'.) Check for updates

Journal of Applied Polymer Science

WILEY
Applied Polymer

SCIENCE

| RESEARCH ARTICLE CEIEED

Multi-Material 3D Printing of Soft Dielectric Actuators
With Optimized Electrodes

Ivan Raguz!? | Michael Berer! | Clemens Holzer? | Bram Vanderborght? | Joost Brancart* | Sandra Schlogl!-2

!Polymer Competence Center Leoben GmbH, Leoben, Austria | Department of Polymer Engineering and Science, Montanuniversitaet Leoben,
Leoben, Austria | *Brubotics, Vrije Universiteit Brussel and Imec, Brussels, Belgium | *Physical Chemistry and Polymer Science, Sustainable Materials
Engineering, Vrije Universiteit Brussel, Brussels, Belgium

Correspondence: Sandra Schlégl (sandra.schloegl@unileoben.ac.at; sandra.schloegl@pccl.at)
Received: 28 May 2025 | Revised: 28 August 2025 | Accepted: 17 September 2025

Funding: This work was supported by Fonds Wetenschappelijk Onderzoek (12W4719N), Osterreichische Forschungsférderungsgesellschaft (21647048,
904927).

Keywords: dielectric elastomer actuators | electrode | fused filament fabrication | multi-material 3D printing | soft active devices

ABSTRACT

Dielectric elastomer actuators (DEA) have gained increased attention in the design of electrically driven soft and lightweight
robotic devices. They rely on Coulomb forces for their actuation and are able to undergo large displacements as a function of
the applied electrical field. Fabricating DEAs with additive manufacturing opens the way to a personalized and cost-efficient
fabrication of soft active devices. In particular, extrusion-based techniques provide a versatile strategy to multi-material 3D print
DEAs by using electrically conductive and soft filaments with high elongation. One key aspect of DEAs is the electrode’s perfor-
mance, which has to provide a high electrical conductivity and a good adhesion to the sandwiched membrane. Herein, selected
3D printing parameters were varied to optimize the electrode infill density and electrode infill direction. Mechanical and elec-
trical properties, as well as actuation performance, of fully 3D-printed DEA demonstrators were studied comprehensively. With
the optimized parameter set, a maximum DEA displacement of 91% was achieved with respect to the free length of the actuator.
This is comparable to the performance of non-3D-printed DEAs and demonstrates the potential of 3D printing for the production
of DEAs undergoing large deformations while leveraging the design and manufacturing freedom of multi-material 3D printing.

1 | Introduction be prepared by cost-efficient and easily scalable processes, and

they are lightweight, mechanically robust, and benefit from low

Adaptable and multi-functional soft actuators are highly ver-
satile and can be used for numerous applications ranging from
interactions with humans [1, 2] to space explorations [3, 4].
Dielectric elastomer actuators (DEA) are an interesting type of
soft actuators that convert an electrical stimulus into a mechan-
ical displacement [5]. Although large electric fields have to be
applied (typically around 100V/um), the DEA's mechanical re-
sponse can be varied over several orders of magnitude of strain
(from 10% to 300%) [6]. DEAs further provide the possibility to

cycling hysteresis [7].

Their working principle is mainly related to Coulomb forces that
arise between the electrodes when a potential difference is ap-
plied across the opposite membrane sides [8]. The basic functional
component of a DEA, the active component, consists of a flexible
dielectric membrane being sandwiched between two flexible elec-
trodes [9]. By combining the active component with a passive com-
ponent or other geometric features, distinct DEA configurations
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can be created, including stacked actuators, extenders, unimorph
bending beam actuators, diaphragms, or tubes [10].

For the design of DEAS, elastomers with a high dielectric permittiv-
ity and a high dielectric breakdown voltage are used as membrane
[6]. Depending on the type of elastomer, the electro-mechanical
response can be either a result of the Maxwell stress effect (caused
by the change in the electric field distribution within the dielectric
membrane) or electrostriction. Electrostriction is the predominant
mechanism in PVDF and liquid crystal elastomers, while silicone
rubbers are mainly governed by Maxwell stress [11, 12]. In con-
trast, in thermoplastic elastomers and polyurethanes, both mecha-
nisms contribute to the activation of the DEA [13].

