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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 flexibility of dielectric elastomers makes possible soft robots
that are capable of walking [40], swimming [41], and flying [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 effect makes it possible to
have dielectric grippers for object holding without energy consumption (di-
electric minimum energy structures - DEMES) [47]. The simple and flexible
design was also utilised to produce micro-pumps and fluid-control devices
in microfluidics [48], contributing to the fields 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 flexible 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 films, 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 configura-
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 stiff
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 stiff frame were printed and the dielectric was cast
and cured in the printed frame. Quasi-static and dynamic characterizations
between 1 and 100Hz were performed [63]. Gonzalez et al. [64] used a fused-
filament-fabrication (FFF) technology and printed a DE layer for a circle
membrane actuator with a commercial thermoplastic polyurethane (TPU)
filament. 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 filament 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 filament materials
are used to 3D print a SDEA in a single process without manual intervention.
A stacked configuration 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 different active areas and numbers of active layers. The dynamic elec-
tromechanical characterization was performed with the devised methods in
fixed-free and fixed-fixed configurations, enabling a precise analysis of the
dynamic operation and the study of the effects of the actuator’s dimensions.

The manuscript is organised as fallows. In Sec. 2, the theoretical back-
ground of the dielectric effect 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 film sandwiched
between two opposite electrodes. The example configuration with the latter
used coordinate system is shown in Fig.1.
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Figure 1: A simplified example of an active dielectric layer. (a) 3D view with visible
top electrode and electrical connection to a voltage source v, marked dimensions (area A
and thickness d), and material properties (elastic modulus Y , relative permittivity ϵr) of
the dielectric. (b) Side view with marked generated force f and displacement of the top
electrode ∆x.

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

T33 = ϵrϵ0E
2
3 . (1)

The mechanical stress T33 generated in the dielectric layer depends on the
relative permittivity ϵr (ϵ0 is the permittivity of a vacuum) and the square
of the electric field E3. The electric field:

E =
v

d
(2)

is established with a voltage potential v (applied to the opposite electrodes)
and is inversely proportional to the thickness of the dielectric layer d, see
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Fig.1.
If the electric field and mechanical stress are uniform, the generated force

can be simplified to [71]:

f = −ϵrϵ0A
(v
d

)2

, (3)

where A is the active area of the actuator. To derive the generated strain S33

when the actuator is activated, the elastic modulus Y has to be taken into
account. If the electrodes are assumed to be ideally compliant, the strain is
defined as [71]:

S33 = −ϵrϵ0

(v
d

)2 1

Y
. (4)

The displacement ∆x can be derived from the strain S33:

∆x = −ϵrϵ0
v2

d

1

Y
. (5)

The generated displacement ∆x is proportional to ϵr and v2 and inversely
proportional to d and Y .

3. Fabrication

This section presents the technology and materials, explaining the mod-
ifications 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 flexible (Y ) active layers, which presents technological
issues with regards to: 3D printing resolution, minimal achievable thickness,
and material selection.

Specifically 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 5 µm 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 different materials. The printer was further
modified and retrofitted 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 modifications substantially improved the ef-
ficiency of the print-fault determination and increased the printing’s success
rate.

The auto-calibration system enabled the individual calibration of each
nozzle offset. 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 orifice. A circle-fitting algorithm defined the nozzle’s offset 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 flexible 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 configuration (shown in Fig. 2), are the focus of this research.

Conventional dielectric materials used for dielectric actuators exhibit ex-
ceptional flexibility to achieve large actuating strains. Extrusion of flexible
materials with a commercial FFF 3D printer is challenging as the filament
must provide sufficient stiffness for the reliable grip with the extruder gears
and must resist buckling of the filament before the melting zone. To achieve
a reliable dielectric layer the material with the best compromise between
flexibility and printability was chosen.

As for the dielectric also the electrodes need to be as flexible as possible
to enable the deformation of the active layer. In addition, they must pro-
vide sufficient 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 flexibility. Also, since both materials are based on
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TPU, a good adhesion during and after printing was achieved. NinjaTek Eel
provided sufficient 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 config-
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 filament-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 sufficient 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 flexible 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 specification of process parameters and deposition strategies for
each region (shown in Fig.2) of the printed actuator. The most beneficial
extrusion and deposition parameters were: perimeter, infill, and ironing start
position, nozzle wipe position, infill 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 flattening the printed surface to the specified 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-filling effect
of the ironing of each layer.
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actuator as long as the starting position and raster angle are appropriately
specified.

