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Dielectric elastomer actuators (DEAs) have attracted the interest of researchers in soft robotics and biomimetics,
due to their versatile capabilities, explored through numerical analysis and experimentation. Advances in
computational simulation techniques have accelerated numerical studies on DEAs, enabling even design
optimisation for improved performance. However, as computational models grow in sophistication, the fabri-
cation methods required often exceed the capabilities of traditional manufacturing. Additive manufacturing,

in particular 3D printing, offers a promising solution to the challenges of realising intricate multi-functional
designs developed through topology optimisation. Its precision and ability to create complex geometries make it
well-suited for translating computational designs into functional DEA devices. This mini-review examines recent
progress in 3D printing for DEA fabrication, emphasising its role in bridging the gap between computational
design and physical devices. It also highlights emerging technologies and key challenges that must be addressed
to fully realise topologically optimised DEA designs.

1. Introduction

Dielectric elastomer actuators (DEAs) are multi-material systems
which form a subclass of electroactive polymers (EAPs). This promis-
ing technology showcases the opportunity to exploit their inherent
flexibility, light weight nature, and high energy density [1], across a
wide range of applications. Suitable fields include soft robotics [2],
healthcare [3], and adaptive optics [4,5], just to name a few.

DEAs are comprised of two primary components — a dielectric
elastomer film and a flexible conductive layer, often referred to as
compliant electrode [6]. Upon application of a high voltage (1-10 kV
see Table 2), the generated electrostatic force tends to compress the
elastomer in thickness, yielding in-plane expansion (due to the elas-
tomers near-incompressibility), thus resulting in mechanical actuation
as shown in Fig. 1(a). Design parameters such as elastomer film thick-
ness, magnitude of applied pre-stretch, and geometry of electrodes have
significant influence over the overall performance and responsiveness
of DEAs [7]. In conjunction with the two primary components, many
DEAs implement additional components such as rigid frames [8-10]
to facilitate and maintain pre-stretching, or passive layers [11,12] and
fibres [13,14] to influence the actuation direction and performance.

The first conceptualisation of DEAs can be traced to the deriva-
tion of the Maxwell equations which demonstrated that electric fields
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induce mechanical stress [27]. As a result, this led to Rontgen to
study the electro-mechanical effects of electric charges sprayed onto a
natural rubber in 1880 [16], introducing the fundamental mechanism
for the operation of DEAs. In 1958, the artificial muscle was devised
by Gaylord [17], which was originally driven by pneumatics. This
concept played a significant role in demonstrating the possibilities of
soft actuators in the field of orthotics [18]. However, it took until
the late 1990s to begin research on the first DEAs, as published by
Pelrine et al. in 2000 [20,28]. By 2010, Brochu et al. [29] had compiled
a comprehensive review showcasing DEA device development. It is
important to emphasise that the majority of materials being used for
DEAs were commercially produced and intended for unrelated applica-
tions, thus highlighting the need for advanced material development.
Around this time, there were also significant advancements in DEAs
with the capability of self-sensing [21] and self-healing [23]. By the
2010s more complex designs were being considered which required
increasing levels of detail from the manufacturing standpoint. At this
time - and still to this day, 3D Printing (3DP) is widely seen as the
solution to the fabrication of these more intricate designs due to the
ability to realise complex geometries [30]. To the best of the authors’
knowledge, the first DEA was printed using an aerosol jet technique in
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Acronyms

2PP Two Photon Polymerisation

3DP 3D Printing

AM Additive Manufacturing

CAD Computer Aided Design

DEA Dielectric Elastomer Actuator

DEF Dielectric Elastomer Fibres

DIW Direct Ink Writing

DLP Digital Light Processing

EAP Electro-Active Polymer

EHD Electrohydrodynamic

HDEA Helical Dielectric Elastomer Actuators
FDM Fused Deposition Modelling

PDMS Polydimethylsiloxane

SIMP Solid Isotropic Material with Penalisation
SLA Stereolithography Apparatus

TPE Thermoplastic Elastomer

TPU Thermoplastic Polyurethane

VP Vat Polymerisation

2013 [22], and by the 2020s a variety of other 3DP techniques were
explored in order to address more sophisticated designs [24-26].

Conventional DEA fabrication typically involves casting of two-
part silicones and/or pre-stretching prefabricated elastomers for the
dielectric layer. Example materials include silicone-based elastomers
such as PDMS (polydimethylsiloxane) or acrylic elastomers such as VHB
(3M). For ease of fabrication, conductive layers have commonly been
painted on using carbon grease [29]. Alternatively, materials such as
carbon nanotubes, or other metallic, and conductive nanostructures can
be embedded into an elastomeric matrix. Although these methods yield
highly efficient DEAs, they are often constrained by labour-intensive
processes, challenges in achieving miniaturisation, and integration into
complex systems — all of which can be bypassed through manufactur-
ing using 3D printers [31,32]. Fig. 1(b) shows the growth in interest
of 3DP in the field of DEAs but also highlights the sparsity in com-
parison to overall DEA research. As of today, the realisation of fully 3D
printed DEAs still presents significant challenges that must be addressed
to unlock their full potential. Whilst 3DP offers unparallelled design
freedom and the ability to put forward complex design geometries, the
significance of dielectric, conductive and mechanical properties must
be weighed against the desired properties for printing [33].

The range of applications for DEAs is becoming vast as the ca-
pability to realise increasingly sophisticated devices becomes more
accessible. Soft robotics is a particularly attractive field for DEAs due
to their flexibility and high energy density — low weight high power
output [1]. A significant advantage of these materials which can be
exploited through soft robotics is their ability to replicate biological
designs, thus enabling biomimetic devices. Examples include walk-
ing/crawling propulsion as demonstrated by Ji et al. [34] with un-
tethered insect inspired robots, or flying robots as developed by Chen
et al. [35] to produce a controllable aerial microrobot. Aquatic based
robots have also been explored by Tang et al. [36] in the form of a
frog-inspired swimming robot or Shintake et al. [37] with a jellyfish
inspired actuator. Additionally, extensive research has been conducted
in the field of humanoid robotics due to DEAs having similar properties
to that of natural muscle with respect to strain, energy density and
response time [38]. This has also opened up possibilities in healthcare
with the potential for prosthetics and artificial muscles [38]. Another
example application for DEAs is for use in tuneable lens systems
whereby an actuator is used to adjust the focal length [39,40]. This
requires transparent dielectric materials such as Sylgard 184 (DOW)
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as well as transparent electrodes. Shian et al. [39] have explored the
development of transparent electrodes enabling lens devices capable of
100% focal length adjustments [40]. As well as tuning optics, DEAs
have also been explored for use in tuning acoustic properties, with local
resonators, termed phononic crystals [41] which can be used to control
sound propagation by isolating waves. Not only can this influence the
acoustic properties of materials, but it has also been shown to improve
resistance to fracture in the material [42,43]. Shrestha et al. [44,45]
demonstrates a bio-inspired acoustic absorber based on a DEA that
mimics the blooming of flower petals. Furthermore, DEA devices pro-
vide an excellent opportunity to develop increasingly intricate tactile
displays or interfaces. Capable of actuating and sensing [21], DEAs can
be implemented into wearable devices providing haptic feedback thus
enabling improved accessibility. For example Qu et al. [46] presents
Braille displays for people affected by vision impairments. Ji et al. [47]
have also demonstrated this technology in order to enable the sens-
ing of virtual objects within a virtual reality environment. It is also
important to note that these materials have the ability to function as
soft dielectric sensors and generators following similar principles as
DEAs [48]. Whilst this functionality is not discussed in this work, it
also highlights the scale of potential use cases for DEAs.

