it expands 
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generating free space within the network for ions and solvent to enter the surface of the 

CP from the electrolyte, to maintain charge neutrality and the Osmotic balance inside 

the film, facilitating their movement through the CP network. The movement of CP 

chains and ion and solvent movement work together in parallel and mass transfer into 

the CP facilitates chain movements pushing chains apart resulting in expansion. The 

opposite is the case when the network of polymer chains contracts. Here compaction of 

the CP aids ion movement out of the CP, up to the point where the ion channels become 

very narrow. More recently this model has been used to show how kinetic magnitudes 

can reveal structural information about the state of the polymer network.[18] The extent 

of crosslinking and branching of the CP network, often viewed as defects, impacts on 

both the conductivity of the CP and its ability to undergo conformational movements 

and generate free space available for ions and solvent insertion and their movement 

through the polymer matrix. Changes in network structure, crosslinking and branching, 

affect the strain, strain rates, and strength displayed by CP films. The impact of the CP 

network structure has been investigated by Melling et al.[19] and Tominaga et al.[20] who 

have investigated the effect of crosslinking and branching on the ability of the polymer 

network to respond to ion and solvent movement. These studies illustrated the 

importance of crosslinking to the strength and long-term performance of CP actuators. 

A reduction in electrochemomechanical creep was observed with increased crosslinking 

and an increase in irreversible strain with a decrease in crosslinking. However, both 

strategies employed to change the amount of crosslinking did not result in a notable 

improvement in reversible strain. This is in part due to unfavourable electronic and 
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stearic effects on the conductivity of the CP resulting from increased substitution either 

in the beta positions or at the pyrrolic nitrogen in the pyrrole ring system.   

As can be seen from reactions (1-3), the solvent also plays an important role in the 

volume change. Skaarup et al. have shown that solvent molecules far in excess of that 

calculated as being coordinated to mobile ions can move into PPy causing it to expand 

reversibly revealing that solvent swelling caused by osmotic pressure differences is an 

important part of the volume change of PPy.[21]  

Taking the above-mentioned aspects of ion size and solvent into account, Hara et al. 

have employed various electrolytes, comprising predominately of large dopant ions, 

ionic liquids or propylene carbonate, to produce PPy films exhibiting very large 

strains,[22] strain rates[23] and forces/stresses.[24] They clearly demonstrated the 

importance of type/size of the dopant and solvent in the actuation process.  

Several models dealing with different aspects of CP actuators have been developed. 

These include physical models describing the mechanics (bending beam, finite 

element), electrochemical models explaining the redox switching (impedances and 

equivalent transmission line), and models based on the electrochemical reaction 

originating the movement (faradaic models).[25] A recent development is an 

electrochemical model describing CP actuators ability to self-sense enabling their use 

for proprioception.[26] 

3. Configurations 

The reversible volume change of CPs can be used as the active part in an actuator using 
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various constructions that lead to different motions such as bulk, linear, bending or out 

of plane (Figure 1, Table 3). The volume change is typically isotropic and can be used 

as a bulk actuator, for instance to drive a tactile transducer element made from comb-

shaped PPy coated microelectrodes, covered with a Solid Polymer Electrolyte (SPE).[27] 

In some cases, such as PPy(DBS), the volume change is anisotropic[28] and can be used 

to drive microfluidic cells,[29] or stretch cells in a microphysiological device.[30, 31] 

Linear deformation is probably the most sought-after configuration as is enables direct 

linear motion without the need of transmission systems or gear boxes making it 

interesting as linear actuators or artificial muscles. This can be easily achieved by 

designing CPs as a free-standing films, strips, or fibres. PPy is the most studied CP in a 

free-standing film configuration used to make linear actuators that operate in solution 

with strains of a few percent[32] even if PPy actuators showing extremely large strain 

have been reported.[33, 34] For instance, PPy films prepared in specific conditions can 

display up to 30% strain.[23, 35] For practical applications of free-standing actuators, it is 

necessary to achieve high stability of electrochemomechanical strains. The use of an 

ionic liquid as the electrolytic solution results in a significant increase in stability with 

increasing cycle number.[36] Kaneto et al. compared film and a hollow fibre PPy(DBS) 

actuators and found that hollow fibres actuators exhibited larger strain (up to 7%) and 

faster response compared to the planar film PPy actuators.[37] They suggested that the 

expansion of radial direction is converted to the axial direction along the tube. 

Therefore, thicker tube diameters resulted in larger strain. Since free-standing PPy 

cannot be defined as a stretchable material,[38] one way to overcome this issue is to 

prepare corrugated free-standing PPy films. Thus Bay et al. have prepared such actuator 



 

 

12 

 

which can actuate to 12% linear strain under isotonic experiments.[33] More recently 

Spinks et al. have prepared a stretchable bilayer actuator which can show a linear 

deformation under isotonic experiments.[39] Preethichandra et al. have designed a non-

conventional-type linear actuator which expands at both positive and negative applied 

potentials and contracts at 0 V.[40] However, the maximum strain is quite low, around 

1.2%. 

Intrinsically linear actuators working in air have been made. Actuators based on a CP 

fibre or film, embedded in a SPE and using a metallic electrode as counter electrode 

were proposed by several groups.[41, 42] Strains up to 0.3% and stress up to 3 MPa were 

measured. However, the metallic counter electrodes produce side reactions that promote 

the progressive deterioration of the actuation. When both electrodes are made of CP, the 

main drawback is that the volume change of one electrode due to its oxidation is 

opposite to the simultaneous volume change of the second electrode due to its 

reduction, which results in a bending motion in a trilayer structure. Trilayer actuators 

can show pure linear deformation if one CP layer is driven by the anion mechanism (eq. 

1) and the other is driven by the cation mechanism (equation 2). In this way both 

electrodes contribute to the extension / contraction of the actuator simultaneously, 

resulting in a linear motion.[42] As another design, actuators with linear deformation 

designed as hollow fibres have been first proposed by Smela et al.[43] The principle is 

the fabrication of an actuator with two non-equivalent CP electrodes. One electrode, 

with a higher quantity of CP, plays the role of counter electrode and then easily 

compensates the charges from the other (working) electrode without undergoing 

significant redox degree changes and thus no significant dimensional modification. The 



 

 

13 

 

deformation of the working layer is not hindered by the opposite deformation of a 

counter electrode and can proceed freely. The space between the CP electrodes was 

filled with a SPE.  

 

 

Figure 1. Various actuator constructions using CPs lead to different: bulk expansion, 
linear, bending bilayer, buckling sheet, bending trilayer and bending trilayer in air. 
 
