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Abstract: 

In this paper, we present a review of the recent advances in the 3D printing, or additive manufacturing, of 
ionic electroactive polymers (EAP) and their future applications. Ionic EAPs are a promising field of study 
that has only recently seen a shift towards additive manufacture with advances in more sophisticated 3D 
printing technologies. Several current ionic EAP additive manufacturing processes and reported applications 
are discussed. This paper reviews explicitly ionic EAPs, over their dielectric counterparts, due to their potential 
applications as artificial muscles and the possibility to produce them through recent additive manufacturing 
developments. The mechanisms of actuation behind these recent developments and known material examples 
are also examined. We also discuss the merits of additive manufacturing and its potential in the field of 
electroactive polymer production and application. References have been provided to further cement the 
growing interest in this field and provide an in-depth explanation of the essential concepts and mechanisms. 

1.0 Introduction: 

Emerging in 1880, with Wilhelm Röntgen’s pioneering research into the effect of an electrostatic field on a 
strip of natural rubber1, 2, the field of research into EAPs and soft robotics was formed3-17. Polymers that are 
electrochemically responsive are known as electroactive polymers (EAPs). They respond to an electric field 
or current with a physical deformation or, with the reverse effect, converting movement into an electrical 
signal. Polymers are an attractive field of research due to their lightweight, inherent mechanical flexibility, 
and durability18-20. It is these appealing properties that draw the attention of both chemists and material 
engineers alike. These properties give EAPs an almost human-like range of motion and have accelerated the 
development of soft actuators, soft robots, and soft sensors that have an array of applications, from protheses 
to micro-robots21-25. Often described as “soft” actuators, EAPs fulfil the criteria of having their actuation, 
sensing, and motion transmission elements being seamlessly applied to a continuous singular body26.  

The 3D printing of soft and programmable materials is a valuable tool as it allows the more complex 
geometries required by an idealised “soft robot”. By making use of their ability to emulate natural muscles 
and having a considerable actuation strain, EAPs are often applied to the production of artificial muscles and 



smart prosthetic devices that can be external or internal to the human body14, 15, 21, 27-29. Recently the use of 
EAPs to produce refreshable Braille displays has also been shown30, 31. These tactile displays use an array of 
EAP actuators that can be individually activated to raise or lower the Braille dots on the display. These displays 
can be used to develop so called “artificial skin”, in which a visual change can be created by utilising the 
tactile impressions on a high resolution tactile display32. These materials also display a great capacity for 
microfluidics, with both diffusion micropump and displacement micropump applications being known33. 
Aside from these microfluidic pump applications, they also show promise as chemical sensors and chemical 
transistors34. Lastly, with their potential application into microelectromechanical systems (MEMS) as smart 
actuators, it is easy to understand the interest around EAPs.  

This paper has a particular focus on ionic EAP and their actuators due to their biomimetic potential in artificial 
muscles development. Ionic EAP actuators have garnered much interest in recent years as potential 
alternatives to dielectric EAPs, and conventional hard bodied actuators and sensors due to their low electrical 
energy consumption, biocompatibility, durability, and some have displayed an ability to operate in both air 
and aquatic environments27, 35-39. Due to their bi-directional actuation and low voltage requirements, they show 
potential as grippers and multiple degrees of freedom (MDOF) actuator systems5, 40, 41. Additionally, recent 
research has uncovered novel additive manufacturing techniques to allow for the extrusion of ionic EAP 
actuators 5, 7, 16, 17, 40, 42. 

A review article by Zolfagharian et al 201643 extensively reviewed the standard 3D printing processes of soft 
actuators. In this review, the likes of shape memory polymers, photopolymers or light activated polymers, 
hydraulic and pneumatic actuators were all covered in detail. However, ionically driven EAPs were not the 
main focus in this review, and few examples were given or detailed. Bar-Cohen and Anderson also published 
a review article in 20199. Covering a great depth of EAP actuator knowledge, they discuss the fields of 
dielectric EAP actuators and ionic EAP actuators in detail. Additionally, by providing descriptions and 
examples of EAP actuators, categorised into the several subgroups of these two fields, the attractive properties 
of EAPs are emphasised. However, the examples of 3D printed ionic EAP actuators are limited. A review by 
Martins et al in 20208 once again provides great knowledge into the working principles, applications and 
limitations of EAP actuators. However, once again, examples of 3D printed ionic EAP actuators were limited.  

Because of the scarcity of current literature explicitly focussed on the additive manufacturing of ionic EAPs, 
this review places more focus on this aspect of ionic EAPs, in which the core ionomeric materials are shown 
to be 3D printable. That is to say, where the core ionomeric material responsible for ion transport through the 
bulk of the sample has been shown to be explicitly reproducible by additive manufacture. The reason that 
interest is given to the core ionomeric materials printability is that this forms the backbone of the actuator and, 
by being printable, allows more complex geometries to be formed, for example, multiarmed grippers and 
walkers. Additionally, by focussing on the printability of the core ionomeric material, time in post-production 
assembly can be saved, and new exciting applications can also be discussed. 

 
Figure 1: The two types of EAP actuators and a depiction of their actuation. 