To showcase the importance of developing 3DP techniques for
the manufacturing of DEAs, it is essential to first demonstrate the
progression in in-silico design and hence the range of possibilities
that aim to be manufacturable. Therefore, this mini review will begin
by briefly describing the progression of Topology Optimisation (TO)
techniques, followed by presenting the use of 3DP to realise these
designs including examples of current single component and fully 3D
printed DEA devices. The key challenges associated with materials,
processes and actuation will also be highlighted before providing a final
summary and outlook for the future of research in the field of 3DP DEA
devices.

2. Progress in In-silico DEA design
2.1. Governing equations

In-silico modelling forms an integral part of device design to ensure
the likelihood of manufacturing success and simultaneously reduce the
need of inefficient trial-and-error. To model the response of a DEA,
a framework for modelling coupled physics must be used. The set of
strong form equations (typically displayed in a Lagrangian framework)
used to model the so-called boundary value problem consists of the
conservation of linear momentum and simplified Maxwell’s equations
as (see the Eq. (1) in Box I). where B, denotes the undeformed
domain and the V,, operator represents the gradient with respect to the
undeformed material coordinates X € B,. The mapping ¢ : B, — B
describes the relationship between the undeformed 5, and deformed
B domains which leads to the definition of the deformation gradient
tensor or fibre map F. Additional mechanical quantities include the
first Piola—Kirchhoff stress tensor P as well as the forces acting per
unit undeformed volume f; and per unit undeformed surface area
t,. For the electrostatics, ¢ denotes the electric potential field which
leads to the definition of the material electric field E,. The other
electrostatic quantities include the material electric displacement D,
as well as the electric charge per unit undeformed volume p, and
per unit undeformed area w,. Furthermore, N denotes the outward
pointing normal acting on the boundary which is split into two parts
corresponding to the application of the Dirichlet {d,5,,9,1,} and
Neumann {d,8,,9,,/3,} boundary conditions such that

0
9By = 0,5, U 9, By,
B = 9B, N0, By,

9By = 9,By U 9, By,

§ = 0,58y 0,B.
| S —

Electrostatic boundary regions

(2)

Mechanical boundary regions
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Fig. 1. (a) Presets the mechanism of DEA actuation. (b) Demonstrates the number of DEA articles (black bars) and the number which included AM (red line) by publication year.
Data obtained from [15]. (¢) Displays a timeline of DEA development. From start to present; Rontgen’s actuator (image reproduced from [16]), McKibben artificial muscle [17-19],
Pelrine et al. [20] high strain DEAs, Jung et al. [21] self-sensing DEA (image reproduced from [21]), Landgraf et al. [22] aerosol jet printed DEA, Hunt et al. [23] self-healing
DEA, Chortos et al. [24] fully printed dielectric fibre (image reproduced from [24]), Palmi¢ et al. multi-layer FDM printed DEA. (image reproduced from [25]), Gallucci et al.
fully inkjet printed DEA [26].
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Box I.
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2.2. Internal and free energy densities

To obtain definitions for both P and D, a constitutive relation
is required — typically in the form of a free energy density. The
Helmholtz free energy density ¥ (F, E,) allows for the definitions of
P and D as follows

P =0p¥ (F,Ey), Dy =—-0g, ¥ (F,E). 3)

where 0y () denotes the partial derivative of the field («) with respect
to &. Alternatively, it is also possible to obtain E, in terms of F and
D, through the internal energy density e (F, D) that can be obtained
via the Legendre transform as

e(F.Dy) =¥ (F,Ey(F.Dy))+ D, Ey(F,Dy), @

where the definitions of P and D, can then be consistently expressed
through

P=0pe(F,D,), Ey=dp,e(F,Dy). (5)

Once an appropriate free energy density has been chosen, then one can
consider the procedure to multi-scale composite modelling — required
to capture laminations or inclusions occurring at the microscale. This
requires the consideration of two new parameters {«, B} which refer to
the microfluctuations in the deformation and electric potential fields.
To get the homogenised effective energy from a combination of two or
more material models the following minimisation must take place

e (F.Dy) = argmin {¢ (F. Do.a. )} ©
where
¢ (F. Dy, p) = c*e" (F* (F. ), D (D, f))

+ cbeb (F”(F,a),Dg (DOvﬂ))’ @

wherein the homogenised energy is comprised of two contributions
parts, a and b, with volume fractions ¢? and c?, respectively. This
minimisation is commonly associated with rank-n homogenisation the-
ory [49,50], but has been seen to be simply extended to Representative
Volume Elements in the context of a FEM? approach [51].

2.3. Topology optimisation for DEAs

DEAs with sophisticated deformation and actuation modes, thereby
unlocking the potential for unlimited degree of freedom soft actuators,
need to be designed to produce either an inhomogeneous activating
electric field — thus activating selected regions sandwiched between
electrodes [52,53], or designed to have inhomogeneous material prop-
erties — yielding increased activation in regions of reduced stiffness
or increased dielectric permittivity [54-56]. Achieving either of these
is not a trivial undertaking and TO is required to obtain these often
intricate designs. Prior to considering the objective function it is im-
portant to state that the optimisation will work on a distribution of
active to passive material (electrode optimisation) or the distribution
of multiple materials and hence their respective properties (multi-
material optimisation). Similarly to the homogenisation procedure, the
free (internal) energy definition can be decomposed at any location into
its components from either the passive and active materials of each
material itself via

e (F,Dy,n(X)) = (X)) e (F, D)
+[1 = (1 (X))?] eP*ssv (F, Dyy) (8)

where the function ((X))” is a method specific function — with a
carefully selected exponent p — which interpolates between the active
and passive materials. The selection of 5 (X) is crucial in achieving
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a smooth interpolation which is differentiable. Having defined the
homogenised energy, the optimisation problem P can now be laid out

argmin,x, J (¢ (X)),
Governing equations,

©)

s.t4 Constitutive model,
0<nX)<1,

where J (¢ (X)) is the objective function. An example of an objective
function with a target deformation ¢ (X) as seen in [56] is

T @) =1 /B 16 (X) — $X) |2V (10)
0

This objective function was used for a phase-field type procedure and
other processes may require it to be altered. The interested reader is
directed to the beginning of this subsection where references to other
techniques have been highlighted. Moreover, thus far the description
has been generic and can be applied to both the optimisation of
electrode placement and multi-material distribution. The remainder of
this section will outline the variety of TO techniques implemented in
the literature.