Table 3. Applications based on different CP actuators configurations 
Configuration Demonstrations/Applications 

Bulk expansion Microfluidic valve,[29] rotating balloon seal for bifurcation 

stenting,[44] mechanotransduction chip.[30] 

Linear (liquid) Refreshable braille display,[45] actuating textiles,[46] meshes,[47] 

and yarns.[48] 

Linear  High force bundle assembly of PPy-coil actuators,[49] free-

standing zig-zag metal composite.[50] 

Bilayer (liquid) Variable-camber propeller on aquatic foil,[51] micro-actuator 

hinges,[52] including rigid elements,[53] multiple actuators and 
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sensors,[54, 55] micro-anastomosis connector.[56]  

Buckling Microfluidic valve,[44, 57] drug delivery.[58] 

Trilayer (liquid) Peristaltic pump.[59] 

Trilayer (air/embedded 

electrolyte) 

Active guide wires and catheters,[60, 61] swimming devices,[62] 

two-fingered grippers and microgrippers,[63] stiffness 

modulation,[64] micro linear positioner,[65] micro ‘crane fly’ 

wings.[66] 

 
 
The volume change of CPs can also be used to achieve out-of-plane movement by 

designing the actuator in a bilayer configuration to produce bending actuators. 

Bilayer actuators are laminates of a CPs and passive or ‘non-volume changing’ thin 

film, in which the relative expansion or contraction of the conducting polymer with 

respect to the other layer leads to a bending of the structure. The small strain is hereby 

amplified to create large deflections. In these structures, the CP film is often connected 

as a working electrode in a three-electrode electrochemical cell in the presence of the 

electrolyte. The volume change due to the oxidation (or reduction) of the CP layer 

generates a stress gradient at the interface CP/passive layer causing the bending of the 

actuator. The first design of bilayer actuators were proposed by Baughman et al.[67] in 

1990 and patented by Otero et al.[68] From this date, different types of bilayer actuators 

have been developed in particular by Otero et al.,[3] Pei and Inganäs[2] and Kaneto et al. 



 

 

15 

 

[69] These types of actuators have been extensively studied and reviewed by Smela,[70] 

Otero,[71]  Jager and Carlsson,[56] Sansiñena et al.,[72] and Spinks et al.[73]  

So-called trilayer actuators are comprised of a passive layer sandwiched by two CP 

layers and are relatively easy to fabricate.[74] One conducting layer is connected to the 

working electrode whereas the second one to the short-circuited reference/counter 

electrodes.[69] When the trilayer is built using a CP following reaction (1), one layer will 

contract under reduction (oxidation) whereas the second CP layer will expand during 

oxidation (reduction) leading to a bending movement. Thus, the trilayer actuators enable 

easier control since only two electrodes are used over which a potential difference is 

applied. In addition, the output force generated by the trilayer is double,[72] and the 

efficiency of the movement improves, as no energy is wasted in reactions in the metallic 

counter-electrode.[75]  

While being able to operate in a wet environment is one of the advantages especially in 

biomedical applications, major developments and improvements have been made to 

operate the technology in normal atmosphere. One of the first CP actuators operating in 

air was presented by Kaneto et al.[69] They sandwiched an electrolyte-soaked piece of 

paper between two CP electrodes, thus forming a trilayer actuator structure. Thereafter, 

more classical SPEs have been used to make trilayer actuators operating in air.[76, 77, 78] 

An alternative way to fabricate in air operating trilayer actuators was presented by Zhou 

et al. who used a commercial PVDF layer as the electrolyte containing layer.[60] Vidal et 

al. presented the concept of in-air operating CP actuators using an Interpenetrating 

Polymer Network (IPN) that contained the liquid electrolyte.[78] Such IPNs use one 
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polymer network as ion conducting material, typically Polyethylene oxide (PEO), and a 

second polymer network to provide the required mechanical properties, such as  

polycarbonate[78] or nitrile butadiene rubber.[79] 

Evaporation of the aqueous or organic electrolyte solutions reduces the ionic 

conductivity over time and by that the operation of the actuators. Encapsulation using 

polymers has been attempted to reduce the evaporation, but showed not to be fully 

successful.[69, 80, 81] Here ionic liquids provide a much better solution as the electrolyte in 

CP actuator applications.[36] The cycle lifetime and stability of trilayer actuators were 

significantly enhanced when using ionic liquids instead of propylene carbonate based 

electrolytes.[60, 80] Another issue restricting the lifetime of both bilayer and trilayer 

actuators is the delamination between the mechanically active CP layer and passive 

layer(s) due to the relatively poor adhesion between the two.[72] Various strategies have 

been used to alleviate this, such as using pre-oxidised Ti[82] or rough electroplated 

Au.[83] Using the two above mentioned SPEs also reduced the delamination. The PVDF 

membrane is very porous and the surface roughness ensures good adhesion of the PPy 

to the SPE.[84] Likewise, in trilayer actuators based on the IPN, the CP layer is 

synthesised into the IPN, so no physical delamination can occur.[80] This has resulted in 

cycling lifetimes in air of up to 3600 (at 1 Hz) to 106 (at 10 Hz).[60, 85] These trilayer 

actuators have since then been further improved.[77, 86, 87]  

Another advantage of the trilayer actuators working in air is that they enable fast 

actuation by making thin SPE layers ensuring fast ion transfer as well as reduced drag in 

air as compared to operating in liquid electrolytes. For instance, a PPy-based trilayer 
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actuator using a 110 µm thin PVDF membrane showed actuation as fast as 90 Hz,[84] or 

125 Hz and 156 Hz for 20 and 90 µm thin IPN trilayer actuators,[87, 88] by exploiting the 

fundamental resonance frequency of vibrating beams. More recently, IPN trilayer 

micro-actuators demonstrating kHz frequencies have been produced providing large 

displacements at low driving voltages, ideal for the development of new CP 

microactuators for microsystem applications.[89] The electromechanical properties of 

these actuators have been tuned by adjusting the IPN.[90] In air trilayer microactuators 

have been fabricated using both a top-down or bottom-up fabrication approach to 

produce actuators on flexible substrates and that can be individually controlled.[91, 92]  

Although the bending bi- and trilayer actuators primarily are used to, as the name 

implies, generate a bending motion, the bending motion can be converted into a linear 

motion through combination of different bending structures.[93] For instance, combining 

the bilayer actuators alternatingly in series, a linear actuator was created from bending 

bilayer movements.[94] An alternative route to achieve a linear motion from the bending 

beams is to use the buckling movement by clamping two or more sides of the multilayer 

actuator.[95] Although interesting results were obtained, the conversion of bending 

deformation into a linear deformation inevitably further decreases the overall efficiency 

which is already low for CP based actuators.  