 

2.0 Ionic and Dielectric Electroactive Polymers Overview: 

Ionic EAPs generally consist of two electrodes and an ionomeric core material capable of ion exchange. Upon 
activation, ionic EAPs can be used to produce bending phenomena due to their specific ion movements in an 
electrical field27, 36, 44-48. Several types of ionic EAPs have been developed, such as ionic polymer gels48-52, 
ionic polymer-metal composites (IPMCs)40, 41, 53-62, nanocarbon EAPs 30, 63-69 and conductive polymer EAPs28, 

70. Their flexible nature and bending mechanism garner much interest in the development of artificial muscles, 
soft robots and flexible/wearable sensors29, 47, 53, 71. 

Ionic EAPs are not without their areas of weakness and have great potential for improvement (as seen in Table 
1)9, 43. The force exerted is weaker than in their dielectric counterparts in part due to their ionic displacement 
mechanism. As a result of their relatively lower electrochemical coupling coefficient, their efficiency is also 
comparatively low, typically less than 30%38, 47, 71. These low forces do not mean that the polymer samples 
themselves are weak, as ionic EAPs have been shown to lift masses several times their own, as well as to 
produce grippers and arms capable of locomotion5, 47. As a result, these areas of improvement are of key 
interest for the development of more efficient ionic EAPs. 

Dielectric EAPs are driven by the columbic attraction of parallel plate electrodes22, 25, 39. Structurally unique 
from their ionic counterparts, the core elastomeric material contained in dielectric EAPs is utilised for its 
elastic behaviour under traction and contraction forces4. As such, the core elastomer defines much of the forces 
generated and the magnitude of the operating voltages required for successful contraction. Due to the 
monodirectional nature of the actuation produced by dielectric devices, dielectric actuators struggle to produce 
the natural bending motions observed in their ionic counterparts. However, these limitations can be overcome 
through careful device design72, 73. Dielectric actuators are often utilised as soft pumping devices, wearable 
sensors and oscillators due to their expansive/contractive actuation mechanism, 12, 25, 31, 32, 74. 

Table 1: Comparison of Ionic and Dielectric Electroactive Polymers 

Type of EAP Advantages Areas for improvement 

Ionic  Low operating 
voltage 

 Natural bidirectional 
bending is driven by 
voltage polarity 

 Large bending 
displacement 

 Low bending 
actuation force 

 In air operation 
requires electrolyte; 
consideration to 
lessen the impact of 
evaporation 

 Aqueous systems 
suffer from 
hydrolysis at >1.23V 

 Low electrochemical 
coupling coefficient, 
hence lower 
efficiency 

 Do not hold strain 
using DC voltage 
(except for Nano-
carbon and 
Conducting polymer 
EAPs) 

Dielectric  Room temperature 
stability 

 Require large 
operation voltages 



 Hold strain using DC 
voltage 

 Large activation 
forces 

 Rapid response times 

 Electrostriction 
actuation results in 
monodirectional 
actuation irrespective 
of voltage polarity 

 Pre-straining 
required during 
fabrication 

 

3.0 Ionomeric Materials for Ionic Electroactive Polymer Actuator Fabrication 

The physical diffusion of ionic species through the ionic EAP actuator is what drives actuation. Ion choice in 
ionic EAPs is vital as the various ion mobilities are affected by hydration volumes, charge and ion size44, 45, 

75. Additionally, interactions with the ionomeric polymer network46, 76-79 also defines the operational 
capabilities of the actuator in terms of actuation rate, degree of movement and force generated37, 78. Ion 
hydration volume has, perhaps, the most significant effect on an actuator’s performance, as ions with larger 
hydration volumes would suffer from decreased mobility but at the same time generate more strain for 
actuation. Therefore, there exists a balance between the actuator tip force generated and the rate at which 
actuation occurs. Additionally, ion–polymer interactions within the network will lead to additional mobility 
factors such as the movement of identically charged species past each other will result in drag38, 80. 

Therefore, since ion transport through the actuator is of great importance, material choice for the core 
ionomeric material is paramount. Several examples of acrylate and vinyl based polymer gel networks have 
been utilised to facilitate ion transport48, 49. These include the likes of poly(methacrylic acid) gel and 
poly(acrylamide-co-acrylic acid) gel in an electrolyte solution of sodium chloride. By nature, these gels have 
high affinities to aqueous solutions, and hence they help facilitate the transport of hydrated cations through 
the polymer network. Easily obtained and easy to work with, these acrylate and vinyl networks make a good 
choice for ionic polymer gel actuators. 

At the forefront of ion exchange materials development, and also bearing an iconic name, DuPont’s 
Nafion™ perfluorinated polymer membranes have seen a wide range of academic and materials research81-

83. Due to its popularity as a highly cationic conductive membrane, several analogues have been developed. 
These include Flemion™ of Asahi Glass, Aquivion™ of the Solvay Group, as well as various other 
fluorinated polymer networks84-86. Well known for its physical robustness, chemical inertness, and high-
water permeability, Nafion™ is a prime candidate for ionic EAP actuators. Additionally, through the use of 
ionic liquids as electrolytes, IPMC actuators of higher performance are produced87. By tuning the binding 
energy and diffusion coefficients of these ionic liquids, the bending strain and charging time of the IPMC 
actuators can be controlled88.  