The electrode should be characterized by a high electrical con-
ductivity to ensure (fast) electrical charging and discharging of
the actuator [7, 14-17]. With respect to an unhindered and re-
versible deformation of the actuator, both membrane and elec-
trode should be soft (high mechanical compliance) and flexible
(high and reversible deformability) [18-22]. Pelrine et al. stated
that the ideal electrode should also be thin relative to the poly-
mer thickness (to ensure that it does not compromise on the
DEA's material performance) and patternable for its spatially
controlled deposition [23]. Compliant electrodes are typically
prepared using liquid polymers [24], hydrogels [25], highly filled
polymer inks, or polymer nanocomposites [26]. Depending on
the type of electrode material, various processing routes are
pursued to fabricate (stacked) dielectric actuators. Li and co-
workers cast and cured the electrode material [27] while Kelley
et al. used a folding method in which silicon rubber sheets were
folded into a stacked configuration and carbon powder as an
electrode was applied manually [28].

Among the reported preparation techniques, 3D printing offers
the advantage of a freedom in design in all three directions and
provides a step change in fabrication speed. However, in most
of the reported systems, the membrane is 3D printed while the
electrode is applied separately in a post-processing step. For ex-
ample, Rossiter and co-workers ink-jet 3D printed the dielectric
layer for an antagonistic annular DEA and applied the electrodes
manually by brushing a silver paste on [29]. The same group also
reported on the fused filament fabrication (FFF) 3D printing of
active membranes and support structures, and prepared DEAs
by pressing together two printed actuator halves [29].

In FFF 3D printing, a subgroup of material extrusion (MEX),
filaments of a thermoplastic polymer are deposited on the build
platform, and the object is printed layer by layer by solidification
of the polymer melt [30]. The printing method benefits from an
ease of operation, availability of cost-efficient printers, a vari-
ety of (filled) filaments, and the possibility to multi-material 3D
print structures by using printers with multiple extrusion heads
[31]. Multi-material FFF enables a high design and manufactur-
ing freedom that is unparalleled by any traditional manufactur-
ing technique. This includes the controlled manufacturing of
non-isotropic parts [32-34], which is advantageous for the fab-
rication of personalized DEAs [35].

In an elegant approach, Palmi¢ and Slavi¢ printed both mem-
brane and electrode via multi-material FFF printing [36]. Along
with the poor surface quality of FFF printed objects, they

reported that the main challenge is the reliability and repeat-
ability of the material deposition, which negatively affects the
DEASs' performance. They also provided strategies to overcome
common extrusion-based printing issues such as variations in
layer thickness, porosity, and high surface roughness by rig-
orous control of the printing process and advanced inspection
systems.

In a previous study, we multi-material FFF 3D-printed DEAs in
a single printing job and optimized the dielectric membrane [16].
In contrast, the properties of the electrode were less explored,
and it was fabricated by 3D printing a full layer of an electrically
conductive filament (Eel TPU 3D) in two different printing di-
rections (0° and 90°). In general, mechanical reinforcement and
undesired stiffening of the DEA were observed by the additional
3D printing of the electrode material.

The current follow-up study aims to optimize the processing and
geometry of the electrode to find a good balance between high
electrical conductivity and low contribution to the DEA's bend-
ing stiffness. The latter aspect ensures that the actuator is able
to undergo larger deformations and thus provides a better per-
formance capability. A particular focus was put on the electrode
infill density and electrode infill direction. Their influence on
mechanical and electrical properties as well as actuation per-
formance of fully 3D-printed DEA demonstrators was studied
comprehensively, and structure-property relationships were
established.

2 | Experimental Part
2.1 | Materials

For the printing of the dielectric membrane, NinjaFlex TPU
(Fenner Inc., Manheim, USA) with a hardness of 85 Shore A was
applied [37]. The filament for printing the electrode material
was Eel TPU 3D (Fenner Inc., Manheim, USA) with a hardness
of 90 Shore A [38]. The filaments were used as received.