4. Applications and Devices 

4.1. Actuators for Cell Biology and Biomedicine 

The inherent properties of CPs due to the volume change mechanism (insertion of ions 

and solvent) result in interesting opportunities for applications. They can not only be 
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actuated in biological electrolytes, but actively use the surrounding media as the ion 

source resulting in a simpler device geometry. This allows their use in medical and 

surgical devices and in applications in cell biology. Daneshva el al. recently 

characterized the actuation of PPy(DBS) using an artificial cerebral spinal fluid (aCSF) 

containing a mixture of small cations (mono and divalent) and anions at 22ºC and 

37ºC.[96] The net actuation strain in aCSF at 22 ºC was found to be 90% of that when 

actuated at the same temperature in aqueous NaDBS solution containing just one small 

cation (Na+) and no mobile anions (DBS-). At 37 ºC the net strain and bending angle 

increased in both aCSF and NaDBS solutions, showing the effect of temperature, which 

must therefore be considered when designing devices for use in the body. Medical 

devices employing PPy actuators developed by Micromuscle AB have shown that PPy 

can be actuated in urine, full blood, blood plasma, cell culture media and medically 

relevant solutions such as X-ray contrast media.[97] Equally important is the 

biocompatibility of CPs in such applications. There have been many studies on using 

CPs with a wide variety of cells with excellent cell viability and we refer to reviews 

covering organic bioelectronics.[98]  

Svennersten and co-workers produced CP microactuator chips, manufactured on silicon 

wafers using traditional microfabrication and photolithography, for mechanical 

stimulation of single renal epithelial cells.[30, 31] Cells are cultured on the surface of these 

‘mechanochips’ which are compatible with traditional cell biology tools. The cells 

showed good adhesion and spread along the surface of the chip. The microactuators 
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stretched the individual cells and the cellular responses were recorded using live 

fluorescent imaging, thus elucidating mechanically induced signalling pathways. 

Scaffolds or meshes coated with CPs show great potential for a variety of biomedical 

applications. Aznar-Cervantes et al. fabricated conductive electrospun silk fibroin 

scaffolds coated with PPy.[99] Coating with PPy improved the strength of the 

electrospun scaffolds compared to untreated silk fibrin scaffolds and possessed a high 

electroactivity allowing anion storage/delivery during redox in aqueous solutions. The 

both coated and uncoated meshes supported adherence and proliferation of human 

mesenchymal cells opening the way for their use in in vitro and in vivo cell proliferation 

studies with local electric fields and ionic current flow. The both coated and uncoated 

meshes supported adherence and proliferation of human mesenchymal cells opening the 

way for their use in in vitro and in vivo cell proliferation studies with local electric 

fields and ionic current flow. Gelmi et al. used poly(lactic-co-glycolic acid) fiber 

scaffold coated with PPy(DBS) to produce the first fiber scaffold capable of dynamic 

mechanical actuation of induced pluripotent stem cells (iPSs).[47] The combination of 

stem cell therapy with a supportive scaffold is a promising approach to improving 

cardiac tissue engineering used to repair non-functioning heart tissue where they can be 

used deliver and support stem cells in vivo. This novel electromechanically active 

scaffold can provide a microenvironment including electromechanical stimulation, 

mimicking the cyclic mechanical flow and forces within the heart, that may promote 

engraftment, differentiation, and survival of transplanted iPSs cells possessing the 

structural architecture of the heart. Alternative biocompatible and biodegradable 
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composite polymer scaffolds, such as polycaprolactone (PCL) or poly(butylene adipate-

co-terephthalate)(PBAT) containing CPs are being developed for tissue engineering 

applications by other researchers,[100] for example to stimulate human mesenchymal 

stem cells to enhance their differentiation into osteogenic outcomes.[101] Kerr-Phillips et 

al. have produced novel electroactive, elastomeric electrospun microfiber mats 

produced from semi-interpenetrating polymer networks (s-IPNs) that show controllable 

and reversible pore size variation upon electrochemical stimulation in biologically 

compatible solution, phosphate buffered saline. These robust and highly flexible meshes 

have great potential for use as 3D-scaffolds for the mechanotransduction of cells.[102]  

The ability to miniaturize CPs (but also low driving voltages and good biocompatibility) 

is the driving force for the use of CP actuators in medical devices. CPs add a 

mechanical functionality with limited increase of device thickness, which is useful in 

e.g. tools for minimal invasive surgery. One of the possible applications of these types 

of actuators is to convert passive catheters into active ones to facilitate the manoeuvring 

of guide wires and catheters through the vascular system several solutions based on CP 

actuators have been proposed.[103] Guide wires are used for guidance of a catheter and 

are typically manipulated externally, which can result in long procedural times, vessel 

wall damages and subsequent medical complications. A strategy to design electroactive 

catheter has been proposed by Della Santa et al.[104] They have modelled the 

modification of a passive catheter in an electrically controllable catheter. For CP based 

electroactive catheters, the conducting polymer is usually directly deposited as one or 

two pairs of antagonistic actuators on the surface of commercial catheter. Lee et al. used 
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this classical design to produce a steerable catheter in two steps.[61] The 0.5 mm OD 

commercial catheter was first uniformly coated with 1µm thick PPy layer by chemical 

pre-polymerization, which acts as the seed surface in the subsequent electrochemical 

deposition of a thicker PPy layer (10µm). Two or four separated electrodes were finally 

patterned by laser ablation which allow the catheter to move in both axes of space under 

an applied potential of ± 0.5V (Figure 2). The complete system required to be 

encapsulated in a structure containing a non-physiological electrolyte (1M NaPF6) 

preventing any exchange with the ionically complex physiological medium. They 

proposed a scanning application where the active catheter is moving an embedded 

optical fiber back and forth 1 mm, with a relatively high speed to provide forward 

viewing images from an artery lesion.[105, 106] 

 

Figure 2. (a) SEM photographs of a four-electrode PPy-based active catheter after laser 
micromachining, (b) Movement of the catheter. Reproduced with permission of [105].  

Instead of using the design of antagonistic CP actuators placed on the catheter tip, 

Micromuscle AB developed a less complex design for a steerable guide wire, where 

PPy(DBS) is positioned on one side only of the coil that constitutes the guidewire tip 

(Figure 3).[107] In this design only one actuator (and associated CE) must be addressed, 
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thus only two electrical leads have to be integrated into the guidewire/catheter and the 

surrounding fluid is used as the electrolyte. As the volume changes, the tip curvature is 

altered. A full 360° circular motion of the tip can be achieved by manually rotating the 

guidewire or catheter shaft, as is common clinical practice using standard passive 

guidewires. Figure 3c, d show the steerable guide wire manoeuvring through a bench-

top vascular system by electroactively changing the tip curvature.  

 

Figure 3. A steerable guide wire activated by PPy. (a, b) Schematic drawing illustrating 
the principle of the flexible PPy actuated guide wire tip. (c, d) Two photos showing the 
PPy actuated guide wire demonstrated in a bench top set-up. In a and c PPy is in the 
contracted state and the guide wire is straight. In b and d PPy is in the expanded state 
and the guide wire tip flexes. (a, b) Reproduced from [107] and (c, d) reproduced with 
permission from [56].  