The synthesis of numerous block copolymer ionomeric materials has been shown by groups such as 
Watanabe et al41, 89, Long et al90-92 and several others93, 94. These block copolymers self-assemble into ionic 
phase regions and non-ionic phase regions, with the ionic regions providing diffusion pathways through the 
bulk of the sample. Several Interpenetrating Polymer Network (IPN) ionic EAP actuators have been shown 
using poly(ethylene oxide) interlaced with other polymer network blends95-97. The concatenation of different 
polymer networks forms an IPN that cannot be separated without the cleavage of chemical bonds. They 
possess good thermo-mechanical properties, and with consideration given to the free volume available for 
ion migration, the ionic conductivity can be tailored98-101.  

Conducting polymer actuators can be formed via electrochemical polymerisation of an inert electrode and 
can be actuated either in contact with said electrode or as a free-standing film102. Actuation is performed 
using small mobile anions and the expansion upon oxidation and contraction upon reduction. This is often 
referred to as anion driven actuation, with the reverse being confirmed in the case of larger anions being 
immobilised within the conduction polymer network and the subsequent movement of smaller cations to 



maintain charge balance. This cation driven actuation causes an expansion upon reduction to occur. Several 
conducting polymers have been utilised in actuator production, with Poly(aniline), Poly(3,4-
ethylenedioxythiophene) and Poly(pyrrole) being some of the best documented103-106. 

3.1 Electrode Materials for Ionic Electroactive Polymer Actuator Fabrication 

Brought forward by Oguro et al 1993107, the electroless plating of highly conductive platinum nanoparticles 
can be directed onto the surface ionic membranes allowing for the production of highly conductive Nafion™ 
and similar soft IPMC actuators. The plating of conductive precious metals such as platinum and gold 
provides an efficient and straightforward electrode production method38, 108. However, the formation cracks 
in the electrode surface can form regions free of metal nanoparticles and result in increased resistance or 
electrode failure109. As such, the development of conducting polymer reinforced electrodes has been shown 
to lengthen precious metal electrode lifetime as well as prevent electrolyte evaporation.  

Conducting polymers such as poly(aniline) and poly(pyrrole) display the necessary features for soft 
electrode production due to their flexible nature. Continued research into the additive manufacture of 
conducting polymers also makes these soft actuators a very exciting area of research28, 70, 110, 111. 
Additionally, due to their unique redox cycling mechanism conducting polymer EAPs are also capable of 
sustaining strain under an applied DC potential. Nano-sized carbonaceous materials such as carbon 
nanotubes and buckyballs have been extensively researched for their structural properties in composite 
materials112-114. However, by utilising polymer/nanocarbon composite materials, the electrically conductive 
carbon materials can be utilised as effective electrodes for actuator production. Additionally, the mechanism 
of charge injection affecting the length of the carbon-carbon bonds in the nano-sized carbonaceous 
electrodes allows for sustained strain under applied DC voltage, overcoming a key drawback of ionic EAP 
actuators. 



 

Figure 2: Chemical structures of several commonly used polymer networks for ionic EAP actuator 
production. 

 

3.2 Mechanisms of Ionic Electroactive Polymer Actuation 

The following section details the mechanisms by which the four main types of ionic EAP actuators are driven. 
The movement of ionic species constrained in the polymer matrix is the driving force of the electro actuation. 
The application of electric potential and the subsequent migration of charged species result in a nonuniform 
build-up of stress in the polymer sample. The result is a physical deformation to relieve this stress. The ionic 
species interaction with the polymeric core material and the electrode layers helps define the different 
mechanisms of operation. As such, the four sections below briefly summarise the chemical and physical 
effects that occur during actuator operation and the resulting physical deformation.  

3.2.1 Ionic Polymer Gel Actuators 

A polymer gel actuator is composed of mobile ions and fixed anions within the polymer network. Initially, all 
charges are in equilibrium until an electric field is applied (Figure 3). With the application of an electric field, 



mobile cations migrate towards the cathode at a faster rate than mobile anions migrate to the anode. This is 
due to the fixed anions within the polymer network48. Due to the difference of ion concentrations at the 
opposite gel surfaces and the difference in respective ion concentrations within the solution and the gel, 
osmotic pressure is developed on the surface of the gels52. It is this difference in osmotic pressure that causes 
the bending phenomenon of the gel with its anodic side concave. Consequently, these ionic polymer gel 
actuators are expected to bend in the reverse direction (cathodic side concave) if the gel is in contact with the 
anode48. Initially reported in 1955 by Katchalsky et al 115’ ionic polymer gels have seen extensive attention in 
regards to EAP actuator production. In recent years the use of new ionic liquids and macromolecules for more 
efficient in-air operation has been significant 9, 24, 116. 

 
Figure 3:Ionic polymer gel actuator in a single electrolyte system (adapted from Jo and Kwon 201148). 

 

3.2.2 Ionic Polymer-Metal Composite Actuators 

IPMCs are a widely studied ionic EAP material. Initially reported by three groups in 1992, the primary 
attraction to IPMC actuators are their characteristically low operational voltages62, 117, 118. In IPMCs, metal 
electrodes on the surface of an ionomeric polymer backbone drive the production of an electric field through 
the sample38, 107, 108. These backbone materials are ionic conductors that, through the anionic species fixed in 
the network, allow for the transport of cations at a high rate76, 78, 79, 119. As seen in Figure 4, the ion transport 
of hydrated cations to the cathode is facilitated by the sulfonic acid ionomeric polymer backbone. The 
increased build-up of cations on the cathodic side of the sample produces a strain that causes the sample to 
bend towards the anodic side47, 71. With the development of cation grafted perfluorinated polymers such as 
poly(vinylidene fluoride-co-hexafluoropropylene) (aka PVdF – HFP), the transport of anions is possible, and 
hence the opposite bending direction is achieved56. 