Electrical contacts between the printed electrodes and the electrical ex-
citation equipment were manually fabricated with a conductive, embossed
tin-plated copper foil (3M, part num. 1345) and conductive silver paint
(ElectroLube, SCP), as is shown in Fig. 3.

4. Electrical characterization

Electrical characterization was performed using the two-probe impedance
measurement of the Digilent Analog Discovery 2 oscilloscope (Digilent Inc.,
USA) and an impedance-measurement module. The module enabled an
impedance measurement with calibrated shunt resistors and compensation
for the connecting cables. Electrical impedance, defined as:

Z(ω) =
V (ω)

I(ω)
= R +

1

jωC(ω)
[Ω] , (6)

is comprised of the resistance R and capacitance C of the system. The elec-
trodes and the connecting cables represent the resistance and the dielectric
represents the capacitance.

The relative permittivity of the dielectric was calculated from the mea-
sured capacitance:

ϵr(ω) = C(ω)
d

NAϵ0
, (7)

where C(ω) is the frequency-dependent capacitance and d, N , and A repre-
sent the dielectric layer thickness, number of active layers, and active area,
respectively.

5. Electromechanical characterization

Electromechanical characterization was performed in a dynamic opera-
tional regime. Each actuator was characterised in a fixed-free and fixed-fixed
boundary condition where the generated acceleration of the free-end and
actuating force were measured, respectively.

Excitation was performed with an A-303 High-Voltage Amplifier (A. A.
Lab Systems Ltd., Israel). The excitation voltage was a pure sine wave (AC)
without the static component (DC) and was measured with a 100:1 voltage
probe and a National Instruments DAQ card.
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Figure 4: Experimental setup for dynamic free-displacement characterization.
(a) The actuator is glued onto a vibro-isolated mass and the 3-axis accelerometer is glued
onto the printed spacer on top of the actuator with the primary response in the vertical
direction. (b) Front view sketch of the characterization setup with the electrical connection
v(t) and primary displacement response x(t).

The actuators exhibited a high electrical capacitance, reducing the voltage
capability of the amplifier. In the frequency range from 100 Hz to 5 kHz and
excitation voltage from 60 V to 130 V, the response of the amplifier was found
to be linear. The amplifier was voltage controlled at an amplitude of 60 V
to prevent any voltage variation from affecting the dynamic characteristic of
the actuator.

Measurements of the excitation voltage and the mechanical response were
performed at discrete frequencies with a step of 10 Hz. The excitation fre-
quency range was 100 Hz to 2.5 kHz and 100 Hz to 1 kHz for the free-
displacement and blocked-force characterizations, respectively. Since the di-
electric effect exhibits quadratic electromechanical coupling and the excita-
tion voltage was a pure sine wave, the actuators responded with a doubled
excitation frequency. For that reason, the frequency-response characteristics
were defined by the Fourier transform of a squared voltage-time signal.

5.1. Free-displacement characterization

Fixed-free or free-displacement characterization enables the analysis of
an actuator in a no-load condition. The frequency response of an actuator,
therefore, includes only the unobstructed actuator dynamics.
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The experimental setup for the fixed-free boundary condition is shown in
Fig. 4. The fixed-free boundary condition was obtained by gluing the bottom
of the actuator to a stable vibro-isolated mass. The mass was sufficient
(>10kg) to be regarded as a stationary/fixed support. The acceleration of
the free end was measured with an accelerometer that was glued to the
The PLA spacer on the top of the actuator. PLA spacer was printed with
the actuator. It distanced the sensor from the top electrode to reduce the
electromagnetic noise picked up from the electrically excited actuator and
provided a stiff and flat surface for the sensor [27]. In this case the load was
the mass of the accelerometer (5 g) with a negligible effect on the response
(the inertial load was significantly smaller then the generated force).

A PCB 356A32 3-axis IEPE piezoelectric accelerometer (PCB Piezotron-
ics, USA) was used for an uncoupled measurement of the vertical (longitu-
dinal contraction) and horizontal (bending) actuator dynamics. The sensor
signal was acquired with a National Instruments measuring chain comprised
of an NI9234 DAQ card and an NI cDAQ-9174 chassis.