To aid the surgical insertion of cochlear implants it would also be advantageous if the 

curvature of the electrode could be changed during the procedure. Researchers at 

University of Wollongong have therefore developed a cochlear electrode array that can 

be electroactively bent using a PPy-based actuator.[108] They assembled their PVDF 

based trilayer actuator on the back of a standard cochlear electrode array and were able 

to achieve almost 180° of bending. A similar application, steerable electrodes for neural 

probes and electrodes, was presented by Daneshvar and Smela.[96]    

a. b. c. d. 
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Another aid for the impaired is a Braille display. To drive the individual ‘taxels’ of such 

a Braille display, the University of Wollongong developed a protype of the driving unit 

based on their tubular actuator.[45] The tubular actuator was mounted into a single entity 

comprising an ionic liquid electrolyte, CE, and mechanical biasing spring. The tubular 

actuator drove a small pin up and down, with a movement of 0.2-0.6 mm.  

A microanastomosis connector intended to reconnect the ends of a thin (∅ 1-3 mm) 

blood vessel, severed by trauma or as part of a surgical procedure, was developed by 

Micromuscle AB as an alternative to extensive suturing.[109] The device was formed as a 

rolled-up sheet that contracted during insertion into the blood vessel ends by applying a 

small potential and expanded by unrolling the sheet when the  potential was cut off thus 

keeping the two blood vessel ends together during the healing process.[107] The materials 

and device had passed basic biocompatibility testing, including cytotoxicity, irritation, 

acute systemic toxicity, and hemolysis.[97] A small implantation study of the connector 

in a rat model was also performed. After three months, the devices showed not to be 

causing blood clotting or other obstruction, indicating blood- and biocompatibility. 

Coagulation studies using a Chandler looping setup were also performed on both 

heparinized (to increase blood compatibility) and untreated, as fabricated PPy-based 

connectors. These studies showed that there was no difference between the heparinized 

and non-heparinized PPy-based connectors and that they were as good as commercial 

stents, with regards to coagulation. 

In collaboration with Boston Scientific, the same company also developed a PPy-based 

seal[110, 111] for a rotating balloon system that was specially developed for so called 
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bifurcation stenting (a procedure where two stents are placed in a bifurcation i.e. 

branching of the arteries).[112] The developed annular PPy seal was tested in a dilation 

balloon test system. Activation of the PPy resulted in expansion up to 40% of the PPy 

ring, which both sealed the balloon from leaking, withstanding inflation pressures up to 

24 atm, exceeding the clinically used pressures of 12-20 atm. and locked the balloon in 

place thus preventing further rotation. Ethylene oxide, a standard sterilization method 

used for medical devices, did not deteriorate the performance of the PPy seal. Following 

the proof of concept, the PPy seal was optimized for maximum expansion and 

speed.[110]  

4.2. Microactuators and Microdevices 

As the insertion of ions and solvent is the driving force of the volume change (see 

sections 2 and 3), the diffusion of ions and solvents into the polymer is a rate limiting 

step in the actuation performance. In order to increase the actuation speed either the 

ionic conductivity has to increase or the electroactive layers have to reduce in thickness; 

reducing devices into the microscale was amongst others proposed by Baughman et al. 

in 1991.[1] The large strains that these materials display as well as their ability to operate 

at low actuation potentials make them good candidates as actuators in 

MicroElectroMechanical Systems (MEMS) or Microsystem technology. 

Microfabricated conjugated polymer actuators were first demonstrated at Linköping 

University by Smela et al.[113] They fabricated simple bending bilayer microactuators 

made of Au and PPy(DBS) using photoresist as a sacrificial layer, that bent out-of-plane 

or curled in a spiral motion. Later they refined the processing by the development of the 
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differential adhesion fabrication method.[114] This method exploits the poor adhesion 

between Au and Si. The Au/PPy(DBS) bilayer microactuators are attached to the Si 

substrate by this poor adhesion until the final etching step in which the microactuators 

are etched free. In the following actuation step the actuators release themselves actively. 

This novel method allowed the integration of multiple materials such as the passive 

material BCB (benzocyclobutene) resulting in moving rigid plates and self-assembling 

boxes that were operated by PPy(DBS)/Au bilayer hinges.[52] The boxes were only 300 

μm by 300 μm. This important development started the field of PPy-microactuators and 

once it was opened up, a range of different processing techniques for CP microactuators 

were developed: bulk etching of Si;[115] membrane fabrication,[116] adding rigid 

beams,[107] cutting using ablation and punching,[116, 117] and Reactive Ion Etching.[118] 

This wide variety of fabrication methods open the way to attach the CP microactuators 

to other elements and different electronic, optical, and micromechanical devices on 

positionable platforms and thus develop new scientific instruments. It resulted in an 

assortment of devices comprising CP microactuators: moving pixels,[119] perpendicular, 

in-plane actuation,[120] valves for microfluidics either using moving plates[57] or a 

buckling membrane[44, 58] and drug delivery devices.[121] Since these bilayer 

microactuators require a liquid electrolyte, applications towards cell biology, where the 

cell culture medium can be used as the operating electrolyte, are particularly interesting 

and several applications for cell biology and BioMEMS that use CP actuators have been 

demonstrated.   
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A so called ‘cell clinic’ was developed to study single cells.[122] The microfabricated 

device consisted of a microvial (100 μm x 100 μm and 10 μm deep) made of SU8 with 

two parallel Au microelectrodes on the bottom of the vial for electrochemical 

impedance spectroscopy to study intracellular events of cells in the vial. The vial could 

be closed with a lid driven by two PPy hinges to make a confined space. The PPy 

actuator hinges, lid, and electrodes were all monolithically fabricated on a common 

glass substrate. The same concept with PPy operated microlids was later used in a Si-

based sensor system for cell-based sensing.[55]  

Jager et al. have developed a microrobot for (single) cell manipulation.[53] The 

microrobot was designed as an arm, having two hinges as an ‘elbow joint’, two hinges 

as a ‘wrist’, and three hinges as fingers of a ‘hand’, all interconnected by rigid elements 

made of the polymer SU8. Each hinge could be individually controlled (Figure 4).  

 

1.  

 

2.  

3.  
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4   

Figure 4. Photos (left) showing the grabbing and lifting of a 100 µm glass bead and a 
schematic drawing of this movement (right). In the microrobot arm had three PPy-
microactuator “fingers”, placed at 120° of each other, two PPy-microactuators formed 
the “wrist” and two formed the “elbow”. The photos do not illustrate that the glass bead 
is lifted from the surface before it is placed at the base of the robot arm. This is 
illustrated in grey in the second sketch to the right. Reproduced from Jager et al [53] with 
permission from AAAS. 