 
Figure 4: Ionic polymer-metal composite actuator with a single electrolyte solution (adapted from Bar-

Cohen and Zhang 2008, and Bhandari et al 201229, 71) 

 

3.2.3 Nanocarbon Actuators 

Carbon nanotubes were first reported in 1999 to construct an EAP actuator65. Actuation in nanocarbon 
actuators is driven by the electrolyte forming an electric double layer with the nanocarbon structures. This 
double layer allows for the injection of charges that affect the ionic charge balance between the nanocarbon 
structure and the electrolyte, with larger charge injections resulting in more significant dimensional changes. 
These changes in dimension can be explained due to changes in the carbon-carbon bond length65. The removal 
of electrons in the nanocarbon structures cause them to carry a net positive charge. This net charge results in 
the repulsion of the adjacent carbon nuclei and hence increasing the carbon-carbon bond length9. These nano-
scale size changes lead to the expansion and contraction of the nanocarbon gel electrodes on the macroscale30. 
This leads to the bending motion of the actuator, as seen in Figure 5. 



 
Figure 5: Nanocarbon actuator with an ionic liquid electrolyte (adapted from Asaka et al 201330). 

 

3.2.4 Conducting Polymer Actuators 

Conducting polymer actuators function via a reversible counter-ion insertion/expulsion process during redox 
cycling111, 120-122. An applied voltage supplies the cathode of the actuator with electrons for reduction while 
oxidation occurs at the anode (Figure 6). An exchange of ions from the electrolyte causes swelling of the 
conducting polymer, which can occur upon oxidation (for anion movement to balance positive charges on the 
conducting polymer) or upon reduction (for cation movement, where bulky immovable anions are employed).  
A combination of both actuation types accentuates the bending of the actuator shown in Figure 6. Finally, the 
migration of ions via the ionomeric polymer backbone allows for the charge to be balanced between the 
electrodes9. Conducting polymer actuators are an attractive field of research, including trilayer designs that 
are alternatives to electrostatic and piezoelectric polymer actuators, with large strains being generated123. 



 
Figure 6: Conducting polymer actuator with an ionic liquid electrolyte, cation driven actuation method 

(adapted from Kim et al 2013110) 

3.2.5 Comparison of Ionic Electroactive Polymer Actuator Structure-Property Relationships 

While all ionic EAP actuator mechanisms operate on the principle of migration of mobile charged species in 
the presence of an electric field, the specific chemical structures and electrode materials defines the four 
operational mechanisms presented above. 

As the defining feature of ionic EAP is their lower operational voltages, the electrochemical properties of the 
core polymer materials are of great importance. Highly conductive materials such as Nafion™ and other anion 
grafted perfluorinated polymers are often used in IPMC, nanocarbon and conducting polymer actuator 
production59, 109, 124. These conducting membrane materials are robust and durable but also have significant 
negative environmental impacts due to their synthesis and long lifetimes125, 126. From an application 
standpoint, these materials can be formed to shape using various casting and moulding techniques127, 128. These 
membrane materials are best applied to extrusion-based additive manufacturing7. 

The implementation of ionic liquid electrolyte trapped within a polymer gel allows for the development of 
efficient ionic EAP actuators that have good air-stability24, 116. These ionic gels have been used in nanocarbon 
as well as conducting polymer actuators51, 129. Additionally, these ionic gels have been shown to be fabricated 
using conventional casting and moulding methods as well as photocuring51. As such, these forming methods 
could be applied to both extrusion and light-based additive manufacturing130. Therefore, for future 3D printing 
applications, these ionic gel systems show great potential. 

The choice of electrode material in ionic actuators plays a key role in the performance of devices, as it interacts 
directly with core ionomeric material. Electrically conductive precious metals such as gold and platinum are 
often used in IPMC production60, 131. However, composite materials of electro-grafted PEDOT on top of metal 
electrodes has been shown to improve actuator performance and lifetime109. Finally, for additive manufacture, 
electrodes made of nanocarbon and conducting polymers have already shown promising results16, 132.  



Table 2: Summary of Recent Ionic Electroactive Polymer Actuator Materials and Applications 

Material 
Types 

Mechanism Example Materials Reported and Potential Applications  

Ionic 
Polymer 
Gel 
Actuator 

Movement of 
Hydrogen 
cations in and 
out of the gel 
due to an 
applied voltage. 
This movement 
of ions results 
in the reversible 
bending of the 
sample 

Poly(Sodium acrylate) 
gel in sodium carbonate, 
Poly(Methacrylic acid) 
in sodium chloride 
solution and 
Poly(Acrylamide-co-
Acrylic acid) gel in 
sodium chloride 
solution 48 

Bending actuators, shrinking actuators and 
artificial muscles48, 49 

Ionic 
Polymer-
Metal 
Composite 
Actuators 

A material 
capable of ion 
exchange 
provides areas 
of local 
negative 
charge. These 
clusters allow 
for the 
movement of 
mobile cations 
from the anode 
through a series 
of channels or 
holes. These 
mobile cations 
are responsible 
for the bending 
phenomenon 

