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Abstract

Single-process additive manufacturing provides fully functional 3D-printed
structures in a single 3D printer without the need for additional manufactur-
ing processes. The 3D-printed parts can be scaled, individualised, embedded,
and combined into multi-functional structures without modifications to the
fabrication technology.

This manuscript reports the first demonstration of monolithically 3D-
printed stacked dielectric actuators (SDEAs) in a single fabrication process
utilising a commercially accessible extrusion 3D printer and thermoplastic
filaments. Neither single-layer nor stacked dielectric actuators have been 3D
printed with thermoplastic filament extrusion in a single process until now.

To achieve single-process fabrication, this research successfully addresses
the main challenges: single-process fabrication of the dielectric layer and
electrodes, repeatability and reliability of the 3D-printed thin dielectric layer,
and layer stacking.

Four actuators with different active areas and a number of stacked ac-
tive layers were 3D printed. The functionality of the 3D-printed actuators
was demonstrated with dynamic electromechanical characterization in a free-
displacement and blocked-force configuration in a broad frequency range (up
to 5 kHz).

The actuators show promise for applications that require high-frequency
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resonators or high controllability in the sub-resonance region.

Keywords: dielectric actuator, fused-filament fabrication, dynamic
operation, free displacement characterization, blocked force
characterization, smart structures

1. Introduction

Recent contributions to the subject of solid-state actuation describe ac-
tuators with diverse functionalities. Actuation mechanisms with faster re-
sponse, i.e., electrostatic [1, 2], piezoelectric [3, 4], electromagnetic [5, 6, 7],
and dielectric [8], were utilised for microbeam [9] and membrane [10] res-
onators, membrane speakers [11], and fast-switching bistable actuators [12].
Slower actuation mechanisms, i.e., pneumatic [13], thermomechanical [14,
15], phase-change [16] and shape-memory [17] effects, were utilised for biomimetic
robots [18], soft grippers [19], artificial muscles [20], and origami self-folding
structures [21].

The additive manufacturing of solid-state actuators provides important
advantages, e.g., low-cost single-process fabrication, individualization, com-
plex shapes, fast prototyping, and integrated sensing [22, 23]. The recent
research drive towards multi-material 3D-printed functional structures (sen-
sors [24, 25, 26, 27], actuators [18, 28, 29], electrical circuits [30, 31], and
batteries [32]) are the foundations for future 3D-printed individualised smart
structures [33, 34].

The achievable excitation force and response time of 3D-printed actua-
tors are dependent on the underlying actuating mechanism and the material
properties. Because of the solid-state design that is necessitated by the actu-
ating mechanisms and 3D printing’s limitations, most 3D-printed actuators
belong to the field of soft robotics [35], which means relatively low-frequency
operation.

Electronic electro-active (dielectric and piezoelectric) actuating mecha-
nisms demonstrate faster responses than pneumatic/hydraulic, thermome-
chanical, and shape-memory effects. The achievable response time is also
restricted by the mechanical properties of the utilised materials; e.g., softer
polymers (gels, elastomers) increase the response time and reduce the actu-
ating force because of the pronounced visco-(hyper)elastic effects [36].

Although, the first classically manufactured DEAs were presented decades
ago, the field is still developing and expanding with advances in materials and
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fabrication technologies towards novel applications [37]. The fast response
of DEAs was utilised in vibroacoustic applications like active and passive vi-
bration isolation [10, 38] and noise damping or attenuation (dielectric speak-
ers) [39]. The exibility of dielectric elastomers makes possible soft robots
that are capable of walking [40], swimming [41], and ying [42]. The repeat-
able response and accuracy of DEAs are utilised, for example, for micro- and
nano-positioning systems [43], active lenses [44], haptic feedback [45], and
tremor-suppression devices [46]. The dielectric e�ect makes it possible to
have dielectric grippers for object holding without energy consumption (di-
electric minimum energy structures - DEMES) [47]. The simple and exible
design was also utilised to produce micro-pumps and uid-control devices
in microuidics [48], contributing to the �elds of biomimetic structures and
lab-on-a-chip devices.