PPy-bilayers have also been used in microfluidics. For instance, Pettersson et al 

mounted micro-lids activated by PPy hinges inside PDMS microfluidics to control the 

flow.[57] A similar PPy driven micro-lid was constructed by Madou and co-workers to 

open a small reservoir releasing drugs in a so called smart pill and to mix fluids.[123] 

Although, most microactuators use the bending beam configuration, some devices 

comprising PPy microactuators using the bulk volume change (Figure 2) have been 

demonstrated such the afore mentioned microvalve,[29] tactile transducer[27] and 

mechanostimulation chip.[30, 31] A microvalve for an intra-oral drug delivery was 

developed by HSG-IMIT, Germany, and Micromuscle AB, Sweden.[44, 58] Their valve 

employed the buckling movement of a PPy membrane to open and close the 

microfluidic channel and thus control the release of the drug. 

While the need for a liquid electrolyte enables applications in for instance cell biology, 

it also imposes a limitation to the CP microactuator technology. As mentioned before, 

CP actuator systems that operate in air have been developed. Recently even these 

multilayer and IPN actuators have been down scaled to the microdomain. Spinks and 

Alici and co-workers have fabricated microactuators using laser ablation to reduce their 
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trilayer PPy/PVDF/PPy actuator down to 580 μm × 220 μm (LxB).[124] The commercial 

PVDF membrane is relatively thick (110 μm) causing very small bending angles. To 

increase the bending angle they have reduced the PVDF layer thickness by spin coating 

PVDF from solution, resulting in 32 μm thin PVDF layer.[125] Vidal and co-workers 

minimized their IPN actuator technology to the microdomain too.[118] They developed a 

new IPN membrane based on a polytetrahydrofurane derivative and polyethyleneoxide. 

A 3.5 μm thick layer of PEDOT was thereafter synthesized on and partly interpenetrated 

in both sides of the μm thick IPN, resulting in a 12 μm thin microactuator which was 

patterned using reactive ion etching. The 900 μm long 300 μm wide microactuator 

showed a displacement of 950 μm. Moreover, actuation has been demonstrated under 

low vacuum from 5.10-2 to 30 Hz as well as batch microfabrication.[126] Their process 

was refined later resulting in ultra-thin microfabricated IPN actuators that could be 

operated at 1.5 kHz[89, 91] and individually controlled.[92] These PVDF and IPN trilayer 

microactuators have only been designed as simple, single bending beam actuators, due 

to difficulties in microfabricating them. They are fabricated in two steps: first the 

trilayers are synthesized by the deposition of electroactive CP electrodes on both faces 

of the ionic conducting membrane and thereafter the resulting trilayers are 

micropatterned using laser ablation or Reactive Ion Etching (RIE). These methods 

involve tricky manual handling of the samples at several steps of the process and makes 

their fabrication weakly compatible with microsystems. Therefore, bending 

microactuators were recently fabricated by sequentially stacking conducting polymer 

and a solid polymer electrolyte layers using a layer-by-layer approach.[92] Microbeams 

thinner than 10 μm were fabricated and operated directly on soft SU-8 substrates 
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associated with a bottom gold electrical contact. It was a first step toward a true 

integration of in-air CP microactuators into microsystems. To expand functionality 

actuators having multiple individually addressable segments are required. To achieve 

this Jager and co-workers have developed trilayer microactuators that were patterned 

using photolithography[127] and printing methods,[128] including photolithographically 

patternable SPEs[129, 130] that allowed for individual control of each microactuator 

segment. 

Bending trilayer microactuators can also be used to drive flapping wings for artificial 

insects, or micro-Unmanned Aerial Vehicles (UAV). Thin and fast PEDOT-IPN 

microfabricated trilayers were attached to passive microfabricated SU8 wing structures 

(Figure 5).[66] The resulting flapping wings were actuated at resonant frequency up to 

24 Hz. Even if this value seems still far from flapping frequency of insects (several 

hundredth of Hz), recent improvement of fabrication process, especially by drastically 

decreasing the trilayer thickness, demonstrated actuation of up to 1 kHz bringing such 

application closer to being realized.[89] Further optimisation of these micro IPN trilayer 

actuators including novel processing and microfabrication methods is ongoing, bring the 

goal of a micro-UAV actuated by lightweight CP microactuators closer to reality.[131] 
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Figure 5. SU-8 wings mimic venation of crane fly wings, actuated with IPN actuators 
(mass:1.1mg, size 0.9x0.15x0.009 cm3, f = 24 Hz, E = +/- 5V). Reproduced with 
permission from A. Khaldi. 

4.3. Yarn and Textile Actuators 

Since ion diffusion is dominant, fibre- and yarn-based actuators would be an optimal 

configuration for CPs actuators ensuring a fast, radial diffusion profile. Typically, 

commercial fibres and yarns have been coated with CPs resulting in hybrid linear yarn 

actuators such as chitosan/polypyrrole,[132] Lyocell/PPy (a cellulose-based yarn),[46] and 

various conducting yarns coated with PPy.[48] These hybrid yarn actuators show 

relatively low actuation strains (< 1%) as the mechanical properties of the yarn (e.g. 

Young’s modulus) dominate when coating them with a relatively thin CP layer. To 

achieve the strains observed for the free-standing films, pure CP yarns need to be 
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developed. Bimorph fibre actuators have been developed by coating PPy on only one 

side of the graphene fibres, thus achieving a bending movement.[133]  

The advantage of fibres and yarns is that they can be rationally assembled in larger 

shapes using textile processing such as weaving and knitting. This property has been 

employed by Maziz et al to fabricated textile actuators or ‘knitted and woven artificial 

muscles’.[46] They coated woven or knitted fabrics made of Lyocell with PPy. The 

woven fabrics gave a larger output force, proportional to the number of yarns since they 

can be viewed as a parallel coupling of many single yarn actuators. The knitted fabrics 

on the other hand showed a 53-fold increase in output strain compared to the single 

yarns as the knitted fabrics have an inherent stretch which the single yarns do not have. 

They demonstrated that such textile actuators can be used to drive external devices such 

as a LEGO lever (Figure 6).  
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Figure 6. A) A knitted textile actuator based on PPy including electrical and 
mechanical connectors from Cu-tape. B) A LEGO lever driven by the knitted textile 
actuator. Reproduced with permission  from [46]. 
 

4.4. Multi-Functional Devices  

CPs are intrinsically multifunctional materials that incorporate simultaneous variation in 

colour, volume, conductivity or stored charges, emissivity, and other properties. The 

exploitation and development of multifunctional devices is in its infancy but hold great 

promise. 

For instance, the optical-mechanical-electrochemical coupling in CPs has been used to 

develop a multifunctional device with simultaneous actuation (thickness variation) and 

electrochromism allowing a greater fundamental understanding of physical phenomena 

occurring during redox switching.[15, 134] It makes use of a transparent ion barrier to 

produce a special experimental geometry that constrains ions to enter into the film only 

from the edges and move laterally through the film. This device shows the dependence 

of the cation concentration, volume and colour of the film on the oxidation level of the 

CP and has been used to develop a model for charge transport.  