Ionomers: 
Nafion™ (sulfonated 
tetrafluoroethylene 
made by DuPont)5, 6, 124 
Flemion™ (Nafion™ 
analogue of Asahi 
Glass)55 
Cation/Anion – grafted 
PVdF-HFP56 
PVdF-CTFE133 
Charge carriers: 
Various cations and 
anions 
Electrodes: Various 
precious metals38, 107 

Bending actuators, twisting actuators, soft 
robots, crawling/walking motions, multiple 
degrees of freedom actuators and artificial 
muscles5, 7, 40 

Nanocarbon 
Actuators  

Charge 
injection and 
the changing of 
carbon-carbon 
lengths in the 
nanocarbon 
structures 
Affect the 
charge balance 
between the 
nanocarbon 
electrodes and 
the electrolyte. 

Single or multiwalled 
Carbon nanotubes64-68 
Bucky gels30, 63 
 

Bending actuators, soft robots, biomimetics, 
artificial muscles and micro braille display30 

Conductive 
Polymer 
Actuators 

Oxidation and 
reduction occur 
in conductive 
polymer 
materials due to 
an applied 
voltage. This 
oxidation and 

Poly(Aniline)103, 
Poly(3,4-
ethylenedioxythiophene
)104, and Poly(Pyrrole)28, 

70 

Bending actuator, folding actuators, hinges, 
micro pumps and potential for artificial 
muscles28 



reduction cause 
insertion or de-
insertion of ions 
into or from the 
polymer 
network. This 
results in a 
swelling or 
shrinking 
effect. 

 

4.0 The Current State of Electroactive Polymer Actuator Fabrication:  

Traditional methods of EAP production requires slow, often manual, production of devices and lengthy post 
processing and assembly43. A dominance in casting, moulding, and pressing techniques, as well as a reliance 
on prefabricated, commercially available materials, creates issues that are addressed by a shift to additive 
manufacturing. Unfortunately, some EAP production techniques also require complex and time-consuming 
synthesis procedures that cannot easily be applied to additive manufacturing. These include electrochemical 
polymerisation procedures134 and other emulsion polymerisation techniques that require high pressures and 
temperatures135.  

A review of current literature indicates that the current state of ionic EAP production has untapped potential 
in synthetic and polymer chemistry research. On the other hand, groups that produce novel EAP networks 
tend to focus more on the ion exchange and conductivity capacities of their novel networks and not the 
potential applications as soft ionic EAP actuators136-138. Therefore, a shift to additive manufacturing will 
require an overlapping interest between the fields of polymer chemistry, materials engineering, as well as 
having a great depth of additive manufacturing understanding. However, should more methods based on 3D 
printing be developed, the time spent in post-production and assembly could be lessened and also help make 
actuator fabrication simpler. By incorporating these manufacturing techniques, the number of discrete parts 
and the need for housings and fittings could be lowered. As a result, the time spent in post-processing and 
assembly would be reduced and simplified. Additionally, 3D printing can facilitate batch production of EAP 
samples and eventually even the mass production of samples139. For example, batch production could facilitate 
the testing of several actuators or soft robot elements in a faster time frame. Considering these factors, a shift 
towards 3D printing is both desired and beneficial. 

5.0 Additive Manufacturing for Ionic EAP Soft Actuator Production: 

Several examples of 3D printed soft actuators have been developed, including the likes of shape memory 
polymers140, 141, light activated polymers42 and dielectric22, 74 EAPs. Examples of ionic EAP actuators that 
make use of 3D printing technology can also be readily found41, 142, 143. However, they often employ the use 
of additive manufacturing to produce electrodes, moulds, fixings, and other components rather than the core 
ionomeric material that is the backbone of the actuator. This section will focus exclusively on the additive 
manufacturing of core ionomeric materials for use in ionic EAP actuators. 

Material extrusion (MEX) additive manufacturing is a popular 3D printing technique. The principle extrusion 
method is simple to understand and apply, and as such several research teams have developed their own MEX 
3D printers7, 144. By vectoring across the surface of the build plate, individual layers are laid down from the 
print head, initially on top of the build plate and then on each other, until the desired shape is achieved (Figure 
7a). Fused deposition moulding (FDM) is a key extrusion 3D printing technique that makes use of melt-
processable polymer filaments to produce intricate objects. 

On the other hand, vat photo-polymerisation (VPP) methods make use of photo-curable resins to produce 
printed objects. There are two subgroups of VPP, namely Digital Light Projection (DLP) and 
Stereolithography Apparatus (SLA). DLP makes use of either and liquid crystal display (LCD) screen, liquid 



crystal on silicon (LcoS) or a digital micromirror device (DMD) to produce a photomask145. This mask creates 
the outline of each individual layer. Each layer is then cured using an inbuilt light source to form the desired 
shape from the build plate (Figure 7b). Lastly, SLA makes use of a laser beam to direct light onto the build 
plate using mirrors with controllable angles. This laser beam spot then vectors across the surface of the plate 
to build up the desired shape (Figure 7c). 