2.3.1. Electrode placement

Designing complex deformations through selectively placing elec-
trodes [52] (presented in Fig. 2(a)-(c)) or stiffeners (presented in Fig.
2(d)—(f)) [54] is not necessarily a straightforward process and requires
sometimes abstract designs such as those produced in works by Ortigosa
et al. [55-58]. To obtain these often-unthinkable designs requires
the application of mathematical TO techniques. Several approaches to
TO are available such as the Solid Isotropic Material with Penalisa-
tion (SIMP) [59], level-set [60,61], and phase-field methods [62,63].
Detailed explanations of these approaches are out of the scope for
this review and the interested reader is referred to their associated
references.

The precise design and positioning of electrodes in order to induce
an inhomogeneous electric field has been investigated experimentally
by Rossiter et al. [64] to obtain rotations, and by Clarke et al. [52]
to yield complex morphing. There now exists several works which
attempt to replicate, enhance, and extend these demonstrated defor-
mations utilising computational frameworks in combination with the
aforementioned TO techniques. Wang et al. [65] displayed a number
of examples which employed a Bezier curve TO method to maximise
the rotation angle induced by the applied inhomogeneous electric field.
Using a level-set TO approach, Chen et al. [66] showcased simulation
results which maximised the displacement in a given direction at spec-
ified locations. This was then presented alongside experimental results
which used this maximised actuation to transform a planform shape
into a 3D sculpture. More recently, Ortigosa et al. [67] have employed
the SIMP method to maximise the achievable actuation through the
optimisation of a compliance type objective function. A number of
numerical examples using TO, including complex bending and torsional
actuators were presented with non-trivial active component designs.
Additionally, Ortigosa et al. [57] has introduced a multi-resolution
approach which enables a finer resolution for modelling the application
of the electrodes without needing to increase the resolution of the entire
domain to solve for standard quantities such as displacements, thus
rendering high resolution solutions with reasonable computational cost.

2.3.2. Dielectric material variation

Multi-material approaches to producing sophisticated deformations
have also been experimentally explored by Clarke’s research group
at Harvard [54,68] where the introduction of stiffening elements is
shown to induce designed morphing. This design approach has been far
less extensively researched for TO in the context of DEAs. Employing
a phase-field TO method, Ortigosa et al. [55] showcased an impres-
sive array of intricate designs attainable through TO, mimicking the
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()

Fig. 2. (a)-(c) Examples of complex electrode placement generated via TO, where electrodes are represented by black (image (a)) and dark blue (images (b) and (c)) regions. (a)
Electrode design via TO. (b) Undeformed configuration with the electrode placement. (c) Deformed configuration due to inhomogeneous electric field. Images (a)-(c) reproduced
from [57]. (d)—(f) Examples of stiffeners and multi-material designs generated via TO, where the stiffer material is represented by the black regions. (d) Stiffener design. (e)
Deformed configuration with the stiffeners. (f) Deformed configuration due to stiffeners in an alternate layout. Images (d)-(f) reproduced from [55].

dome design from Clarke et al. [54] and to further explore complex
multi-directional bending examples. Alternatively, Ref. [56] has also
demonstrated that instead of simply adding stiffeners, an array of
multiple materials could be optimally positioned throughout the device
in such a way that an inhomogeneous distribution of material proper-
ties leads to the desirable deformation under a uniform electric field.
Moreover, whilst not for maximising displacements, multi-material TO
has been applied by Sharma et al. [41] using a gradient method to
alter the distribution of fibre materials within a matrix, thus tuning
the respective band gap characteristics. In doing so bespoke phononic
devices can be designed with maximum band gaps between adjacent
bands enabling enhanced control over wave propagation.

2.4. Current design and fabrication of topologically optimised DEAs

TO has been demonstrated to have the capability to accelerate
complex device design when there is an objective or target deformation.
Furthermore, TO can reduce resource wastage due to negating the need
for experimental trial and error approaches. 3DP is widely accepted
as the approach to realise complex designs such as those developed
through TO, however, with the intricacies of emerging TO designs
(e.g. [55,56]), it is important to assess and enhance the printing ca-
pability to align with the progression in resolution from computational
techniques. Moreover, constraints need to be provided to circumvent
the TO solution producing impracticable designs such as a vast number
of electrodes, positioned more centrally adding difficulty to provide
power and thus control. Consequently, actuation limitations need to

be assessed and added as feature constraints within TO processes.
Furthermore, to the time of publication, there is no knowledge of
TO incorporating viscous effects — which when developing custom 3D
printable feedstock will certainly have a major presence.

Realising TO designs through 3DP is critical since the techniques
can overcome geometric constraints and allows for the fabrication of
complex bespoke geometries but more importantly, it allows for the
integration of multiple materials. Moreover, 3DP technology opens the
door for gradient materials which would further reduce TO design
constraints with respect to selecting a specific material. This is pivotal
for the development of a sophisticated customised fully 3D printed DEA
devices consisting of both the designed conductive and dielectric layers.

3. Progress in 3D printing of DEAs

Whilst 3DP remains uncommon in the field of DEAs — representing
only 5.6% of published articles in 2023 [15] — considerable progress
has been made over the past decade since the publication of the first
articles.

Table 1 presents an overview of characteristics for the variety of
3DP types which can be used to fabricate DEAs. This is accompanied by
Fig. 3 which provides a visual representation for each technique. This
section will now first discuss 3DP of a single DEA component, namely
either the conductive or dielectric layer, followed by examples of fully
3D printed multi-material DEA devices.
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Table 1
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The key characteristics of 3DP methods that are suitable for manufacturing DEAs.