The measured time signals were transformed into the frequency domain
by the Fourier transform (FT). The actuator’s dynamic characteristic was
calculated as a ratio of the FT of the response to the FT of the squared
excitation voltage. This enabled a linear representation of the dynamic char-
acteristic of a quadratic, nonlinear, electromechanical coupling.

The fixed-free electromechanical characteristic was defined as the accel-
eration A divided by the FT of the squared excitation voltage Vsq:

Ha,v(ω) =
A(ω)

Vsq(ω)

[
m/s2

V2

]
, (8)

and as displacement X divided by the FT of the squared excitation voltage
Vsq:

Hx,v(ω) =
X(ω)

Vsq(ω)

[ m
V2

]
, (9)

where ω is the angular velocity. The displacement X was calculated in the
frequency domain from the measured acceleration A:

X(ω) = −A(ω)

ω2
. (10)
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Figure 5: Experimental setup for dynamic blocked-force characterization. (a) An
actuator is placed into the fixture and a pre-stress force is applied by the steel rod with a
piezoelectric force sensor on the tip. The rod is clamped with the clamping bolts into the
fixture. (b) Front view sketch of the characterization setup with the electrical connection
v(t), pre-stress force fpre, and generated force f(t).

5.2. Blocked-force characterization

The fixed-fixed or blocked-force characterization makes it possible to anal-
yse the generated force in a simulated, infinite-load condition. Because the
strain of the actuator is blocked, the measured force should not exhibit any
actuator dynamics. The fixed-fixed boundary condition was achieved with
an aluminium fixture, shown in Fig. 5. The actuator was placed inside the
fixture and the force sensor, mounted to the steel rod, was lowered onto the
PLA spacer.

When the actuator is active it is contracted; therefore, a static pre-stress
is required to measure the generated force. The static pre-stress was applied
via the steel rod (Fig. 5) and the static force was measured. When the desired
pre-stress force was achieved, the steel rod was fixed in the tight-fit with the
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clamping bolts. The whole setup shown in Fig. 5 was then placed onto a
vibro-isolated surface and dynamically characterized. To reduce the effect of
the viscoelastic relaxation (reduction of the pre-stress) in the actuator, the
characterization was made immediately after pre-stressing.

The magnitude of the pre-stress force was determined with an electrome-
chanical characterization of an actuator, while incrementally increasing the
pre-stress force by 200 N, starting at 100 N. For each step, the time-domain
and frequency-domain responses were examined. In the case of a small pre-
stress, the response was non-linear due to the separation between the contact
surfaces between the actuator and the fixture. In contrast, a high pre-stress
reduces the dielectric strength of the actuator by compressing the dielectric
layers and increasing the electric field. This in turn increases the pull-in elec-
tromechanical instability [50] that can result in a dielectric breakdown of the
actuator. For the actuators in this study, the linear response was achieved
at pre-stress force of 1 kN.

The static pre-stress force and the dynamic actuator force were measured
with a PCB 218C piezoelectric force sensor. The static charge (from the
static pre-stress force) was amplified with a Kistler 5073A charge amplifier
(Kistler Group, Switzerland). The dynamic charge (actuator response) was
amplified with a Nexus 2692 charge amplifier (Brüel & Kjær, Denmark). The
generated voltage from the charge amplifiers were measured with an NI9232
DAQ card.

The frequency range of the blocked-force characterization needs to be well
below the resonance of the experimental system. The first natural frequency
of the system was identified from the frequency-response functions. The
setup was excited with an impact hammer, coaxially with the steel rod.
The response was measured with an accelerometer fixed to the experimental
fixture in parallel with the excitation direction. The first resonance of the
setup with and without the pre-stressed sample was measured to be around
5 kHz. Therefore, the characterization range from 100 Hz to 2 kHz was not
affected by the dynamics of the fixture.

To research the inertial influences, the acceleration of the sensor’s base
plate was measured with an impedance probe (PCB 288D01). The measured
acceleration of the sensor’s base plate was below 0.03m/s2 in the complete
characterization frequency range. As the dynamically attached mass of the
impedance probe is 4.8 g, the inertial force can be estimated to be below
0.14mN (significantly below the later measured dynamic force).

The fixed-fixed electromechanical characteristic was defined as the dy-

15



namic force F divided by the FT of the squared excitation voltage Vsq:

Hf,v(ω) =
F (ω)

Vsq(ω)

[
N

V2

]
. (11)

6. Results

Firstly, the results of the electrical characterization are presented, in-
cluding the measured electrical impedance and capacitance of each actuator.
Secondly, the electromechanical characteristics of each actuator are presented
and discussed, including the comparison of the actuator’s performance. The
free-displacement (fixed-free) and blocked-force (fixed-fixed) characteristics
are presented sequentially in the time and frequency domains.