The same concept of combined optical-mechanical-electrochemical coupling has been 

utilized to fabricate a multifunctional device that is capable of simultaneous in air 

actuation (bending) and colour change that can be tuned to reflect IR radiation.[135] This 

trilayer actuator uses IPN architectures to produce different optical or mechanical 

devices depending upon the amount of CP incorporated. 
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CPs have also been developed as actuatable electrodes for electrochemical 

supercapacitors. These multifunctional devices make use of the ability of CPs to act as 

energy reservoirs, since the electrical charges consumed during redox are trapped and 

can be recovered. Such devices comprising of polyaniline microfibers electrodes 

showed an actuation strain of 0.33%, 703 F/g specific capacitance and more than 3000 

cycles durability. Furthermore, a change in capacitance and impedance was achieved by 

the controlled strain as a function of the applied stress, corresponding to a direct 

relationship between the actuation strain and specific capacitance of electrochemical 

supercapacitors. Trilayer actuators that can function as a capacitor/battery have also 

been developed and have the same configuration as a symmetric supercapacitor with 

two CP layers as electrodes. The electrical charge is trapped in the actuator during 

electrochemical actuation and when the device is used as a battery, the electric 

discharge leads the actuator to recover its original position.[136] A fully flexible self-

contained supercapacitor combining polypyrrole as electrodes and a PVDF membrane 

as separator, i.e. the ‘classical’ trilayer actuator configuration, and a capacitance of 109 

F g-1 for the first cycle was observed while it decreases to 30 F g−1 after 5000 cycles.[137]  

The mechanical stimulation of a material comprising CP induces an electrical response 

enabling their use as a passive strain sensor.[138] Although the sensing mechanism is still 

not fully understood the electrical signal has been shown to be related to the ion 

movement during mechanical actuation.[139] By integrating two conducting IPN devices 

in parallel a biomimetic device has been produced that capable of mimicking the 

actuation and sensing behaviour of rat whiskers.[140] Clearly CPs are capable of being 
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developed as tri- and multifunctional devices and a theoretical description of their 

behaviour will need to be developed and represents a future challenge.  

The functions of CPs are also being combined with other smart materials. For example, 

the actuating function of CP trilayers has been merged with shape memory functions 

using a IPN architecture.[141] In addition to the typical bending actuation and classical 

shape memory effect, the material demonstrated also a reversible linear deformation in 

air. Elongation of the strip occurs due to the orientation of PCL crystals when stretched 

under constant load. Joule heating took place in the ionic actuator phases 

(PEDOT/PEO/ionic liquid) when electrically cycled above the cut-off frequency (8V, 

8Hz) and induced melting of PCL crystals and linear contraction due to entropic 

elasticity. When the material was cooled down, the reverse occurred and the oriented 

crystallization resulted in an in air linear strain of 1.8 %. The requirement of an external 

applied stress and continuous heating/cooling cycling might be challenging to 

implement for real applications.  

The inherent multifunctionality of CP can also be used to in reactive sensors of any 

surrounding physical or chemical variable,[26, 142] where the reaction of the CP electrode 

acts as self-sensor of the reaction conditions. The sensing principle for reactions 

involving CPs is: the reaction energy, or any of its components, adapts instantaneously 

to the working energetic conditions: temperature, ionic concentration (chemical 

ambient), mechanical conditions (through the reaction-driven volume variations).[143] 

Thus, reactions 1-4 must drive, simultaneously, the material volume variation and 

adaptation of the reaction energy (or that of its components) to the ambient: any actuator 
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driven by those reactions will sense during actuation any change of the ambient physical 

or chemical variables: it becomes a bifunctional sensing-actuator. From the consecutive 

equations 1-4, and using basic polymeric, mechanical and electrochemical principles a 

theoretical description of the dual actuating-sensing functions of artificial muscles was 

attained describing the influence of the physical and chemical variables on the evolution 

of the energy consumed by the muscle U(t), or that of the muscle potential E(t) under 

flow of a constant current:[143, 144]  
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           (5) 

where E0 is the standard potential of the conducting polymer; ia is the applied (anodic or 

cathodic) current; Z is the impedance of the electrochemical system; n is the number of 

consecutive electrons extracted from a chain (reaction 6); ΔE is the potential increment 

for the extraction of every new electron from a polymeric chain during reactions 6, R is 

the universal gas constant (R = 8.314 J K-1 mol-1); α is the symmetry electrochemical 

factor; F is the Faraday constant (F=96485 C mol-1); V, the volume of the film; [A-], the 

concentration of anions (counterion) in solution; t, the time of current flow;  T is the 

experimental temperature;  d and e  are the reactions orders related with [A-] or with 

[Pol*] obtained by empirical kinetic studies,[18] those sites on the chains where a positive 

charge will be stored after oxidation, respectively, and ka0 is the rate constant or rate 

coefficient for E=E0.  
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Equation 5 includes actuating and sensing quantitative information: the angular rate 

controlled by the current (ia) and the position controlled by the reaction charge (Q), see 

previous section, the working temperature (T), electrolyte concentration [A-], flowing 

current (i), and film volume (V). Experimental results using different conducting 

polymers, muscle structures and electrolytes fit the theoretical description.[145] 

Summarizing, the evolution of the muscle potential during actuation adapts to (senses) 

the working temperature, electrolyte concentration, driving current and mechanical 

conditions affecting volume variations, such as trailed objects or obstacles present in the 

described way (tactile artificial muscle).  

Similar good fits between theoretical and experimental results were attained from the 

evolution of the consumed electrical energy during the muscle actuation under different 

thermal, chemical or mechanical conditions.[143, 144] The same reaction-driven device 

includes a muscle and several sensors working simultaneously. The two connecting 

wires include, at any actuation time, quantitative input information as the actuator 

position, movement rate and the sensed conditions.[26]  

4.5. Products and Companies 

Since the first demonstrations of CP actuators[2, 3] many applications have been 

proposed. To the best of our knowledge none of these have yet been successfully 

commercialized into products. Lifetime, stability and performance (stress, strain and/or 

speed) have not yet reached the levels needed for successful commercial products. 