2.2 | 3D Printing of DEAs

FFF printing was conducted with the dual-extruder FFF 3D
printer “CreatBot F430” (Henan Suwei Electronic Technology
Co. LTD., Zhengzhou City, Henan Province, China). The slic-
ing software used was “Ultimaker Cura 4.6.2” (Ultimaker B.V.,,
ED Utrecht, Netherlands). If not stated otherwise, the FFF pro-
cessing parameters shown in Table S1 were applied. The general
printing parameters and the printing parameters of the extrud-
ers were optimized in previous work [16].

2.3 | Quantifying the DEA Displacement

The electric voltage required for the actuation of the fully 3D
printed DEA was achieved with the high voltage power sup-
ply “PHYWE 0-10 kV” (PHYWE Systeme GmbH und Co. KG,
Gottingen, Germany). Figure S1 shows a schematic of the DEA
experimental setup used to characterize the actuator's end-
point movement, from which the DEA performance in terms of
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maximum displacement was determined. The fully 3D printed
DEA was clamped in a home-built measurement holder. The
DEA movement was monitored by an HD camera, and the
image was processed by the data acquisition PC.

2.4 | Basic Electric Field Distribution Simulation

An electric simulation inspired by References [39, 40]. was con-
ducted to provide insights into the electric field distribution
within the dielectric membrane. For this, the simulation soft-
ware “Ansys Workbench 2022 R2” (ANSYS Inc., 2600 Ansys
Drive Canonsburg, PA 15317 US) was used. The simulation
was performed based on the geometrical properties of the 3D
printed DEAs with varying electrode infill densities (20%, 27%,
40%, 60%). A simplified dielectric membrane geometry (5.58
X1 x0.15mm) (Figure S2) with defined electrode surfaces was
modeled. A thickness of 0.15mm was applied to mimic the
thickness of the dielectric membrane of the 3D printed DEA.
The geometry was meshed with cube finite elements of 0.01 mm
side length. In total, the mesh had 837,000 finite elements. The
actuation voltage applied to the electrode surfaces was 5kV.

2.5 | Material Characterization

To experimentally simulate the stretching of the electrode upon
actuation (and thus bending deformation) of the DEA, tensile
tests were conducted using a Zwick/Roell Z1.0 tensile testing
machine (Zwick GmbH & Co. KG., Ulm, Germany). For this,
3D-printed tensile films with a rectangular shape (120 X 45 mm)
were used. The films consisted of two 0.1 mm thick layers. The
first layer was a non-conductive layer 3D printed from the DEA
membrane material (NinjaFlex TPU), and the second layer was
a conductive layer, which simulated an electrode layer (Eel TPU
3D). For the electrode layer, the infill direction with respect to
the specimen’s longitudinal axis and the infill density were var-
ied between 0° and 90°, and 20%-100%, respectively. An infill
density of 20% yielded a distance of 1.6mm between two adja-
cent electrode lines. For the other infill densities, these distances
were as follows: 1.1 mm, 0.6mm, 0.27mm. An electrode infill
density of 100% resulted in the fully printed electrode with 0mm
distance between the adjacent electrode lines. Figure la-c ex-
emplarily show 3 tensile films (120 x45mm) printed with the
same electrode infill density of 40% but with varying electrode
infill directions (90°, 45°, and 0°). A total of three specimens per
configuration were printed.

The tensile films were uniaxially stretched in a stress—electrical
resistance-strain measurement set-up (Figure 1d) using the ten-
sile testing machine. The testing speed was set to 30mm/min
and a preload force of 0.1 N was applied. Since the electrical re-
sistance of the electrode was measured during the test, the use
of plastic, electrically non-conductive clamping jaws was neces-
sary to avoid any electric connection through the tensile testing
machine. Copper strips, glued onto the plastic clamping jaws,
were used as connectors for the electrical resistance measuring
device, thereby also defining the clamping length of 60 mm.
The position of these copper strips with respect to the speci-
men is illustrated in Figure 1d. The change in electrical resis-
tance was measured with increasing strain using a “QuantumX