Samples included in the results are defined in Tab. 1, including the the-
oretical capacitance explained in Sec. 6.1

Table 1: Samples with corresponding dimensions and theoretical capacitance Ctheor..

sample
DE layer
thickness
[mm]

num.
of DE
layers

active area
[mm×mm]

active area
[mm2]

Ctheor.

[nF]

N50-A15x15 0.15 50 15×15 225 3.59
N50-A20x20 0.15 50 20×20 440 6.37
N100-A15x15 0.15 100 15×15 225 7.17
N100-A20x20 0.15 100 20×20 440 12.75

6.1. Electrical characteristic

The measured electrical impedance and capacitance of each sample actu-
ator are shown in Fig. 6. The characterization was performed from 100 Hz
to 20 kHz.

The plotted impedance in polar form (magnitude in Fig. 6a and phase in
Fig. 6b) exhibits close-to-pure capacitance properties. The resistivity of the
NT Eel filament was measured at 0.13Ωm (7 orders of magnitude greater
than copper). Despite the large resistance of the electrode material, the
charging of the dielectric layers was not limited in the characterised frequency
range (i.e. cutoff frequency is higher than 20 kHz).

The capacitance of the actuators (see Fig. 6c) is influenced by the ac-
tive area A, the dielectric layer thickness d, the dielectric permittivity ϵ,
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calculated from the dimensions of the actuators and the measured relative permittivity of
the dielectric.
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and the number of active layers N . All samples (Tab. 1) were printed with
the same material, conditions and dielectric thickness. Therefore, A and N
are the variables that determine the actuators’ capacitance. As expected,
the N100-A20x20 actuator exhibits the highest capacitance (12.2 nF), N50-
A20x20 and N100-A15x15 exhibit comparable capacitances (6.4 and 6.7 nF,
respectively), and the smallest actuator N50-A15x15 exhibits the lowest ca-
pacitance (3.3 nF). Although N50-A20x20 and N100-A15x15 are comparable
in electrical characteristics, the electromechanical response differs, as will be
shown in Sec. 6.2.

The gradual decrease in capacitance with frequency is the result of frequency-
dependent polarization mechanisms in the dielectric and is typical for the
materials used in dielectric actuation.

The permittivity of the TPU was determined in the preliminary experi-
ments where the capacitance of one active unit (one DE layer) was measured
(for Trcek TPU ϵr = 5.4). The known permittivity of the dielectric was used
to estimate the theoretical capacitance of each actuator based on the specified
dimensions (see Tab. 2 and Fig. 6c - dashed lines). Comparing the expected
and measured capacitance gives an indirect measure of the fabrication accu-
racy and reliability. The capacitance lower than expected can be attributed
to the thicker dialectic layers and the electrodes with compromised electrical
contacts (dielectric regions without charge).

6.2. Electromechanical characteristic

The response amplitudes are presented in Tab. 2 , to provide a practical

Table 2: Response amplitudes of each sample driven at 60V.

sample
fres
[kHz]

|a|
(at fres)
[m/s2]

|x|
(at 500Hz)

[nm]

|x|
(at fres)
[nm]

|f |
(at 200Hz)

[mN]
N50-A15x15 2.75 0.82 1.74 2.92 5.7
N50-A20x20 2.80 1.19 2.08 3.97 7.8
N100-A15x15 2.00 0.90 3.04 6.29 5.4
N100-A20x20 2.05 1.16 3.39 7.55 8.3

representation of the performance of each actuator. The dynamic response of
an actuator in a fixed-free boundary condition exhibits a resonance frequency
fres where the response reaches a peak amplitude (see Sec. 6.2.1). Fixed-
free acceleration a and displacement x for the sub-resonance (500Hz) and
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resonance frequencies fres and the force f at 200Hz are provided (Tab. 2).
To enable a direct comparison between the samples, all samples were driven
with an AC voltage with a constant amplitude of 60V.

The results presented in Tab. 2 are explained with the corresponding
actuator characteristics in Figs. 7, 8, 9, and 10.