However interesting prototypes and proof-of-concepts have been presented as shown 

above. Two companies specifically developing applications of CP actuators have been 
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founded in the last decennia. Micromuscle AB, Sweden developed applications for the 

medical device market (see the aforementioned examples) utilizing the CP technology 

as developed at Linköping University, Sweden. The technology was later acquired by 

Creganna, Ireland. EAMEX in Japan focuses on both IPMC and CP actuator 

technology. They have demonstrated a variety of applications including a robot hand, an 

autofocus and zoom lens module, swimming artificial fish, and a pump for CPU 

cooling. Santa Fe Science and Technology, USA, has produced continuous wet-spun 

polyaniline fibres and demonstrated linear actuators as one application area. In addition 

to these specialized companies, several companies have shown an interest in CP 

actuators such as Boston Scientific (e.g. patent US2012279175), Samsung (e.g. patent 

US2012200200) and Quantum Reading Learning Vision, Australia. Various space 

agencies (NASA, ESA) are considering polymeric actuators in their applications. In 

December 2012 the EuroEAP Society – the European Society for Electromechanically 

Active Polymer Transducers & Artificial Muscles – was founded as an outcome of the 

European Science Foundation COST action (COST-MP1003) to create a collaborative 

network for research groups and companies working EAP transducers in Europe and 

around the world.  

5. Future Outlook  

The development of CP actuators has come a long way since the first demonstrations of 

the principle. For instance, the strain has improved from 1-2% to up to 40 % and many 

devices and prototypes have been presented. The actuation mechanism has been 

thoroughly studied leading to a significant improvement in its understanding. Bending 
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deformation can be impressive but these deformations result in low forces. A first issue 

affecting many applications is the lack of linear actuators with high strain (> 10 %) at 

loads and good stability over cycles. Current materials with high strain have typically 

low output force (not stress) as thin films or fibres are used. Also, response times need 

to further improve, especially for in air operation (although kHz actuation has been 

demonstrated using ultra-thin SPE[89]), pointing to the need of enhanced SPEs. New 

ionic conducting membranes are essential for the development of SPEs for in-air 

(micro-)actuators. Recently, SPE based on polymeric ionic liquids (PILs) have been 

developed and used to produce the first CP-PIL actuators.  These all solid-state ionic 

actuators require further work to optimise their actuation rates by increasing their ionic 

conductivities and minimising diffusion distances-polymer but are a promising 

development. Recent progress in ionogels specifically designed for CP actuators shows 

that fast actuation and new device geometries can be achieved with novel synthetic 

strategies.[129, 146] These new ionogels have a low Young’s modulus, are highly 

conductive, and can be micropatterned using both standard photolithography and soft 

imprint lithography. The ionogels have good adhesive properties with other functional 

layers due to the excess thiol groups present in the cured ionogel that also offers the 

possibility of creating permanent chemical bonding between layers, thus eliminating 

delamination issues. The ionogels provide a new platform to prepare various forms 

(films, micro-patterned, 3-dimensional structures, and adhesive) of SPEs for the next 

generation of flexible electrochemical devices. 
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Typically, the CPs PPy, PANI and PEDOT have been used for actuator applications 

since they are based on commercially available monomers. Improvements of actuation 

performance have been achieved modifying and optimizing synthesis conditions (e.g. 

choice of electrolyte, temperature, dopant). However, a significant breakthrough could 

potentially be made by the synthesis of CPs specifically designed for actuator 

applications, as was the case for example for organic solar cells, or by the synthesis of 

hybrid materials (Sect. 5.1). There is especially a need for more stretchable CPs (lower 

Young’s modulus) generating more strain (Sect. 5.2). 

Another important challenge is the insoluble and infusible property of CPs such as 

polypyrrole (PPy) that prevented it from being fabricated by traditional polymer 

forming methods thus limiting fabrication methods and possible shapes (Sect. 5.3). In 

situ polymerization techniques such as chemical and electrochemical have traditionally 

been employed to create polypyrrole structures for actuators, resulting in planar 

structures that limit fabricated devices to basic linear or bending actuation modes. 

Finally, developing novel fabrication methods for the synthesis of PPy in the form of 

active 3D structures will enable more complex actuation modes, such as torsion or 

multiple degree of freedom motions that further exploit the actuation potential of these 

materials (Sect. 5.4). 

5.1. Actuators Based on Hybrid CPs 

One recent strategy for improving the properties of CP actuators adopted by researchers 

is produce hybrid CP materials, by using carbon-based additives as fillers such as 

multiwalled carbon nanotubes (MWCNT), graphene, or carbide-derived (CDC) 



 

 

40 

 

additives.[147] Both perpendicular expanding and bending trilayer PPy-CDC actuators 

have been synthesised through a novel one-step electrochemical synthesis process.[148] 

These hybrid-PPy actuators showed comparable diametrical strains as for PPy actuators 

but with a significant improvement in energy efficiency compared to purely PPy 

actuators, having double the amount of swelling for the same injected charge. A charge 

density reduction through the addition of CDC has been observed by other 

researchers.[149] This is very important since the low energy efficiency of CP actuators is 

currently a major shortcoming. 

Polyoxometalate (POM)(phototungstic acid) has been used as an additive to PPy for 

instance in PPy-CDC hybrid actuators to enhance their performance.[150] The POM 

attach charge to the surface of the CDC particles for embedding them in the PPy matrix 

and to act as secondary dopants in addition to DBS. This approach resulted in higher 

strains and stresses compared to comparable PPy(DBS) actuators. CNTs have been used 

as a spray-coating to the surface of CP electrodes to produce hybrid CP-CNT actuators 

for creeping reduction.[151] The CNTs improve the reversibility of the redox reaction, 

reducing charge accumulation in the films, leading to significantly improved lifetimes. 

This approach also has the advantage of offering a simple alternative solution to the 

creep issue seen in CP actuators.[20, 152]      

5.2. New Stretchable CP Materials   

The molecular properties that promote mechanical flexibility and deformability seem to 

have conflicting molecular design requirements from those for high charge-carrier 

transporting properties. Consequently, it is a challenge to enhance the mechanical 
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compliance of semiconducting polymers suitable for stretchable device applications. 

Stretchable CPs would benefit the future development of actuators, such as fibre and 

textile actuators, enabling with improved key metrics such as increased strains and 

strain rates, reduced electrochemomechanical creep and delamination benefiting long 

term performance. Different strategies to improve the mechanical robustness and 

stretchability of polymer semiconductors are currently being investigated: changing 

their molecular weight (Mn)[153] and regioregularity,[154] undertaking structural 

modifications in the polymer backbone and side chain, and post-polymerization 

modifications including blending and cross-linking.[155]  

Three factors have been recommended for the design of stretchable polymer 

semiconductors:[156] (1) Polymer Mn is a parameter that could improve both electrical 

and mechanical properties simultaneously. (2) Steering away from materials that depend 

on high crystallinity for charge transport, avoiding the inherent competition between 

plastic and electronic properties. (3) Highly aggregating low bandgap D–A polymers are 

excellent materials for stretchable CPs, as charge could be transported through short-

range order. It is anticipated that a combinatory integration of both structural and post-

polymerisation modification will result in stretchable CP actuators. 