60 mm Electrode

connector
(copper stripe)

Electric resistance

measurement

FIGURE 1 | 3D-printed tensile test specimen (120x45mm) with
40% electrode infill density and different electrode printing directions:
(@) 90°, (b) 45°, and (c) 0°. (d) Tensile test specimen (120 X 45 mm) within
the stress-electrical resistance-strain measurement setup. [Color figure
can be viewed at wileyonlinelibrary.com|

MX840B” universal measuring amplifier (Hottinger Baldwin
Messtechnik, Darmstadt, Germany), with additional circuitry
to extend the measuring range up to 80 MQ. The strain was cal-
culated using the crosshead displacement data from the tensile
testing machine and the clamping length.

3 | Results and Discussion
3.1 | Design of the DEA Demonstrators

In this study, a unimorph bending beam actuator (Figure 2a)
was used as a demonstrator, which undergoes displacements
perpendicular to the plane of the actuator once an external
electrical field is applied. For creating stacked actuators, the
unimorph elements can be connected in series, and each uni-
morph element in the structure contributes then to the vertical
displacement of the DEA [41]. To obtain the electrically driven
movement, the actuator was comprised of two different parts
[10]. A passive component, which is non-deformable and was
composed of FFF printed NinjaFlex TPU layers, and the ac-
tive one (dielectric membrane sandwiched between two FFF
3D printed electrodes) which undergoes a defined deformation
upon the application of the external electrical field (Figure 2b).
It should be noted that the electrode was present on both the
active as well as the passive component and consisted of a con-
necting area, located on the non-deformable section (section 1
in Figure 2b), and an actuation area, located on the deformable
section (section 2 in Figure 2b). The connecting area linked the
DEA to the external high voltage source and acted as the wiring
to the actuation area. The design of section 1 was kept constant
for all DEA demonstrators under investigation and was printed
with 100% infill density in order to achieve maximum electrical
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FIGURE 2 | (a) Schematic illustration of the deformation mechanism of a unimorph bending beam actuator composed of an active and passive

component upon electrical actuation. (b) Fully 3D-printed actuator with the non-deformable clamping (1) and the deformable actuation section (2).

The area of the electrode optimized in the present study is highlighed in red. The Schematic respresentation of two different electrode designs: (c)

with 100% infill and quasi isotropic mechanical behavior and (d) with reduced infill and mechanical anisotropy. E, and Ey represent the Young's

moduli in the two perpendicular directions. [Color figure can be viewed at wileyonlinelibrary.com]

conductivity. The schematic of the experimental set-up for char-
acterizing the DEA's endpoint movement and the connection of
the DEA to the power supply are provided in Figure S1.

In this study, the electrode geometry of the active component
was optimized by varying electrode printing direction and elec-
trode infill density as it is illustrated in Figure 2c. For the initial
electrode geometry, the one from our previous work was taken
[16]. The electrode infill density was varied, while the electrode
printing direction was kept constant at 90°. The electrode infill
density variation was directly conducted with the slicing soft-
ware “Ultimaker Cura 4.6.2”. For the electrode infill density,
five configurations were used in total. The lowest electrode infill
density was 20%, which resulted in a space of 1.6mm between
two adjacently printed electrode lines. For the other electrode
infill densities, the corresponding distances were: 27% (1.1 mm),
40% (0.6 mm), 60% (0.27 mm), and 100% (0 mm). The infill den-
sity of 100% represents the full electrode with no space between
adjacent electrode lines. For each condition, three DEAs were
manufactured and investigated.

3.2 | Mechanical and Electrical Properties

For fabricating a DEA, which is able to undergo large deforma-
tions, the electrode has to be highly electrically conductive, as
compliant as possible in the activation direction, while in the
perpendicular direction, a certain rigidity is needed (for struc-
tural integrity). It has to be noted that a reduction of the elec-
trode infill density does not only affect its stiffness but also the

available ‘wire cross section’, and thus its electrical conductivity.
Hence, the final electrode design has to be a compromise be-
tween mechanical and electrical performance.