6.2.1. Fixed-free response

Fig. 7 provides the characterization results for the N100-A20x20 actuator
showing the time signals and transformation into the frequency domain with
the corresponding frequency characteristics of all the measured variables.
The driving voltage v (Fig. 7a), squared driving voltage v2 (Fig. 7b), and the
response of the actuator as acceleration a (Fig. 7c) are provided in the time
domain on the left-hand side and the frequency domain on the right-hand
side of Fig. 7. The time-domain signals are plotted for the sub-resonance
(0.5 kHz), in-resonance (1 kHz), and sup-resonance (1.5 kHz) excitation fre-
quencies. The frequency domain plots of the driving voltage V , squared
driving voltage Vsq, and acceleration A magnitude are plotted in the com-
plete characterization frequency range. The squared driving voltage in the
time and frequency domains is added as a visual aid for the representation of
the quadratic electromechanical coupling (Maxwell pressure) and the doubled
excitation frequency in the response.

The time-domain signals show that the AC driving voltage produces a
clear sine-wave response, exhibiting the desired dynamic applicability of the
3D-printed actuator. The time delay between the driving voltage and re-
sponse can be distinguished from the time-domain signals, but will be better
represented in the frequency domain, see Fig. 8.

Fig. 8 presents electromechanical frequency characteristics (response nor-
malised by excitation), which enable a direct comparison of the dynamic
properties and performance of each actuator. The FT of the driving volt-
age clearly shows a constant driving amplitude in the complete frequency
range. As expected, the acceleration (and displacement) shows a frequency
dependent response.

Fig. 8a shows the acceleration characteristic Ha,v and Fig. 8b shows the
displacement characteristic Hx,v, both consisting of magnitude and phase
components. Depending on the desired application of the actuator a knowl-
edge of Ha,v or Hx,v are needed, e.g., Ha,v is required to investigate the active
vibroisolation functionality, Hx,v is needed for dynamic nanopositioning func-
tionality.
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Figure 7: N100-A20x20 sample in a fixed-free boundary condition: (a) driv-
ing voltage in the time domain for three discrete excitation frequencies (0.5 kHz, 1 kHz,
1.5 kHz), (b) squared driving voltage for graphical representation of the quadratic electro-
mechanical coupling, (c) measured acceleration in the time domain, (d) frequency charac-
teristic of the driving voltage for the complete frequency excitation set (100 Hz to 2.5 kHz)
(e) frequency characteristic of the squared driving voltage (the frequency is doubled), (f)
frequency characteristic of the acceleration for the primary compression response (Az) and
the bending responses (Ax and Ay).
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Figure 8: Free-displacement electromechanical frequency characteristics.
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All samples exhibit a typical dynamic characteristic of an actuator with
a pronounced first harmonic (at ∼ 2 and 3 kHz). Higher harmonics are not
evident in the characterization frequency range. The resonance frequency is
dependent on the structural dynamics of the actuator. Here, it is directly
proportional to the active area A and inversely proportional to the height
(the number of active layers N) of the actuator. The Ha,v magnitude at the
resonance frequency is mainly dependent on the active area A.

Hx,v shows a close-to-constant magnitude in the sub-resonance region.
The resonance produces roughly twice the displacement amplitude compared
to the sub-resonance region. Actuators with 100 layers respond with twice
the amplitude of the 50-layer actuators in the sub-resonance region.

The plotted phases of Ha,v and Hx,v show a constant increase in the
response delay, which can be expected for thermoplastic elastomers exhibiting
frequency-dependent stiffness and high internal damping [72].

The cross-axis x- and y-axis acceleration amplitudes (bending) are the
highest at the resonance frequency, reaching ∼ 15% of the z-axis acceleration
(the primary actuation direction). The cross-axis excitation of the actuator
is the result of multiple factors, for example, the variation of the material
stiffness and the density as a result of the extrusion/deposition process, the
variation in the Maxwell pressure as a result of different dielectric thicknesses,
and deviation of the sensor positioning with respect to the symmetry line.

6.2.2. Fixed-fixed response

Fig. 9 shows the time and the frequency domain of the measured exci-
tation and response signals for the N100-A20x20 actuator in a fixed-fixed
boundary condition.

The actuator exhibits a clear harmonic response (Fig. 9c) confirming the
high frequency dynamic applicability of the 3D-printed actuators. The mag-
nitude of the excitation (V and Vsq) is constant. The magnitude of the actuat-
ing force F exhibits a gradual decrease. Although, the force magnitude is not
constant, no resonance can be observed. This confirms the effective blocking
of the actuator dynamics with the proposed characterization method.