The recent development of materials resulted in elastomers with increased
permittivity and electric breakdown stability [49, 50] and compliant elec-
trodes fabricated with polymer liquids [51], hydrogels [52], nanomaterials
(carbon and metal) [53], and polymer nanocomposites [54]. These new ad-
vances in polymers and polymer composites provide extremely exible elec-
trodes and new fabrication techniques [55]. The assortment of dielectric
materials was also expanded from silicon-, acryl- and polyurethane-based
elastomers to include liquid and gel-like polymers with self-healing capabili-
ties [56], polymer composites with increased dielectric permittivity [57, 58],
and copolymers with improved breakdown stability and prestrained molecu-
lar structures (interpenetrating polymer networks) [59].

Most stacked DEAs (SDEAs) are fabricated using manual methods (pre-
fab. foils and �lms, spin-coating, spray deposition, etc.). Li et al. [60] pre-
sented a SDEA fabricated with a circular process of casting and curing of
the liquid dielectric, fallowed by the casting and curing of the electrode ma-
terial, and stacking of the active layers for the desired number of layers.
Kelley et al. [46] developed an SDEA for tremor suppression using a folding
method; a three-part silicon was cured and folded into a stacked con�gura-
tion and carbon powder was manually brushed-on, serving as the electrodes.
Rossiter et al. [61] utilised an ink-jet 3D printer for the fabrication of a sti�
frame and dielectric layer for an antagonistic annular DEA; the electrodes
were applied manually in the form of silver paste. In 2018, Haghiashtiani et
al. [62] developed an ionic hydro-gel polymer for the electrodes and a silicon-
based dielectric, which were used in a direct ink writing (DIW) process to
print a dielectric unimorph actuator. In 2020, Chortos et al. developed
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conductive and dielectric ink materials with self-healing properties for DIW.
The electrodes and the sti� frame were printed and the dielectric was cast
and cured in the printed frame. Quasi-static and dynamic characterizations
between 1 and 100 Hz were performed [63]. Gonzalez et al. [64] used a fused-
�lament-fabrication (FFF) technology and printed a DE layer for a circle
membrane actuator with a commercial thermoplastic polyurethane (TPU)
�lament. Electrodes were applied manually after the printing and the char-
acterization was quasi-static.

FFF 3D-printing technology is based on the extrusion of a thermoplastic
polymer that is fed into the machine in �lament form [65, 66]. The desired
shape of the printed part is sliced into horizontal layers that are sequen-
tially printed onto each other. Each layer is a composition of individually
extruded traces of the polymer melt that solidify and form a solid base for
the next layers. The main advantages are the accessibility of the machines,
the extensive selection of compatible polymers [67] and functional polymer
composites [68], and multi-material 3D printing capability [69], all of which
make it one of the most widespread polymer 3D-printing technologies.

From the literature review it is clear that in 3D printing the main fabrica-
tion challenge is the uneven surface of the printed TPU layer which results, in
an electromechanical pull-in instability and frequent dielectric breakdowns.
In terms of the accuracy and repeatability of FFF technology, research has
to be performed to advance the skills and knowledge for a successful print-
ing strategy to decrease the electromechanical instability and increase the
repeatability and performance of the printed DEAs. Furthermore, the meth-
ods for relatively high-frequency dynamic characterization of printed DEAs
have to be researched.

In this manuscript, FFF technology and commercial �lament materials
are used to 3D print a SDEA in a single process without manual intervention.
A stacked con�guration consisting of horizontal interchanging electrodes and
dielectric layers is the most suitable for the layer-by-layer deposition process
and high-frequency dynamic operation. The printing procedure, including
the surfacing of each printed layer, enabled the fabrication of four SDEAs
with di�erent active areas and numbers of active layers. The dynamic elec-
tromechanical characterization was performed with the devised methods in
�xed-free and �xed-�xed con�gurations, enabling a precise analysis of the
dynamic operation and the study of the e�ects of the actuator's dimensions.

The manuscript is organised as fallows. In Sec. 2, the theoretical back-
ground of the dielectric e�ect is presented. Sec. 3 presents the fabrication,
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while Sec. 4 and 5 present the electrical and electromechanical characteriza-
tions, respectively. The results are given in Sec. 6, while Sec. 7 discusses the
results. Finally, last section draws the conclusions.