In a first step, the mechanical stress and electrical resistance of
FFF 3D-printed tensile test specimens were recorded as a func-
tion of the infill density with the electrodes’ infill printed in 0°,
45° and 90° direction (Figure 3). It is worth mentioning that
during the actuation of the DEA, the entire actuator deforms in
bending mode rather than in uniaxial tensile direction. Hence,
in practice, the electrodes experience both tensile strain and
compression. However, for thin films (such as those examined
here), tensile tests are the only reasonable test configuration for
quantitative mechanical characterization. Consequently, the
tensile properties are also used as an approximation for the com-
pression behavior of the electrodes.

During the experiment, the test specimens were uniaxially de-
formed up to a strain of 300% to cover the typical working strain
of a unimorph bending beam DEA, which commonly does not
exceed 15% [23, 42]. As an example, the stress-strain curves
of test specimens printed in the 45° direction are provided in
Figure S3. For the unimorph bending beam DEA examined in
this study, an upper strain value of 10% was calculated with a
simple geometrical approximation, considering the actuator
thickness and the radius of curvature of an actuator movement.
Thus, to better highlight the differences in mechanical and elec-
trical properties at low strain values, the data in Figure 3 are pre-
sented within the strain operating window of the targeted FFF
printed DEA demonstrators.
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FIGURE3 | Comparative stress—strain curves and the corresponding electrical resistance-strain plots as a function of the electrode’s printing di-
rection and infill density. Printing direction was (a) 0°, (b) 45°, and (c) 90°. It should be noted that the resistance in Figure a is given in kOhm to better
highlight the difference in the electrical properties. [Color figure can be viewed at wileyonlinelibrary.com]

The stress values were compared to a reference sample con-
sisting of only one 3D-printed NinjaFlex TPU layer without
the electrode. Using a comparative stress, this serves as a
benchmark to illustrate the influence of different electrode
geometries on the mechanical behavior of the DEA. The
comparative stress was calculated by dividing the force val-
ues by the cross-sectional area of the reference specimen. It
reflects the resistance the DEA's membrane has to overcome
during the electrical actuation. The results clearly show
that stiffness as well as the comparative stress increase with
rising infill density, albeit at a different extents depending
on the printing direction. It should be noted that both the

geometry of the 3D-printed electrode and the stiffness of the
material it is printed of affect the mechanical properties of
the final DEA. At low infill densities, the printed electrode
follows a meander-like structure, which contributes to its
stretchability and compliance [43]. Hence, in the 90° printing
direction of the infill, the stress-strain curves do not vary sig-
nificantly when increasing the infill density from 20% to 60%
(Figure 3c). Here, the higher stiffness of the electrically con-
ductive Eel TPU can be compensated by the meander-shaped
electrode. The opposite behavior is observed for samples in
which the electrode's infill was printed in the 0° direction
(Figure 3a).
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In this geometry, the mechanical properties are not governed
by the meander shape (as it is orthogonal to the measurement
direction of the electrode) but mainly by its material properties
(Eel TPU is stiffer than NinjaFlex). Thus, a gradual increase
in stiffness is observed with increasing filling degree. For the
45° printing direction, geometry as well as material properties
are expected to influence the stiffness of the DEA (Figure 3b).
Interestingly, the stress values are significantly lower than the
ones observed for samples with electrodes printed in the 0° di-
rection. In addition, infill densities between 20% and 40% yield
comparable stress—strain values indicating a higher contribu-
tion of the geometry of the printed electrodes in the 45° printed
samples.