Fig. 10 shows the blocked-force frequency characteristicHf,v of each printed
actuator. It is evident that the actuating force in a blocked configuration is
primarily dependent on the active area A. Actuators with equal active ar-
eas have more similar characteristics. Actuators with a 400mm2 active area
(+44% compared to 225mm2) exhibit ∼ 30% increase in the generated force.

The applied pre-stress of 1 kN and the constrained boundary surfaces
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Figure 9: N100-A20x20 sample in a fixed-fixed boundary condition: (a) driv-
ing voltage in the time domain for two discrete excitation frequencies (100 Hz, 600 Hz),
(b) squared driving voltage for a graphical representation of the quadratic electro-
mechanical coupling, (c) measured force in the time domain for the two excitation fre-
quencies, (d) frequency characteristic of the driving voltage for the complete frequency-
excitation set (100 Hz to 1 kHz), (e) frequency characteristic of the squared driving voltage
(the frequency is doubled), (f) frequency characteristic of the force response.
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increase the resonance frequencies of an actuator. Nevertheless, the mag-
nitude and phase of the responses are not exactly constant. The gradually
decreasing actuating force in the frequency domain can be attributed to elec-
trical and dynamical factors. The frequency-dependent relative permittivity
ϵr(ω) of the dielectric will affect the generated force (see Eq. (3)). The dy-
namic effect can be attributed to the strains in the non-constrained layers
of the actuator. Although the strains are small, the effects of the dynamic
properties of the thermoplastic elastomers (TPEs) can be observed in the
measurements.

The gradual decrease in the generated force can be attributed to a decreas-
ing permittivity and capacitance of the actuator (see Fig. 6c). Additionally,
the elastic modulus of the TPU material can decrease the measured force
with an increasing excitation frequency. Elastomers exhibit a frequency-
dependent elastic modulus, which increases with the strain frequency [72].
With increasing frequency, the material becomes stiffer and the consequent
strain of the actuator is reduced. As a result, the generated dynamic force is
reduced with the frequency.

In the fixed-free and fixed-fixed boundary conditions, a constant delay in
the response is evident, which is due to the internal damping of the TPEs.

7. Discussion

The results clearly show the typical electromechanical behaviour of a
stacked dielectric actuator. The electrical characteristics exhibit RC circuit
properties with a relatively high capacitance. The dynamic response includes
pronounced resonance regions with high damping.

The permittivity of the utilised TPU material is comparable to the classi-
cal elastomers for dialectic actuation (silicones ϵr ≈ 3, polyurethanes ϵr ≈ 7,
3M VHB 4910 ϵr = 4.8) [73]. The used conductive TPU composite demon-
strated sufficient conductivity for a relatively high-frequency dynamic oper-
ation (the charging of the dielectric layer was not significantly restricted up
to 20 kHz). However, the low conductivity of the electrodes could result in
a heating problem when the actuator would be subjected to long-term and
high-demand operation.

The proposed characterization methods for fixed-free and fixed-fixed bound-
ary conditions provided a comprehensive insight into the dynamic perfor-
mance of the 3D-printed actuators.
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The results of the free displacement characterization show an applicable
dynamic operation in the sub-resonance and resonance regions. The sub-
resonance frequency region exhibits a relatively close-to-constant character-
istic enabling great controllability and repeatability of the dynamic opera-
tion. This can be utilised in vibro-isolating and vibro-acoustic applications,
for which DEAs have already proven to be uniquely practical [74]. The
resonance response can be utilised for applications that require a narrow
operational frequency region. In this region, higher strains and forces can
be achieved, increasing the actuator’s efficiency. Furthermore, the individ-
ualisation advantage of 3D-printed structures can provide actuators with a
precisely tailored dynamic response. Furthermore, 3D printing makes it pos-
sible to fabricate secondary structures with the actuator. These additional
structures (e.g., bridge amplification and bistable compliant mechanisms) can
modify and amplify the response of the actuator, adapting it for a specific
requirement and increasing its efficiency.

It is important to consider that the electromechanical characteristic of a
SDEA is strongly dependent on the load itself. For that reason, it is best to
adapt the actuator to a specific application and associated load conditions.
The blocked-force characterization presented in this manuscript has shown
that a printed SDEA is capable of dynamic operation over a broad frequency
range with a conveniently (close-to-)constant frequency characteristic. This
means the actuator can be useful for demanding applications requiring high
controllability and a fast response. However, the importance of understand-
ing the materials’ frequency- and amplitude-dependent viscoelastic proper-
ties must not be overlooked. Further research of the material properties and
the effects of different load conditions needs to be performed to enable an
implementation of the 3D-printed SDEAs.