2. Theoretical background

This section presents the fundamental theoretical background to dielec-
tric actuation. The dielectric electromechanical coupling is presented with
the example of a single active layer comprising a dielectric �lm sandwiched
between two opposite electrodes. The example con�guration with the latter
used coordinate system is shown in Fig.1.

Figure 1: A simpli�ed example of an active dielectric layer. (a) 3D view with visible
top electrode and electrical connection to a voltage sourcev, marked dimensions (areaA
and thicknessd), and material properties (elastic modulus Y , relative permittivity � r ) of
the dielectric. (b) Side view with marked generated forcef and displacement of the top
electrode � x.

The dielectric actuation mechanism using the Maxwell stress approach
for the (33)-direction is de�ned as [70]:

T33 = � r � 0E 2
3 : (1)

The mechanical stressT33 generated in the dielectric layer depends on the
relative permittivity � r (� 0 is the permittivity of a vacuum) and the square
of the electric �eld E3. The electric �eld:

E =
v
d

(2)

is established with a voltage potentialv (applied to the opposite electrodes)
and is inversely proportional to the thickness of the dielectric layerd, see

5



Fig.1.
If the electric �eld and mechanical stress are uniform, the generated force

can be simpli�ed to [71]:

f = � � r � 0A
� v

d

� 2
; (3)

whereA is the active area of the actuator. To derive the generated strainS33

when the actuator is activated, the elastic modulusY has to be taken into
account. If the electrodes are assumed to be ideally compliant, the strain is
de�ned as [71]:

S33 = � � r � 0

� v
d

� 2 1
Y

: (4)

The displacement � x can be derived from the strainS33:

� x = � � r � 0
v2

d
1
Y

: (5)

The generated displacement �x is proportional to � r and v2 and inversely
proportional to d and Y.

3. Fabrication

This section presents the technology and materials, explaining the mod-
i�cations to the commercial multi-material 3D printer and the fundamental
reasoning behind the material selection. Secondly, the design of the actuator
is presented and the fabrication method in terms of material extrusion and
deposition strategy is described.

3.1. FFF technology and materials

From the theoretical background it is clear that dielectric actuation re-
quires thin (d) and exible ( Y) active layers, which presents technological
issues with regards to: 3D printing resolution, minimal achievable thickness,
and material selection.

Speci�cally for FFF technology, resolution in the xy-plane is dependent
on the extruded trace width, which is limited by the nozzle diameter. In
contrast, the z-axis resolution is dependent only on the z-axis drive resolution,
which is about 5µm for a typical FFF 3D printer. Consequently, thin features
are best printed horizontally.
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All the actuators were printed on an E3D ToolChanger (E3D-Online,
United Kingdom) with four independent direct extruders enabling the fab-
rication of structures with four di�erent materials. The printer was further
modi�ed and retro�tted with an auto-calibration system for the x-, y-, and
z-axis and a camera system for visual inspection of the printed layers during
and after the print job. These modi�cations substantially improved the ef-
�ciency of the print-fault determination and increased the printing's success
rate.

The auto-calibration system enabled the individual calibration of each
nozzle o�set. It consisted of a piezo switch and a camera mounted on the
side of the print bed. The z-axis was calibrated by recording the height of the
z-axis at the point of contact between the nozzle and the piezo switch. The x-
and y-axis were calibrated with a camera that was vertically mounted towards
the nozzle ori�ce. A circle-�tting algorithm de�ned the nozzle's o�set in the
x-y plane. The whole calibration procedure was performed on an external
Raspberry Pi computer connected to the printer's control board. The camera
system for the visual inspection of the printed layers was mounted on the tool
holder. It was also controlled by the Raspberry Pi. It was activated by the
g-code at the required layer heights.

The mechanical elasticity of the used materials greatly impacts on the
actuating strain, and highly exible materials for the dielectric and conduc-
tive elements are desired. To achieve a higher actuating strain, multiple
active layers can be stacked together. SDEAs operating in a longitudinal
out-of-plane con�guration (shown in Fig. 2), are the focus of this research.