Method Technique Feedstock Requirements Resolution Multi-material
Extrusion DIW Ink Thermal/UV 5-200 pm [33] Yes
FDM Filament Thermoplastic 50-200 pm [33] Yes
SLA Resin UV curable 0.6-2 pm [69] Limited
Vat polymerisation DLP Resin UV curable 0.6-2 pm [69] Limited
2PP Resin UV curable <100 nm [70] Limited
Material jettin Low viscosity Ink Thermal/UV <100 pm [71] Yes
Jetting High viscosity Ink Thermal/UV 300-350 pm [72] Yes
Extrusion Material Jetting
Pneumatic Screw Piezoelectric

g Inlet

Piezoelectric
actuator

Vat Polymerisation

(d)

(f)

Fig. 3. Portrays a range of 3DP techniques. (a) Direct ink writing (DIW) multi-material setup showcasing both pneumatic and motorised extrusion. (b) Fused deposition modelling
(FDM) multi-material configuration using two different thermoplastic filaments. (c) Material jetting (MJ) multi-material configuration with a thermal print mechanism (suited to
higher viscosity) and a piezoelectric mechanism (low viscosity). (d) Digital light processing (DLP) projects an entire layer at once to cure the photopolymer. (e) Stereolithography
apparatus (SLA) uses a laser to selectively cure a path of the photopolymer. (f) Two photon polymerisation (2PP) where curing only occurs at the focal point of the light projection.

3.1. Single component printing

Single component printing is the most straightforward approach
when applying additive manufacturing (AM) techniques in the fab-
rication of DEA devices, whereby only the dielectric or conductive
layers are printed whilst the other component is fabricated via tradi-
tional techniques — casting, pre-stretching prefabricated materials, or
painting. Since this method only utilises single material printing, an
extensive range of AM techniques have been explored. As an example,
whilst Vat Polymerisation (VP) is a suitable technique for single compo-
nent printing, it has not yet been utilised for a fully printed device due
to the limitations regarding feedstock material properties and multi-
material printing capability. Note that multi-material manufacturing
has been achieved [73-75] but not in the context of DEAs.

3.1.1. Fused Deposition Modelling (FDM)

Extrusion based 3DP encompasses versatile and commonly used
AM techniques whereby material is extruded continuously through
a nozzle. The wide range of available materials and multi-material
capability makes these techniques particularly appealing.

From the range of extrusion based techniques, FDM is the most
common approach due to the low cost and ease of use. However, whilst

suitable for rapid prototyping, FDM suffers from limitations related to
lower printing resolutions — particularly in the z-direction — which can
result in distortions or higher surface roughness, see Table 1. Moreover,
the choice of feedstock is constrained to thermoplastics which typically
do not align to the sought after mechanical and electrical properties of
the dielectric and conductive layers. On the other hand, multi-material
setups — demonstrated in Fig. 3b — are common and accessible.

Thermoplastic polyurethane (TPU) and thermoplastic elastomer
(TPE) are the only DEA suitable elastomeric materials able to be
printed via FDM. In comparison to standard silicones and acrylics,
TPUs and TPEs have higher shore hardness restricting their material
compliance [76]. Additionally, thermoplastics are highly susceptible
to temperature excluding them from operating in higher temperature
environments (i.e. over 50 °C) [76]. Gonzalez et al. [77] developed
an FDM printed dielectric layer for a DEA using a commercial TPU
filament. Printed with a thickness of 200 pum, it underwent dielectric
breakdown at 41 kV/mm, which is comparable to and even outperform-
ing other 3D printed DEA devices. However, the recorded actuation
strain was relatively low for the voltage required (see Table 2) [77].
Considering now the compliant electrode layers, conductive, flexible
FDM filaments are commercially available [78], although they once
again exhibit higher shore hardness and lower conductivity making
them less ideal candidate materials.



R. Pattinson et al.

Zhou et al. [79] demonstrates the possibility to use FDM printing
to act as a frame for a DEA gripper, the paper highlights the poten-
tial for AM to integrate individual actuators into a complex device
without adhesive [79]. The frame alters the actuation characteristics
while the DEA materials do not need to be optimised for a printing
process, therefore with no detrimental effect to the electro-mechanical
properties.

3.1.2. Vat Polymerisation (VP)

VP techniques exploit light sources to cure selected regions or
paths on a build plate submerged in a photopolymer resin, enabling
layer-by-layer construction to yield a 3D geometry. This method of
printing exhibits high resolution in comparison to extrusion based
techniques — see Table 1 — which is essential for fabricating opti-
mised geometries with low thickness, critical for reducing the DEA
driving voltage. However, whilst the resolution is improved, the typical
material properties are still not desirable for both elements of DEA
devices and without multi-material printing options, this method lacks
critical capability. VP consists of three specific techniques, namely,
Stereolithography Apparatus (SLA), Digital Light Processing (DLP) and
Two Photon Polymerisation (2PP).

SLA uses a UV laser to selectively cure a liquid photopolymer path
(see Fig. 3e), allowing for precise control over the printed part geom-
etry — potentially critical in the miniaturisation of DEA devices for
advanced robotics and medical implants. Similar to SLA, DLP utilises
UV curable resins, however, the UV light source projects the whole
slice, thus curing an entire layer at once (see Fig. 3d). While this
improves printing speeds, the light source is pixelated which can result
in a non-smooth printed part. This effect can be reduced via anti-
aliasing and the enhanced printing speeds can improve the scalability
of production.

It can be seen that VP 3DP methods are typically confined to
single material printing and thus there is a need to devise alternative
approaches to device design. Huang et al. [80] explores a method in
which the dielectric layers of a stacked device are printed as a single
piece utilising a channel approach. Post printing, the hollow channels
can be filled with a conductive material such as carbon grease — see
Fig. 4b. Although this device is not all printed, it has significantly
streamlined the manufacturing process and demonstrates innovative
approaches utilising 3DP for fabricating complex structures.

3.1.3. Material Jetting (MJ)

Material Jetting (MJ), commonly referred to as Inkjetting, uses an
ink-based material feedstock which is then jetted as droplets onto a
substrate. This process allows for precise control over deposition rates,
facilitating the fabrication of thin, uniform layers. The ability to deposit
multiple materials in a single process is particularly important in the
fabrication of DEA devices [71]. Two methods to create the droplets —
thermal and piezoelectric — are shown in Fig. 3c.

Significant research has been undertaken in the multi-material ca-
pabilities of MJ and as presented in the upcoming fully printed section,
this technology has been used to fully 3D print DEAs. However, a
large proportion of current literature has focused on single component
printing, particularly soft, flexible conductors.

Traditional MJ setups have been designed around low viscosity inks,
which are not suitable for high viscosity silicone feedstock, typically
desirable for DEAs. To make these high viscosity silicones suitable,
additional preprocessing steps can be conducted to improve the print-
ability such as diluting the ink with a solvent — which consequently
can be detrimental to the material properties and increase the cure time
significantly. High viscosity jetting is an emerging technique employing
specialised printheads and heating systems to accurately deposit more
viscous inks, allowing ink formulation to prioritise material properties
over printability.