The comparison of the presented and existing stacked dielectric actua-
tors in the research literature is difficult because of multiple factor that vary
between the scientific papers. Firstly, the variation in materials and ma-
terial combinations with different electrical (permittivity) and mechanical
properties (stiffness, damping) has a profound effect on the electromechan-
ical characteristic of the actuator. Secondly, the actuator dimensions, the
number of layers, and the layer thicknesses also affect the resulting perfor-
mance. Lastly, the characterization method including the operation regime
(static/dynamic), actuator mounting (pre-strain [75], loading), electrical ex-
citation, and the representation of actuator’s characteristic are specific for
each contribution.
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The main limiting factors of the presented actuators are relatively low
flexibility of the printable TPU materials and the thickness of the dielec-
tric layers. With this in mind, the presented 3D-printed actuators exhibit
electromechanical displacement and force characteristics comparable to re-
cent SDEA contributions fabricated with manual [46] and automatic tech-
niques [76].

The constant development of printable polymer composites with func-
tional electrical, dielectric, and mechanical properties indicates that the per-
formance of 3D-printed active structures will only improve. For performance
advancement in active dielectric structures, the flexibility of 3D-printed struc-
tures is increasing with technological and material advances [77]. The per-
mittivity of dielectrics is increasing with recently developed polymer com-
posites that have chemical modifications and ferroelectric fillers [78, 79].
The conductivity of polymer nanocomposites is steadily improving with a
better understanding of percolation mechanisms and the nano-assembly of
the conductive networks in the polymer matrix [54]. Furthermore, multiple
3D-printing technologies can be combined into a single machine to broaden
the material assortment [69]. For instance, DIW can be simply combined
with FFF technology in a single machine to provide the deposition of softer
polymers and polymer composites for the electrodes or dielectric layers [80].
Furthermore, recent research into field-assisted additive manufacturing can
provide improvements in the functional (e.g., electroactive, conductive) and
mechanical properties [81].

Existing electromechanical analytical and numerical models can provide
a foundation for the prediction of the 3D-printed actuator’s characteristics
and enable simulation in various boundary and load conditions. The flexibil-
ity of the presented manufacturing strategy can be utilised for time-efficient
model validation with various actuator specifications (dimensions and print-
ing parameters), load conditions, and driving-voltage signals.

8. Conclusions

It can be concluded that FFF 3D-printing technology with commercial
materials provides an attractive fabrication method with unmatched advan-
tages over the classical approached, for example, individualization of the
shape, dimensions, and electromechanical characteristics, printing of multi-
ple actuators with various dimensions and materials in a single process, and
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embedding of an actuator into a 3D-printed structure with passive and active
components printed in parallel (e.g. 3D-printed sensors [26]).

The main challenge is in the reliability, accuracy, and repeatability of the
thermoplastic elastomer’s extrusion and deposition. This research showed
that typical 3D-printing issues (e.g., inconsistent thickness, uneven surface,
and porosity) can be mitigated.

With rigorous control of the printing process and the advancement of
inspection systems the accuracy and repeatability can be further increased.
Inspection systems generating feedback for the extrusion and deposition pro-
cess provide live, quantitative indicators of the quality of the deposited layers,
further increasing the capabilities of the FFF technology in the field of active
multifunctional structures.

The presented electromechanical characterization methods for dynamic
operation in a free and fixed condition are effective in a broad frequency
range (up to 5 kHz) and provide a foundation for the analysis of SDEAs for
vibro-acoustic and dynamic nano-positioning applications.

The presented actuators have been shown to exhibit functional dynamic
operation. Free and fixed frequency characteristics show broad, near-constant
operational regions. 3D-printed SDEAs, therefore, show a promising ap-
plicability in vibro-acoustic applications where controllable and repeatable
dynamic operation is required. To achieve higher response amplitudes and
efficiency, the narrow resonance region can be excited, showing promise in
specific applications that require a narrow operating range for the frequency.

The first dynamic DEAs 3D printed with accessible FFF technology and
materials in a single process reveal new possibilities in the field of individu-
alised, multi-functional active structures.
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