 
Figure 7: Overview of the mechanisms of 3D printing. a) FDM printing process. b) DLP printing process. c) 

SLA printing process 

The use of additive manufacturing to produce ionic EAP soft actuators continues to be an appealing but elusive 
prospect for many. In particular, 3D printing with vat photo-polymerisation (VPP) methods, such as Digital 
Light Projection (DLP) and Stereolithography Apparatus (SLA), remain primarily open for investigation. 
These light-based printing approaches hold great potential for the production of soft actuators as they 
commonly display faster build speeds and higher layer-by-layer resolution than their counterparts and have 
already shown good use in a wide range of applications146-154. Faster build speed allows for more efficient use 
of time in development and prototyping. A higher resolution allows for smaller and more precise soft actuators 
to be produced.  

There are certain difficulties in overcoming the limitations inherent to 3D printers that are primarily designed 
for commercial applications (Table 3). These include challenges due to the large volumes of material required, 
a focus on primarily MEX techniques, as well as having an accessible melting point for these thermoset 
extrusion techniques.  

Photo-polymerisation, on the other hand, poses challenging requirements of the liquid starting materials, and 
a suitable rate of curing for the layer-by-layer printing process is needed. Ultimately, a faster rate of sample 
production, compared to manual preparation, is a major point in favour of 3D printing. Consideration must be 
taken in monomer and photo-initiator choice155, 156. These challenges limit the number of monomeric materials 
suitable for vat-based additive manufacturing. As such, few truly 3D printed examples of ionic EAPs have 
been shown, in which the core ionomeric polymer material has been produced via additive manufacture.  

Fortunately, FDM and other material extrusion-based printing techniques have shown successful soft actuator 
production. Notably, the research conducted by Carrico and his colleagues has demonstrated the application 
of 3D printed IPMC actuators by making use of a modified FDM method5-7, 40, 54. Additionally, other examples 



of 3D printed ionic actuators, such as the layer-by-layer casting of bucky-gel actuators16, 63 and a direct writing 
technique of Nafion™ solution and single-walled carbon nanotubes (SWCNT)17, are also reviewed here. 

Table 3: Limitations Affecting the 3D Printing Methods of Ionic EAPs Actuators 

Type of 3D Printing Advantages Limitations 

Material Extrusion (MEX)  Simple working 
principle 

 Low cost and easily 
accessible 

 Filament requires an 
accessible melting 
point 

 Filament requires 
suitable rheological 
properties for 
extrusion 

 Difficulty printing 
fine detailed items 

Stereolithography 
Apparatus (SLA) 

 High precision due 
to small laser spot 
size 

 Smoother surface 
finish over 
counterparts 

 Requires a 
photosensitive resin 
for curing 

 Longer print times 
due to having to 
vector across the 
print surface 

Digital Light Projection 
(DLP) 

 High precision due 
to small pixel size 

 Fast print time due to 
each layer curing in 
full as a raster 

 Requires a 
photosensitive resin 
for curing 

 Rougher surface 
finished compared to 
SLA 

 

5.1 Material Extrusion of Nafion™ Precursor for IPMC Soft Robot Fabrication: 

IPMC devices have been used in a variety of applications ranging from underwater propulsion systems157-159, 
micro pumps160-162 and sensors163, 164. However, these have made use of conventional fabrication techniques. 
Recent Ionic EAP research using MEX 3D printing has led to the production of IPMC soft robots that can 
display linear movement40.  

In 2015 Carrico et al developed a novel approach for the additive manufacturing of Nafion™ IPMCs7. By 
utilising a MEX technique, the production of 3D IMPC structures with sub-millimetre scale resolution and at 
a fast rate was achieved. Impressively, their 3D printing technology can also incorporate other thermoplastics 
such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA). This would allow for the construction 
of composite structures with inert and active regions.  

In its conventional form, Nafion™ is not capable of being melt processed165. To overcome these limitations, 
melt processable Nafion™ sulfonyl fluoride precursor had to be obtained and extruded into a filament for 3D 
printing. Therefore, after being formed to the desired geometry, the 3D printed object could be activated via 
hydrolysis. Finally, electrode surfaces of platinum were deposited using an electroless plating process, as 
described by Oguro et al 1993107. Using their custom extrusion setup, Carrico et al were able to produce 3D 
printed IPMC actuators that performed on par with their conventional Nafion™ IPMC counterparts7. They 
also demonstrated that their 3D printed IPMC displayed superior responses at lower frequencies (Figure 8a). 



 
Figure 8: a) Comparison between Carrico et al 2015 3D printed Nafion™ IPMC actuator and a convention 
sheet based Nafion™ IPMC actuator and adapted from Carrico et al 20157. b) Blocking forces generated by 

the 3D printed ionic EAP actuators, showing the effect of the waveform on blocking force generated and 
adapted from Yin et al. 2021166. 

 

Using this custom built 3D printer, Carrico et al 2017 were able to produce 3D printed IPMC actuators with 
various functions, and in structures that would be difficult and time-consuming to reproduce using more 
conventional methods5. These additive manufacturing techniques were used to produce a single actuator 
capable of multiple actuation directions without the need of additional parts or complicated setup procedures, 
as well as actuators capable of rotational and gripping motions. These actuator examples showed that, with 
correct design and application, the restriction of ionic EAPs being limited to bending motions could be 
circumvented. By using purposeful computer aided design (CAD), actuator examples with a variety of 
potential applications could be manufactured. A publication by Yin et al 2021166 further developed the MEX 
technique of Carrico et al. In this paper, they further explored the additive manufacturing techniques of IPMC 
production and highlighted the balance required in material extrusion for adequate printing quality. They 
further characterise their printed IPMC actuators in terms of blocking force. These actuators, produced using 
3D printing, developed blocking forces of up to 10.5 mN, where the input waveform shape affected the 
blocking force (Figure 8b)166. Furthermore, these AM produced IPMCs showed comparable ion exchange 
capacity to conventional Nafion™ membrane materials, showing that the novel extrusion techniques and 
subsequent hydrolysis did not limit the material’s ionic capabilities. 