A new technique of MJ which promises higher resolutions is electro-
hydrodynamic (EHD) jetting. In applying an electric field between the
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nozzle and the print bed, the ink droplets become charged resulting
in attraction to the substrate [81]. The benefits — as described by
Liashenko et al. [81] - include printing speeds up to 0.5 mm/s at a
submicron scale due to the addition of amplifiers to electrostatically
deflect the jet trajectory. Additionally, as a result of the electrostatic
forces creating a jet of ink, the nozzle size can be significantly larger
than the jet size, thus reducing the risk of clogging. Recently, the use
of EHD jetting has been demonstrated by Jiang et al. [82] to print
dielectric layers.

3.2. Fully 3D printed DEA devices

Fully printed DEAs describe the printing of both dielectric and
conductive DEA components without the need for post-printing as-
sembly. This method of manufacturing ensures the ability to construct
sophisticated devices as well as offers significant benefits in both time
and performance.

3.2.1. Direct Ink Writing (DIW)

DIW, an extrusion based process, is particularly appealing for the
fabrication of DEAs because of its versatility, namely the ability to print
a large range of materials including soft elastomers and conductive
inks with various curing mechanisms. A disadvantage of this technique
is that it has a comparatively lower resolution — see Table 1. There
are two main methods of extrusion for DIW as presented in Fig. 3a.
The first is pneumatic whereby compressed air ensures a continuous
material feed, whereas the second is motorised direct drive, whereby a
screw mechanism feeds material through. The latter technique provides
increased control since it is either on or off whereas pneumatics can
be impacted by residual pressure. However, it is a more complicated
system which introduces additional maintenance demands. In the con-
text of multi-material printing, DIW can be split into two categories,
specifically, multi-nozzle and single-nozzle systems — both of which
are described below.

Multi-Nozzle Printing

Multi-nozzle printing incorporates an array of printing cartridges
and nozzles that the system will physically switch between when
printing. A paper by Uzel et al. [88] presents the advancement of this
technology, not only demonstrating multi-material and multi-nozzle
extrusion, but also the ability to print on substrates with arbitrary
topography — achieved by first scanning the substrate to calculate the
print path. The printing system is fitted with a 16 nozzle array con-
sisting of individual spring loaded nozzles connected to stepper motors
via a pulley system, enabling the control of individual nozzle heights
while retaining a compact configuration [88]. The ability to print on
non-uniform substrates would significantly benefit DEA designs with
complex 3D geometries since printing at multiple ‘z’ heights without
the need for additional layers provides two key benefits, firstly, smaller
thickness which is critical in lowering actuation voltage and secondly,
lower risk of delamination which is critical in maintaining maximum
elongation and durability of the device.

The vast majority of fully printed DEA devices have used a form
of multi-nozzle DIW printing as presented in the non-exhaustive Table
2. Thetpraphi et al. [4] developed a fully printed actuator for optical
mirror applications, where the ability to print directly onto an optical
mirror surface was demonstrated [4]. Danner et al. [86] presented a
fully printed stacked actuator which enabled significantly lower actua-
tion voltages of 3.5 kV for a 75 pm displacement [86]. Note that Table
2 presents details for un-stacked configurations unless stated otherwise.

Multi-Material Single-Nozzle Printing

Multi-material printing does not necessarily have to consist of a
multi-nozzle configuration, as portrayed by Chortos et al. [24] where
“core-sheath-shell dielectric elastomer fibres DEF” [24] were fabricated
(see Fig. 4e). Utilising DIW printing, this paper demonstrates extrusion
of a continuous DEA with a dielectric elastomer sandwiched between a



Table 2

Presents the formulation and actuation details of 3DP DEA devices.

Ink formulations Printing Actuation details
Ref. method
Layer Base material Additive 1 Additive 2 Additive 3 ]t)}ilecllixc'l:slg Actuation voltage Actuation strain Breakdown field strength
Dielectric Ecoflex 00-30 SloJo cure retarder THI-VEX -
0,
o1 Conductive Ecoflex 00-30 SloJo cure retarder Silicone thinner Carbon black LB5Y 366 pm 18 kV/mm 8.45% 19.3 kV/mm
Dielectric PUA oligomer BDDA crosslinker DOP plasticiser - o
83] Conductive PEG-PES Dithol chain extenders Trithiol crosslinkers Carbon black 1IN 380 pm 26 kV/mm 9% 26 kV/mm
Dielectric Ecoflex 00-30 CAB-O-SIL TS-720 SloJo cure retarder SE1700
0/
(24 Conductive Ecoflex 00-30 Carbon black SloJo cure retarder - N 204 pm 60 kv/mm 10% 60 kv/mm
Dielectric CN9018 CAB-O-SIL TS-720 Igracure 651 - Y o N
85] Conductive CN9028 Dioctyl phthalate Carbon black - L5 - 10 kv —4.4% 14.2-23 kv/mm
Dielectric Terpolymer Methyl ethyl ketone - - o [5]
41 Electrode Terpolymer Carbon black - - IR 100 pm 45 kv/mm 1.025% 87 kV/mm
Dielectric PDMS Hydrophobic silica MEthycl(-)HZfrr(:lselloxane ol Ps(i)lls)r(ane
[86] DETL Poly’ poly 210 pm 21 kV/mm 5% 21.93 kV/mm
Methyl-Hydrosil bIw
Electrode PDMS Carbon black ethy-Hycrostioxane DBTL
copolymer
Dielectric Sylgard 184 Octyl acetate - - s
[26] Electrode JS-A211 (40% Ag nanoparticle) - - Lok jcting - LKV, 36 pm -
Dielectric NinjaFlex TPU - - -
[87] Electrode Eel TPU 3D _ _ _ FDM 150 pm 25 kV/mm - 38 kV/mm
[84] Dielectric PDMS TRGO400 - - InSkJretU:g 430 ym 5 kV/mm 6.7% 7 kV/mm
Conductive Silver paint - - - cree
printing
. . Diabase X60 ultra
1771 Dielectric flexible TPU - - - L5 200 pm 41 kV/mm 4.91-5.71%" 41 kV/mm
Electrode Carbon grease - - - n/a
Dielectric Ebecryl 8413 Ebecryl 113 - - DLP
[80] Electrode Carbon grease 7 B B w/a 500 pm 13 kV/mm 55 pm 40.9 kV/mm

2 Due to the design of the HDEA there is no constant distance between the electrodes and therefore the breakdown
methods are coloured grey within the method column.

voltage is provided via calculation [85]

. Fully printed methods are colour coded whilst single component printed
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Fig. 4. Displays single component 3D printed devices in a—c ((a) DIW printed electrodes reproduced from [83]. (b) DLP printed dielectric device reproduced from [80]. (c) MJ
printed enhanced dielectric layer reproduced from [84]) and fully 3D printed DEA devices d—f ((d) FDM printed stacked actuator reproduced from [25]. (e) DIW printed dielectric
elastomer fibre (DEF) reproduced from [24]. (f) DIW printed EAP for optical mirror applications reproduced from [4].

conductive core and shell. The fibre design is significantly different to
the traditional planar DEAs and previously was only possible through
a complex manufacturing process whereby an elastomer was manually
coated with both electrode and dielectric layers [89]. The technique
used in this paper is capable of simultaneously printing all layers —
or just selected layers — through a single divided nozzle, enabling the
fibres to be printed with complex 3D geometries including passive
regions (where the outer electrode is not printed) thus yielding stretch-
ing, bending and steerable bundles. Zhu et al. [90] also utilises this
technique to develop an insect scale soft robot, using a coiled DEF to

act as an artificial muscle integrated with rigid DLP printed robotic
components [90].