Along with the mechanical properties, the geometry of the
electrode significantly affects the electrical performance.
Figure S4 presents R/R —strain diagrams. These diagrams
are derived from the resistance—strain data shown in Figure 3
and demonstrate that the electrical resistance is almost inde-
pendent of the applied strain within the relevant operational
strain range of the DEA (<10%). This is beneficial for both
performance and actuation of a DEA, especially when a cyclic
actuation is applied [44]. However, it is disadvantageous when
it comes to the design of a possible actuator feedback loop for
sensing purposes [45]. It should be mentioned here that for
higher strains the electrical resistance becomes significantly
strain-dependent if the applied strain exceeds 50% (Figure S3)
independent of the infill density and printing direction. In
general, the resistance-strain values are comparable to the
ones reported for electrically conductive rubbers [46]. To fa-
cilitate comparison with other studies, the resistance ranges
shown in the resistance-strain diagrams (Figure 3) were re-
calculated into electrical conductivity, taking into account the
electrode geometry (63 37X 0.1 mm) indicated in Figure 2b
by red lines. A resistance range of 3-17 kQ corresponds to a
conductivity range of 5.7—1S-m™!, while a resistance range
of 4-12MQ corresponds to a conductivity range of 4.3 —1.4

35
30
25
20
15
10

wv

Electric field intensity [kV/mm]
o

0 1 2

x 1073 S-m~'.The printed electrodes with infill densities rang-
ing between 20% and 60% exhibited an electrical resistance
which was 2-3 orders of magnitude higher (independent on
the printing direction) than sample printed with an electrode
infill density of 100%. By comparing the resistance values of
the lower filled electrodes, it has to be considered that the vari-
ation in the electrode’s infill printing direction is related to a
decrease in ‘wire length’ with decreasing angle of the print-
ing direction. For the 0° printing direction, there is a direct
connection between the copper stripes through the electrode
‘wires’ while for the 90° direction, there is only a connec-
tion at the front ends of the meander-like electrode pattern.
This explains the relatively high resistance observed in 90°
printing direction for 40% and 60% electrode infill densities.
Owing to the increased effective ‘wire length’ of the meander-
like pattern, the 60% electrode infill density exhibits a higher
resistance than the less dense 40% counterpart. The electrode
infill printing direction of 45° lies between the other two in
terms of the ‘wire length’ as well as the electrical resistance.
Interestingly, for these samples, the electrical resistance is not
significantly affected by the electrode infill density, which
indicates that the printing direction plays a key role in the
electrode’s electrical performance. In contrast, the influence
of the infill density becomes more pronounced for the 90° and
0° infill direction.

To complement the experimental approach, a basic electric simu-
lation was conducted to provide additional insights into the elec-
tric field distribution of the dielectric membrane. The simulation
results showed the highest electric field intensity of 33.33kV/
mm between the upper and lower electrodes (marked red in
Figure 4). Since the dielectric membrane thickness was 0.15mm
and the simulated voltage was 5kV, this result was consistent
with the calculated theoretical value (5kV/0.15mm =33.33kV/
mm). However, the more valuable data is the electric field distri-
bution between the adjacent electrodes. For the simulated elec-
trode infill density of 60%, the electric field intensity dropped to

Electric field intensity [kV/mm]

3 4 5 6

Position on the specimen, [mm]

Y

60% 40% 27%

Y
20%

Simulated electrode infill densities

FIGURE 4 | Simulated electric field distribution of a DEA containing electrodes with varying infill densities. [Color figure can be viewed at wi-

leyonlinelibrary.com]
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about 4kV/mm. At a simulated electrode infill density of 40%,
the electric field intensity decreased to 0.13kV/mm. Although
this value amounts to only 0.4% of the nominal value (33.33kV/
mm), it provides the optimal geometry among the simulated
infill densities. This is due to the electrode's limited impact on
the component stiffness (especially for the 90° printing direc-
tion as illustrated in Figure 3c) while maintaining a high aver-
age electric field, leading to optimal performance. In contrast,
the electric field practically vanishes for the two electrode infill
densities of 27% and 20%, which makes them not applicable for
use in DEAs.

3.3 | Performance of Multi-Material FFF 3D
Printed DEA Demonstrators

Based on the resistance-strain data and the electrical field
distribution simulations, an electrode characterized by an
electrode infill density of 40% and a direction of 90° was cho-
sen for the multi-material FFF printing of the DEA demon-
strator. Although the electrode infill direction of 45° resulted
in slightly lower comparative stress, the 90° electrode infill
direction was favored for general DEA purposes, particularly
when certain movement modes are undesirable [47, 48]. The
performance of the DEA was assessed by the total actuator
displacement by optically following the point at the end of the
actuator's free length. The measurements were conducted at
an actuation voltage of 4.4kV, a value chosen based on pre-
tests that confirmed all actuators could withstand this voltage
without electrical breakdown. Figure 5a shows the trajec-
tory of the respective actuator undergoing a displacement of
61 mm.