Additionally, Carrico et al 2017 were able to combine these novel actuators to produce a 3D printed artificial 
“caterpillar” or a soft crawling robot, which combined both gripping and linear actuation to produce a 
controllable walking motion (Figure 9)40. Made up of “body segments” and “leg segments”, the soft robot 
walks using an expansion /contraction motion of the body segments and a gripping motion of the leg segments. 
These soft robots were capable of linear movement of up to 15.5 centimetres in the span of 9 minutes. Finally, 
by implementing Bayesian optimisation as a learning-based control approach, challenges in existing methods 
where continuous sensor feedback is required could be addressed54. Unfortunately, degradation of the IPMCs 
over time resulted in successive experiments being unable to replicate the same performance54 and 
highlighting one of the areas of improvement needed in IPMC production.  

Overall, Carrico et al successfully brought a well-known IPMC production technique into the realm of additive 
manufacturing. In doing so, they could overcome the difficulties of conventional post-processing and 
assembly to produce actuators and a soft crawling robot. This highlights that the additive manufacturing of 
IPMC structures has many benefits. 



 
Figure 9: Fabricated soft crawling robot from additive manufacture, reproduced with permission from 

Carrico et al. 40. Original (a and b) and platinum plated (c and d) bodies and legs. e) Assembled soft robot 
attached to a clear tube underwater. f) Closer view of the assembled soft crawling robot. 

 

5.2 Layer-by-layer casting of Bucky-gel Actuators and Sensors: 

In 2003, Fukushima et al developed a thermally stable ionic liquid / SWCNT gel with high 
electroconductivity130. Room-temperature ionic liquids of imidazolium ions could be ground with SWCNT to 
form physically crosslinked gels, also known as bucky-gels. This gelation process exfoliates the heavily 
entangled SWCNTs by a possible cation-π interaction when ground in imidazolium ionic liquids167 to form 
finer bundles. Additionally, thermal polymerisation of molten salts such as 1-(4-acryloyloxybutyl)-3-
methylimidazolium hexafluorophosphate (ABMIPF6) could be performed to produce homogeneous polymer 
composites of exfoliated SWCNT130. These composites were shown to have increased dynamic hardness as 
well as being electrically conductive. 

Further expanding upon the ionic liquid / SWCNT gel synthesis techniques developed in 2003, Fukushima et 
al 200563 were able to develop a novel dry actuator through the layer-by-layer casting of the electrode and 
ionomeric core components. Electrode composites consisting of exfoliated SWCNT, room-temperature ionic 
liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIBF4) and PVdF – HFP were cast in a simple three-
layer configuration over an internal layer of BMIBF4 and PVdF – HFP63. Using this process, they did not 
require the deposition of a metallic layer electrode or the electrochemical polymerisation of conducting 
polymer electrodes. They had developed a programmable AM casting method in which the electrode surfaces 
and core ionomeric material is seamlessly connected, facilitating both intra and inter-layer ion transport 
necessary for rapid response. 

Incorporating the techniques developed by Fukushima et al, Kamamichi et al 200816 were able to successfully 
develop a novel MEX additive manufacturing process in which the layer-by-layer casting of bucky-gel 
actuators could be realised. A custom dispenser apparatus was developed to facilitate the extrusion of the 
gelatinous mixtures of the electrode and ionomeric core. The 3D patterning of electrodes was used to construct 
various complex 3D models, including the likes of a linear actuator via a reversing electrode connection 
(Figure 10b and c)16. These linear actuators provided an optimal pathway to convert the mechanistically driven 
bending motion of ionic EAPs to useful linear locomotion by means of an “S” shaped bend.  



Overall, by adopting this additive manufacturing technique, the conventional manual casting could be replaced 
with a true automatic forming process, and the construction of parallel or stacked sensor and actuator devices 
could be realised as a true one step printing process in which all components can be printed. 

 
Figure 10: Bucky gel additive manufactured reversing actuators, reproduced with permission from 

Kamamichi et al. 16. a) Reversing connection printing pattern. b) Fabricated Bucky-gel reversing actuator. c) 
Bending produced from these reversing actuators. 

 

5.3 Direct Writing of Single-Walled Carbon Nanotube / Nafion™ Composites 

Using customised direct writing equipment to print their novel SWCNT / Nafion™ composites, Luo et al 
201817 were able to extrude layer-by-layer actuator structures. Critical challenges they needed to overcome 
were that the ink needed to have both the desired rheological properties for printing and shape retention as 
well as being able to solidify without cracking. After careful characterisation of ink viscosity and adhesive 
bonding strengths, the viscoelastic behaviours of their composite inks were adapted for extrusion printability. 
They were therefore able to show that with Nafion™ concentrations between 20-70wt% and as long as the 
extrusion pressure was above a certain threshold, the printing of the core Nafion™ ionomeric material was 
feasible17. Using a SWCNT slurry as an electrode material, the initial electrode layers could then be printed 
onto a glass substrate. This was followed by subsequent layers of Nafion™ material and finally SWCNT to 
sandwich the structure (Figure 11). They therefore showed a proper multi-material 3D printing process of their 
novel SWCNT / Nafion™ composites. Cyclic voltammetry of the composite sample revealed that the 
electrode system could be considered quasi-reversible. Additionally, the sensory performance of their printed 
structure was analysed and showed that as pressure was exerted along with the printed matrix, a corresponding 
varying output voltage could be determined17. This shows promising evidence that individual areas of their 
printed sample can be utilised for their sensory effect, with potential application in flexible sensors and 
artificial skin.  