Conventional dielectric materials used for dielectric actuators exhibit ex-
ceptional exibility to achieve large actuating strains. Extrusion of exible
materials with a commercial FFF 3D printer is challenging as the �lament
must provide su�cient sti�ness for the reliable grip with the extruder gears
and must resist buckling of the �lament before the melting zone. To achieve
a reliable dielectric layer the material with the best compromise between
exibility and printability was chosen.

As for the dielectric also the electrodes need to be as exible as possible
to enable the deformation of the active layer. In addition, they must pro-
vide su�cient electrical conductivity to charge the dielectric at high voltage
amplitudes and frequencies.

The actuators presented in this manuscript were printed with NinjaTek
Eel and Trcek TPU. This pair of materials provided the best compromise
between printability and exibility. Also, since both materials are based on
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TPU, a good adhesion during and after printing was achieved. NinjaTek Eel
provided su�cient conductivity to successfully charge the actuators in the
characterization frequency range (up to 5 kHz).

3.2. DEA design and fabrication strategy
The SDEA was composed of three distinct layers, shown in Fig. 2b, that

were printed alternately to achieve the desired interdigitated stacked con�g-
uration. The dielectric layer comprised of the dielectric in the middle with
contacts on the left- and right-hand sides for the left and right electrodes,
respectively. Two other distinct layers were comprised of an electrode, a
contact for the opposite electrode, and an isolating dielectric segment in-
between. The electrode was isolated with a dielectric perimeter to prevent
dielectric breakdown on the edge of the actuator (see Fig. 2c).

The main challenges encountered during 3D printing were unevenly printed
surfaces, which are a typical consequence of the extrusion-deposition FFF
process. Contributing to the unevenness is �lament-diameter variation that
can result in over-/under-extrusion of the material and pronounced high/low
spots in the printed layer. The uneven surface onto which the new material
is being deposited can result in inter-layer contamination. One compro-
mised dielectric layer is su�cient to cause electromechanical instability and
drastically decrease the dielectric breakdown strength of the whole stacked
actuator. Nozzle fouling and stringing can also lead to contaminated lay-
ers. Strings of exible material act as an obstruction, preventing even and
uniform material deposition, which is transferred to subsequent layers and
can result in an electrical contact between opposite electrodes through the
dielectric.

The presented problems were substantially reduced with the development
of a custom g-code generation program. The custom program enabled an
individual speci�cation of process parameters and deposition strategies for
each region (shown in Fig.2) of the printed actuator. The most bene�cial
extrusion and deposition parameters were: perimeter, in�ll, and ironing start
position, nozzle wipe position, in�ll and ironing raster angle, extrude rate,
and printing speed.

A major improvement in surface quality was achieved with the ironing
of each electrode and the dielectric surface. Ironing is a process where a
hot nozzle is dragged over the already-printed surface with a narrower path
spacing attening the printed surface to the speci�ed layer height. With
ironing, extra material from over-extrusion can be pushed to the side of the
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Figure 2: SDEA design . (a) Single active unit with the opposing electrodes (red and
blue) and the dielectric (black) with marked active region (compressed when active).
(b) Three distinct layers of the active unit: two electrode layers with the electrode, con-
tact regions, and isolation regions and a dielectric layer with the dielectric and two contact
regions. (c) Sliced layers for extrusion 3D printing with visible individual traces of the
extruded material. (d) The individual active units are stacked into a stacked actuator.
(e) Section of the stacked actuator with transparent dielectric.
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Figure 3: 3D-printed SDEA. (a) Actuator after printing with electrical isolation on
the bottom and PLA spacer on the top. (b) Actuator after the application of conductive
tape and silver paint for electrical contacting. (c) Section of the printed actuator with
the colored contact (blue), isolation (red), and active (green) regions. (d) Close-up of the
contact and isolation region with visible traces of the dielectric and conductive materials
and colored opposite electrodes. (e) Close-up of the active region with marked direction of
trace deposition of conductive and dielectric materials with the evident void-�lling e�ect
of the ironing of each layer.
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