As the optimization target in this study was total displace-
ment, the actuation force was not measured. However, our
previous study reported that the blocked force of DEAs with
this geometry lies in the range of 1-10 mN. Since the identical
electrode material was used, similar response times of approx-
imately 20s were observed. This is caused by the electrode’s
higher resistance, which leads to longer charging-actuation
times [16].

To verify the assumption that this is the optimal infill density,
additional demonstrators with infill densities varying between
20% and 100% were FFF printed.

Figure 5b exhibits the dependence of the total displacement on
the electrode infill. The lowest total displacement at 100% elec-
trode infill density can be explained by the fact that this elec-
trode has the highest stiffness and therefore poses the highest
resistance against displacement. As the electrode infill density
decreases, the total displacement increases, reaching its maxi-
mum at 40% infill. The lower the infill density, the more com-
pliant the electrodes become and the lower the resistance of the
actuator against the displacement due to the Coulomb effect.
A further reduction of the electrode infill density continues to
lower the stiffness of the entire DEA system, but the electric
field density becomes significantly weaker, leading to a substan-
tial decrease in DEA performance. Thus, in the current set-up,
an optimum electrode infill density of 40% exhibited the best

(a)
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FIGURE 5 | (a) Monitoring the FFF printed DEA displacement by
applying 4.4kV. The dark blue line shows the movement trajectory of
the actuator's observed point. (b) Total actuator displacement vs. elec-
trode infill density. Error bars represent the maximum deviation ob-
served among the three 3D printed DEASs for each configuration. [Color
figure can be viewed at wileyonlinelibrary.com]

performance, corresponding to about 91% of the actuator's free
length.

This is a significant improvement over the maximum actuator
displacement of 42% achieved in our previous work [16] and
comparable to actuators that have been prepared by conven-
tional techniques or that have not been fully additively manu-
factured [3, 49-51].

4 | Conclusions

This study comprehensively examined the effect of electrode
geometry on the mechanical and electrical behavior of multi-
material FFF 3D printed unimorph bending beam DEA. For this,
films with varying electrode infill density and electrode infill ori-
entation were prepared, and the stress-strain behavior and the
strain-dependent electrical resistance were determined. It was
found that infill densities under investigation (20%-60%) affect
the mechanical performance of the electrodes in a different man-
ner depending on the printing direction. In 45° and 90° printing
directions, they do not play a significant role, while they become
relevant by printing samples in the 0° direction. This is mainly
related to the meander-like structure of the printed electrodes,
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which favors stretchability by design. While positive for the me-
chanical DEA performance, this meander-like structure of the
electrode negatively influences the electrical DEA performance
because of an increased wire length and thus electrical resistance.

In a second step, the maximum displacement of fully 3D printed
DEA demonstrators was studied at a 90° infill direction with
varying infill densities. The results clearly show that the dis-
placement is affected by both mechanical stiffness and electrical
properties (i.e., electrical field intensity and resistance). While
the lowest electrical resistance was obtained by a fully printed
electrode (100% infill density), the resulting displacement was
less pronounced as the electrode compromised on the total com-
pliance of the DEA. The best performance was obtained with
a 40% electrode infill density, which resulted in the maximum
actuator displacement of 91% relative to its free length. The data
were also in good agreement with the tensile properties and sim-
ulated electrical field distributions.

While the optimization of the electrode’s geometric parameters
in the chosen set-up is limited, follow-up studies will be dedi-
cated to the optimization of the electrode material properties.
The development of a more electrically conductive FFF filament
has the potential to enable new functionalities, such as sensing
and intrinsic heating, which may be implemented into the DEA.
In addition, it is expected to pave the way toward a faster dielec-
tric actuator response, which is a highly sought-after property in
soft robotic applications.
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