Further extending the single-nozzle technique, Larson et al. [85]
showcases the ability to print “helical dielectric elastomer actuators
HDEA”[85] (see Fig. 4f) by developing a system which combines both
multi-material and rotational 3D printing of a single filament. The
printer extrudes filament using a continuously rotating multi-material
nozzle with programmable helix angle, layer thickness and interfacial
area between the materials within the nozzle [85]. HDEAs enable
sophisticated actuations whereby an applied electric field results in an
torsional actuation leading to an axial strain.
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3.2.2. FDM

Through a multi-nozzle FDM approach, Raguz et al. [87] developed
a dielectric elastomer gripper. This fabrication technique enabled the
production of an anisotropic actuator where the anisotropy was in-
troduced through the infill direction. When activated with 4.5 kV, a
16 mm difference in strain was observed between the sample printed
in vertical and horizontal directions [87]. The benefits of a fully FDM
printed device is the durability and potential for optimisation of elec-
trode placement whilst also simplifying the manufacturing process in
comparison to single component printing.

An additional example of fully printed DEA device via FDM is pre-
sented by Palmi¢ et al. [25], where a stacked configuration with up to
100 DE layers was fabricated. Stacking is advantageous in reducing the
operating voltage and the use of commercially available thermoplastic
filaments shows the potential for scalability. However, to achieve these
results, optimising the reliability and repeatability were essential as a
defect in one layer can compromise the whole device.

3.2.3. MJ

MJ is another AM technique with significant interest in DEA man-
ufacture. Malas et al. [84] developed PDMS based dielectric inks
with graphene, graphene oxide, and thermally reduced graphene oxide
fillers. The addition of 1.5% weight of thermally reduced graphene
oxide resulted in an increase in displacement from 0.3-6.7% compared
to pure PDMS, however, the dielectric breakdown strength was signif-
icantly reduced from 26 kV/mm to 7 kV/mm [84]. The breakdown
limitation may be caused by the jetting mechanism, where variations
in filler distribution within the deposited film can occur due to filler
agglomeration triggering electric breakdown as it approaches the per-
colation threshold [84]. Yi et al. [91] has also shown the potential to
develop electrodes for DEAs using inkjetting, obtaining a resolution of
25 pm for single line printing [91].

Fully-printed DEA devices are still uncommon with this technique,
although, Gallucci et al. [26] has established a method for printing
both electrodes and elastomers using this technique. The electrodes
were fabricated using a silver nanoparticle ink while the dielectric was
made from Sylgard 184 (DOW) diluted in a solvent [26]. However this
process required significant processing between layers to enable curing
and enhance adhesion.

4. Challenges to fully print DEA devices

The development of fully 3DP DEAs represents a significant ad-
vancement in soft robotics, haptics, and other emerging applications
where flexibility, lightweight design, and high-performance actuation
are paramount. Over the past five years, extensive progress has been
made in integrating 3DP techniques with DEA fabrication, providing
new opportunities for complex, multi-functional designs. However,
despite these advancements, critical challenges continue to restrict the
realisation of fully 3D-printed DEAs that can satisfy the mechanical,
electrical, and actuation demands of real-world applications. The chal-
lenges associated with fully 3DP DEA devices can be split into three
main areas: material-related, process-related, and actuation-related.
These are shown in Fig. 5, providing a visual representation of the de-
sign, manufacture and actuation variables and the reliance on material
formulation to maximise the final properties of the device.

4.1. Material-related challenges

The formulation of the conductive and dielectric materials must
be optimised in such a way that a balance is found between a DEAs
electrical and mechanical properties. However, when manufacturing
these actuators using 3DP techniques, such as DIW, the uncured feed-
stocks rheological properties must be considered to ensure printability.
These inks must exhibit shear thinning behaviour, whereby the vis-
cosity decreases under applied shear stress, ensuring the ink flows
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consistently through the nozzle during printing, while recovering and
maintaining structure after deposition. Therefore, material formulation
must balance the printability with the electro-mechanical properties,
essential for effective actuation performance. During material formula-
tion, additives are often used to enhance the printability as well as the
dielectric or conductive properties, but this often becomes detrimental
for the mechanical performance and durability.

4.1.1. Dielectric ink formulation

Dielectric elastomer inks must have the required mechanical and
dielectric characteristics for actuation. These inks are typically based
on soft elastomer materials such as silicones — which typically will
not possess the rheological properties necessary to print, especially as
the nozzle size decreases.

One approach used to produce shear thinning behaviour in di-
electric inks is to embed dielectric nano-particles as explored by Lyu
et al. [92] by analysing composites with a polydimethylsiloxane
(PDMS) matrix and carbon, metallic, or ceramic fillers. The results of
the study indicated that while PDMS alone behaves as a Newtonian
fluid, as carbon is added in increasing amounts the composite ink
displays shear thinning characteristics with increasing storage modulus
and viscosity (at low shear rates) [92].

Alternatively, to increase shear thinning characteristics in silicones,
commercial thixotropic additives can be incorporated such as THI-
VEX (Smooth On). A key advantage to this technique is that using a
liquid additive removes the possibility of dielectric breakdown occur-
ring due to concentrations of filler particles. The effect of breakdown
due to particle concentrations could be a result of space charge [93]
whereby excess electric charge acts as a continuum, with the effect
more prominent when particles are unevenly distributed.