 

5.3. Solution Processable CPs for Actuators 

As mentioned, being able to process CPs from solutions facilitates fabrication and 

broadens device geometries. CPs are insoluble, infusible and stiff polymers giving them 

poor processability and mechanical properties. This has in the past frustrated efforts to 
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processes them and limited their use in applications. Despite this, in recent years 

progress has been made and is ongoing to produce solution processible CPs. Key to 

overcoming these issues is the development of CPs that are stable in the conductive 

state, easy to process, and associated with reasonable cost.  

Two approaches have been employed to increase the solubility of CPs in aqueous and 

polar solvents. One is to introduce permanent ionic charges on the side chains imparting 

polyelectrolyte characteristics and the substituent then acts as both a counterion and 

electrolyte.[157] These CPs are then often referred to as being self-doped CPs. Key to 

maintaining good electrical conductivity has been to suppress any steric interference on 

the planarity of the CP backbone.[158] The use of side chain substituents to form solution 

processible CPs has become known as side chain engineering and the materials scientist 

now has many different substituents to choose from in their ‘side chain tool box’.[159]  

A second approach has been to employ an external polyelectrolyte to augment solubility 

and act as the counter ion for the doped state. These CPs are formed by chemically or 

electrochemically polymerising the CP monomer in the presence of the polyelectrolyte 

resulting in a dispersion between these components. This approach has the advantage 

that it does not affect pi orbital overlap on the CP backbone in the same way that 

substitution of the CP monomer does, leading to higher conductivity. Commercially 

available solution-processible CPs of this type are available based on PEDOT:PSS, such 

as and  Clevios(TM) (formally Baytron(R)), and are being developed as composite/hybrid 

soft actuators that can be cycled in air at relatively high frequencies and long cycle-

life.[160] 
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5.4. New Approaches to Fabrication 

A very interesting new approach to fabricating CP actuators and devices was recently 

present by Price et al. who have developed a CP formulation and associated 3D printing 

fabrication method capable of realizing three-dimensional CP structures that are not 

subject to geometric limitations.[161] A light-based 3D printing technique, digital light 

processing, is employed to fabricate complex microscale features in conjunction with a 

specially-formulated photosensitive polypyrrole resin (Figure 7). Their technique 

enables the fabrication of novel electroactive polymer structures and provides a 

framework for advanced 3D electroactive polymer-enabled devices capable of complex 

actuation modes. The future efforts of the group aim to optimize the polymer 

formulation and improve the resolution of the DLP fabrication system.[162] 

 

Figure 7. a) schematic diagram of DLP fabrication system, b) Fabrication of 3D ICP 
structures of a cone and a logo (geometric models and corresponding optical 
micrographs).  Adapted with permission from A. T. Cullen and A. D. Price. 
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Price et al. have also developed apparatus capable of multi-extrusion direct ink writing 

of 3D conductive polyaniline (PANI) structures.[163] The processability of the PANI was 

improved by employing counterion-induced thermal doping to enable controlled 

extrusion of the 3D PANI-DBSA structures. Constitutive models were derived to 

describe shear thinning behaviour of the paste as a function of thermal doping time. 

These models when combined with a model predicting the width of the extruded track 

provide a basis for the designer to modify key fabrication parameters such as speed, 

pressure, and nozzle diameter to enable realization of high-resolution 3D conductive 

PANI structures. Further refinement of these models is required to account for post 

extrusion flow, which leads to track widening, and the change in flow properties during 

the critical past-to-solid transition exhibited during thermal doping process. 

Likewise inkjet printing of solution processable PEDOT:PSS has recently been 

employed to fabricate thin PEDOT-based trilayer actuators using the IPN structure. 

These were capable of linear and bending actuation both in liquids and air. In aqueous 

solution linear strains of 3% were observed. The use of scalable and consistent 

processing technology, such as ink jet printing and spin coating opens, the way for mass 

production of novel linear and bending actuators.[164]  

In conclusion, the examples shown demonstrate that the electrochemomechanically 

active properties of CPs can be utilized to generate new actuating devices in a wide 

range of applications, ranging from micromechanical devices for cell biology and 

medical tools, through textiles and microUAVs, to multifunctional materials and 

devices. Challenges remain in enhancing the performance of the CP, and related 
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materials such as the SPEs, with respect to e.g. strain, speed, cycle-life and 

processability. The development of new stretchable, hybrid, and/or solution processible 

forms of CPs in combination with new fabrication techniques, particularly 3D printing, 

will be instrumental in overcoming these challenges. These developments will enable 

novel devices exploiting the soft, compliant, lightweight and silent properties of CP-

based actuators, not possible with current technology, opening commercial applications 

based on their unique potential and facilitate their mass production.  
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Figure 1. Various actuator constructions using CPs lead to different: bulk expansion, 
linear, bending bilayer, buckling sheet, bending trilayer and bending trilayer in air. 
 

 

Figure 2. Figure 2. (a) SEM photographs of a four-electrode PPy-based active catheter 
after laser micromachining, (b) Movement of the catheter. Reproduced with permission 
of [105]. 

 

 

Figure 3. A steerable guide wire activated by PPy. (a, b) Schematic drawing illustrating 
the principle of the flexible PPy actuated guide wire tip. (c, d) Two photos showing the 
PPy actuated guide wire demonstrated in a bench top set-up. In a and c PPy is in the 
contracted state and the guide wire is straight. In b and d PPy is in the expanded state 
and the guide wire tip flexes. (a, b) Reproduced from [107] and (c, d) reproduced with 
permission from [56].  
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1.  

 

2.  

3.  

4   

Figure 4. Photos (left) showing the grabbing and lifting of a 100 µm glass bead and a 
schematic drawing of this movement (right). In the microrobot arm had three PPy-
microactuator “fingers”, placed at 120° of each other, two PPy-microactuators formed 
the “wrist” and two formed the “elbow”. The photos do not illustrate that the glass bead 
is lifted from the surface before it is placed at the base of the robot arm. This is 
illustrated in grey in the second sketch to the right. Reproduced from Jager et al [53] with 
permission from AAAS. 
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Figure 5. SU-8 wings mimic venation of crane fly wings, actuated with IPN actuators 
(mass:1.1mg, size 0.9x0.15x0.009 cm3, f = 24 Hz, E = +/- 5V). Reproduced with 
permission from C. Plesse. 
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Figure 6. A) A knitted textile actuator including electrical and mechanical 
connectors from Cu-tape. B) A LEGO lever driven by the knitted textile actuator. 
Reproduced with permission  from [46]. 
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Figure 7. a) schematic diagram of DLP fabrication system, b) Fabrication of 3D ICP 
structures of a cone and a logo (optical micrographs).  Adapted with permission from A. 
T. Cullen and A. D. Price. 
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A review of advances in the development and understanding of conjugated 
polymer actuators is presented that highlights important developments in the field in 
the past decades whilst focusing on current progress and future challenges to deliver 
‘artificial muscles’ that can operate in air with high strain, force, efficiency and are 
responsive, robust, processible and suitable for mass production. 
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