 
Figure 11) a) Multi-material printing process, reproduced with permission from Luo et al. 17, showing the 
printability of the novel SWCNT / Nafion™ composites. b) SEM image of the SWCNT electrode surface, 

scale bar to 1 pm. c) SEM image of the cross-section of the composite, scale bar to 200 nm. 

 

5.4 Additive manufacture of Ionic Liquids and Ionic Liquid/Polymer Blends 

By utilising MEX additive manufacturing technologies, research teams have been able to extrude ionic liquid 
(IL)/polymer blends into an array of different electronic devices. Notable applications include soft sensors50, 
soft actuators168 and energy harvesting169. Due to the large array of potential ionic liquids at disposal, these 
possess inherent flexibility and tunability. ILs can be tailored to the specific requirements of a project and, as 
such, have a great opportunity to be implemented in additive manufacturing. Blends of ILs and perfluorinated 
polymers such as PVdF are often used in MEX 3D printing of devices16, 169. One of the very attractive aspects 
of ILs is their enhanced room temperature stability compared to aqueous electrolytes. As a result, they can 
improve the operational ranges of the devices170. By utilising the room temperature stability and conductivity 
of ILs and the robustness and durability of perfluorinated polymers, soft devices could be prepared for actuator 
and sensing purposes. 

First shown by Long et al 2014171, the photo-polymerisation of ionic liquid monomer and diacrylates was 
utilised using SLA techniques to produce 3D printed complex objects. Additionally, by tuning the IL ratios, 
the glass transition temperature could be tuned to directly affect the ionic conductivity of the devices. These 
results show the additive manufacturing opportunity that ILs possess, as they have been successful with not 
only extrusion methods but also photocuring techniques. 

6.0 Prospects for Ionic Electroactive Polymers and their Additive Manufacturing: 

An attractive prospect for ionic EAP actuators is in the production of biomimetic artificial muscles. Indeed 
several examples of successful biological like movements have been recorded40, 172. However, to draw closer 
to biological movements, ionic EAPs have to be able to produce both powerful and rapid movements to 
simulate fast and slow twitch muscle fibers173. Additionally, with the recent and continued development of 



air-operating ionic actuators, the limitations and boundaries of a challenging aspect of ionic EAP operation 
are steadily being pushed back174-176. The additive manufacture of soft actuators is an exciting area of research, 
with considerable prospects for the development of true one-step production processes where housing or 
fittings, ionomeric polymer core and electrode surfaces can all be printed in one project (Figure 12). 

These one-step processes would allow for ease of assembly and save time in post-production. As additive 
manufacturing techniques continue to evolve in resolution and size, so too should ionic soft actuator 
production. The development of smaller and more resolved actuators can push the boundaries of lifelike 
artificial muscles, should bundles of additive manufactured EAP artificial muscle fibres be produced. 

While vat photo-polymerisation driven by additive manufacturing systems such as DLP and SLA pose several 
hurdles to overcome in terms of monomer material phase and curing speed, light-based 3D printing boasts a 
higher resolution with producing finer details due to the small laser spot/pixel size used. Additionally, build 
rates of DLP 3D printers are typically faster for larger prints when compared to more conventional extrusion-
based 3D printing techniques. This is due to the process of DLP curing entire layers at once. Therefore, it 
presents a significant opportunity for the continued development of ionic actuator production. 

 
Figure 12) Prospective 3D printed soft robot, in which the ionic EAP actuator and robot body can be printed 

using a single printing process. 

 

7.0 Conclusion: 

In recent years new research into the additive manufacture of electroactive polymers has been performed, and 
the results are exciting. This paper presents a summary of the recent developments in ionic EAPs in which the 
core ionomeric polymer material is 3D printable. The four primary materials that have been utilised for ionic 
EAP actuator production and their corresponding ionic actuation mechanisms are also reviewed.  

While several examples of successful ionic EAP production have been recorded, few applications are 
mentioned, and fewer still have shifted production towards additive manufacturing. Fortunately, as additive 
manufacturing processes and understanding continue to evolve, more opportunities for the one step production 
of EAP actuators present themselves.  

Ionic EAPs hold great potential in the development of soft robotics and sensors. The examples of ionic EAP 
additive manufacturing shown here also help to emphasise that, with a shift to 3D printing, soft robots that 
would be difficult to produce using manual techniques can be fabricated. Finally, the vat photo-polymerisation 
based additive manufacturing fields of SLA and DLP have not been as deeply investigated as material 
extrusion-based techniques such as FDM. Therefore, these additive manufacturing techniques may hold future 
potential.  



We hope that this paper helps to portray the value of additive manufacturing as well as the future potential for 
the additive manufacturing of ionic EAP actuators and sensors. 
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