Optimising material formulations for printability often results in
detrimental impacts for the electro-mechanical properties of the cured
material. Danner et al. [86] developed a material formulation in
which tuning the ink printability can be uncoupled from the electro-
mechanical properties of interest, using the principles of capillary
suspensions [86]. This is achieved by incorporating a small secondary
immiscible liquid phase into the polysiloxane matrix forming a capil-
lary bridge between the solid filler particles. The rheological properties
are changed by altering the concentration and properties of the sec-
ondary fluid, while the bulk material properties remain unaffected due
to secondary fluids confinement to the filler interface [86]. Mehnert
et al. [94] also investigated the electro-mechanical response of elas-
tomers filled with high dielectric permittivity particles and found that
although the particles contributed to the stiffening of the material
they enhanced the effect of the electric field. Additionally a study by
Kumar et al. [95] found that when curing silicones with dielectric
particles under an electric field, the material had improved dielectric
and mechanical properties, whilst also reducing particle agglomeration.

4.1.2. Conductive ink formulation

The formulation of conductive inks is equally important for the cre-
ation of compliant electrodes in DEAs. These inks must be electrically
conductive, highly deformable, and capable of forming thin, uniform
layers that maintain conductivity even under large strains.

A common approach to fabricating these conductive layers is to
embed conductive nano-particles in silicones. This method yields the
desired electrical and mechanical properties, as well as ensuring the
shear thinning characteristics [92]. Furthermore, in using a similar
silicone matrix, compatibility between the conductive and dielectric
layers is improved. However, the addition of solid particles into elas-
tomers can present significant challenges whereby concentrations can
change the local mechanical properties increasing the risk of tearing
and delamination. Therefore, it is essential to take steps to ensure
proper dispersion of filler particles leading to the homogenisation of
the ink formulation. For example, Chortos et al. [24] mixed their
conductive ink formulation for a total of 32 min using a bladeless
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Fig. 5. Presents the challenges associated with fully printed DEA devices broken into three distinct categories relating to the print process, the material formulations, and the

device actuations.

centrifugal mixer and roll milled three times. Upon homogenisation of
the ink, it was placed into a centrifuge to remove trapped air [24].
Common filler particles of choice are carbon black due to its high
conductivity and relative low cost, as well as silver, copper and other
conductive particles [26,92].

4.2. Process-related challenges

Whilst AM is still in its infancy, it is rapidly developing — take for
example DIW in which considerable research has taken place over the
past five years. Wu et al. [96] has highlighted the difficulty of printing
high viscosity pastes containing micron-sized particles in the micro-
scale. Multiple studies have successfully improved printability via a
combination of experimental study, machine learning and simulation
to optimise material flow [97-99]. However, this paper focuses on
the type of nozzle used. In this paper it was found that using glass
nozzles resulted in a 100x increase in printing speed due to glass
exhibiting the wall slip effect [96]. Additionally, the lack of friction
prevents particle agglomeration, a cause of clogging and inconsistent
flow [96]. As highlighted above, embedding particles is essential in
developing printable compliant electrodes and improvements in this
area will continue to increase the feasibility of smaller soft robotics
and reduced actuation voltage. However, as with all other challenges,
effective printing relies on material formulation and the rheological
properties.

4.3. Actuation-related challenges

3DP has enabled the fabrication of complex DEA designs, how-
ever, the actuation performance of these devices is still limited by
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several factors. Conventionally manufactured DEA devices have demon-
strated high area strains of over 189% [100,101], far higher than those
achieved by fully 3D printed devices (see Table 2). As there is no need
to optimise material properties relating to a specific printing process,
conventionally manufactured DEA devices can be optimised for the
best electro-mechanical performance. Shi et al. [100] demonstrates a
material formulation with a breakdown voltage of 330 kV/mm, an
order of magnitude higher than most printable compositions presented
in Table 2, which could be due to voids/imperfections in printed layers,
as well as material formulation constraints. Moreover, Feng et al. [101]
has presented a DEA device that can achieve an area strain of 254%
at a driving voltage of only 46 kV/mm. However, the actuation of
these devices is limited to simple bending or expansion compared to
the complex actuations achievable with additive manufacturing.

Although not the focus of this review, DEA devices continue to be
limited by a number of factors, primarily their high voltage requirement
(see Table 2). To provide a high output voltage, most researchers rely
on high voltage amplifiers (typically large and heavy) which result in
the tethering of the DEA device thereby limiting their applications.
Whilst the high voltage requirement can be alleviated by improving
electro-mechanical responsiveness through material formulation or de-
vice geometry, such as the 300 V, 3 pm actuator by Poulin et al. [102],
research is also being conducted on the miniaturisation of high voltage
DC-DC voltage multipliers [103] providing another potential solution
to eventually untether these actuator devices. These advancements are
likely to drive research in DEA devices as feasibility for the fabrication
of small, soft, untethered robotics increases.

5. Summary and outlook

3DP clearly demonstrates the capacity to pave the way in the fab-
rication of DEA devices, specifically enabling the creation of complex,
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multi-material structures with enhanced performance and functional-
ity. Nevertheless, critical challenges remain with regards to material
compatibility, geometric complexity, printing resolution, and scala-
bility. Overcoming these challenges requires continued research and
development in both material science and 3DP technologies, and will
ultimately revolutionise soft robotics for use in a vast range of fields.

5.1. Advancements in 3D printing technology

Section 4 has highlighted a range of challenges associated with 3DP,
but it is important to note that all forms of 3DP are improving thanks
to academic and industrial research. For example, the most common
and cost effective 3DP method, FDM, has seen vast improvements in
quality and print speed due to companies such as Bambu Labs [104]
and Creality [105]. Furthermore, they have developed systems for
multi-colour printing whereby materials with similar profiles can be
deposited through a single nozzle.

Other companies such as SYGNIS, a company focused on DIW
technology, have been exploring 3DP soft robotics — developing a DP
silicone gripper [106]. Celllnk, a company dedicated to bioprinting,
have also developed DIW technology with the BIO X6 capable of
printing with six printheads in one process as well as the BIONOVA
X 3D high resolution, multi-material DLP printer, capable of tuning the
stiffness gradients in the printed material [107].

Improvements to MJ techniques are also being made by companies
such as Inkbit. For example they have developed ‘“Vision-Controlled
Jetting (VCJ)” which uses a 3D scanner to provide feedback during
the printing process, eliminating defects from the previous layer [108].
Buchner et al. [109] uses this technology to develop a high resolution,
tendon driven hand, made up of both soft and hard components [109].

Different methods of 3DP have specific capabilities which may align
better for fabricating certain components — for example VP methods
have a limited ability to print conductive particle embedded feedstocks
due to the particles blocking the light source. To handle this dilemma
multi-method printers have been developed which can exploit multiple
3DP methods in a single manufacturing process. Table 3 displays some
prominent printers and their associated features from both industrial
and research backgrounds. Roach et al. [110] developed the “m* 3D
printer” [110] integrating FDM, DIW, MJ and aerosol jetting with UV
curing and a robotic arm. This printer enables dissimilar materials to be
incorporated into a fully printed DEA without the material restrictions
imposed by a single-method printer. Furthermore, this combination of
printing methods is advancing commercially with companies such as
RegenHu offering printers with five dispensing slots for six different dis-
pensing methods [111], or Desktop Metal’s 3D-Bioplotter with modular
tool changer compatible with extrusion and jetting print heads capable
of 500 °C heating and UV curing [112]. Multi-method printing is not
only limited to extrusion and jetting, Whitehead et al. [113] presents
a printer combining SLA and SLS technology (Selective laser sintering
— powder is fused together to generate a structure) [113]. TPU in
powder form, could enable SLS to fabricate elastomeric materials for
DEA devices, however, a considerable disadvantage to this method
is the resulting high porosity of the material. The addition of SLA
improves the surface finish and widens the available materials whilst
also reducing the porosity of the SLS printed component. Since this
technique is in early stages of development, there are still issues such as
material cross contamination — critical when considering conductive
and dielectric materials in the same print process.

Exploring vat based multi-method printing, Peng et al. [114] de-
veloped a printer containing both DLP and DIW methods [114]. This
enabled both the printing of elastomer resins and electronic inks, high-
lighting the possibility for this process to be adopted for the fabrication
of a DEA device. This approach circumvents one of the challenges
associated withDLP printing conductive materials, where embedded
particles block UV light inhibiting uniform curing.
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5.2. Conclusion

The integration of 3DP in the fabrication of DEAs represents signif-
icant potential in the growth of research in the fields of soft robotics,
biomimetics, and adaptive systems to name a few. This mini-review has
explored the progress made in 3DP technologies towards the realisation
of fully printed DEA devices, emphasising the association between
computational design and physical manufacturing. By leveraging 3DP,
researchers have been able to fabricate increasingly complex and highly
optimised actuator designs that were previously unachievable using
traditional methods such as casting or manual assembly. The ability
to directly print intricate geometries, multi-material structures, and
miniaturised components has unlocked new possibilities for DEAs,
extending their potential applications across various fields, including
artificial muscles, wearable haptics, soft robotics, and bio-integrated
systems.

However, despite these advancements, several critical challenges re-
main that hinder the widespread adoption of fully 3DP DEAs. Material
formulation remains one of the most significant obstacles, as it requires
a delicate balance between mechanical properties, dielectric strength,
conductivity, and printability. Whilst conductive inks and dielectric
elastomers have been developed for specific printing techniques such
as DIW, FDM, and MJ, the compromise between electrical and mechan-
ical performance must be carefully managed. Many of the currently
available printable materials still fall short of the properties exhibited
by conventionally processed DEAs, particularly in terms of dielectric
breakdown strength and long-term mechanical stability.

Another major challenge lies in multi-material integration and print-
ing resolution. The ability to precisely deposit multiple functional
materials within a single manufacturing process is crucial for achieving
fully printed DEAs, as it ensures proper layering of dielectric and
conductive components without requiring post-processing or manual
assembly. Whilst some progress has been made in developing single
and multi-nozzle printing techniques, as well as hybrid manufacturing
systems that combine different 3DP methods (see Table 3), these ap-
proaches often introduce new complexities, such as weak interfacial
adhesion, material compatibility concerns, and increased processing
time. Additionally, resolution constraints in extrusion-based methods
compared to MJ and VP technologies can lead to surface roughness and
inhomogeneous material distribution, which may impact the actuator’s
performance, durability, and reliability.

Furthermore, actuation performance and scalability remain promi-
nent limitations in the development of fully printed DEAs. The high
voltage requirements for actuation, typically ranging from 1 to 10 kV,
pose significant challenges for real-world applications, particularly in
mobile and untethered soft robotic systems. Reducing the operating
voltages whilst maintaining high strain output, requires innovative
approaches in both material development (e.g. high-permittivity elas-
tomers, nano-particle dielectrics), and device engineering (e.g. stacked
configurations, optimised electrode placement). In addition, whilst 3DP
techniques have enabled greater reproducibility and customisation, en-
suring scalability and industrial feasibility is still a significant obstacle,
as printing times, cost of specialised materials, and consistency of
printed devices vary widely across different methods.

Despite these challenges, the future of fully 3DP DEAs is promising.
Advances in computational design and topology optimisation continue
to enhance the efficiency and functionality of actuator geometries,
offering more sophisticated and efficient designs that take full advan-
tage of AM capabilities. The development of next-generation multi-
method printing systems, capable of seamlessly integrating soft elas-
tomers, conductive inks, and functionalised nanocomposites, will be
essential in pushing the boundaries of DEA performance. Moreover,
progress in miniaturised high-voltage electronics and energy-efficient
actuation mechanisms will further support the transition towards fully
autonomous and mobile soft robotic systems.
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Table 3
Displays an overview of a range of multi-method 3D printers.
Company/Research group Printing types Additional features Materials
« Low temperature (DIW) « PrintRoll (3D printing on rotating cylinder) « PCL

« Ultra-high temperature (DIW/FDM)
« Inkjet

« 2 component (DIW)

« Co-axial

« Photo curing

3D-Bioplotter (Desktop metal) (Image from [115])

« Hydroxyapatite
« Silicones
« Biomaterials

« Printhead cleaning
« Modular printheads
« Particle filter

« Inkjet

« DIW

« FDM

« Electro-writing/spinning

« Biomaterials

« Conductive inks
« Thermoplastics
« Elastomers

« Pastes

« Adhesives

« Photocuring

« Substraight height calibration

« Needle length calibration

« Printhead thermal management

« Inkjet

« FFF (FDM)

« DIW

« Aerosol jetting

« Elastomer resin
« Conductive ink
« Thermoplastics
« Ceramics
« Adhesives

« Pick and place
« UV curing
« Photonic curing (pulsed light sintering)

« SLA « Reduces porosity of powder fusion part « Powdered TPU
« SLS « Resin
Whitehead et al. [113]
pa— « DIW « Layer thickness compensation « Elastomer resin
ipiector,~ E,';Tem, « DLP « Electronics printing « Commercial resin
Ink syringe « Photocurable ink
¥~ Linear stage « Liquid crystal elastomer ink

/—‘F: Motion stage

/——r— Substrate

&{_ -

Peng et al [114]

« Conductive silver ink

In conclusion, the successful integration of AM into DEA fabrication
has the potential to revolutionise a wide range of industries, from
healthcare and biomedical devices to soft robotics and haptic technolo-
gies. As research continues to address current limitations, fully printed
DEAs will become increasingly viable for commercial and industrial
applications, ultimately unlocking new possibilities for next-generation
soft actuators with unprecedented levels of complexity, functionality,
and efficiency.
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