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ARTICLE INFO ABSTRACT

Keywords: The additive manufacturing of electroactive polymer (EAP) devices poses significant challenges due to their
Airbrush 3D printer distinct structure and dissimilar properties of their constituent materials. It requires deposition of multiple
Spray printing

functional materials with different properties, achieving pm-scale resolution in layer thickness, and executing
incremental deposition and curing steps while preserving the previously deposited functional material layers.
This study introduces an airbrush 3D printer concept and employs it for fabricating EAP transducers. An
airbrush 3D printer was constructed by adapting a standard extrusion printer platform and integrating it with
a two fluid atomizer (i.e. an airbrush) as the deposition tool. A process was developed for printing of the
bending P(VDF-TrFE-CTFE) actuators with carbon black electrodes, and actuators with a single and dual EAP
layers were fabricated. The airbrush printer attained in-plane resolution of 0.5 mm, thickness resolutions of
0.63 pm and allowed atomizing up to 7% P(VDF-TrFE-CTFE) solutions. The 18 mm x 4 mm EAP actuators
achieved 340 pm (440 Vpl,) and 3.7 mm (400 Vps 104 Hz) tip deflections respectively in quasi-static and
resonant operation. Airbrush printing therefore proved to be a robust method for printing precursor materials
with a wide range of properties, and is anticipated to be a versatile approach for printing other passive and
stimuli-responsive materials and devices.

Smart material actuator
Additive manufacturing
Electroactive polymer

1. Introduction Conventional manufacturing of the EAP transducers bases on tech-

niques such as screen printing [10], solution casting [11] spin coat-

The unique properties of smart material transducers enable actu-
ation and sensing in diverse scenarios where conventional transduc-
ers are lacking [1,2]. Transduction in such sensors and actuators is
achieved via deformation of a functional material, making the structure
inherently simple, avoiding complex mechanisms and moving compo-
nents. The simple structure significantly improves their miniaturization
outlooks over the conventional transducers and allows to configure
them in almost any shape and geometry. Electroactive polymer (EAP)
transducers can be directly controlled and read by electronic circuits,
are low in stiffness and allow large deformations [2]. Compared to
the conventional ceramics-based piezoelectric materials that are widely
used in high-bandwidth sensing and actuation applications [3], EAPs
are soft and compatible with higher material strains [1], characteristic
to the polymers. Such properties facilitate various applications that
are infeasible or impractical with conventional actuators, e.g. in mi-
crorobotics [4], vibration suppression [5], organ-on-chip devices [6],
microfluidics [7,8] and energy harvesting [9]. Developing EAPs and
EAP-based devices however requires versatile fabrication techniques
that allow sub-micron resolutions in thickness direction and custom
geometries of various resolutions in other dimensions.
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ing [12], doctor-blading [13] and sputter coating [14]. As a sim-
ple and accessible non-contact fabrication method, airbrushing has
been employed in fabricating EAP actuators [15] and their compo-
nents [16-18]. Patterning in all these methods is implemented by
using masks, thus introducing the need for additional fabrication steps
for each design. Creating custom designs is limited by the masking
capabilities and repeatability, and becomes very labor-intensive for
prototyping and small volume production. Besides masking limitations,
lack of automation means higher labor intensity and compromised
repeatability.

Automation via the additive manufacturing can alleviate these chal-
lenges and facilitate the integration of the smart materials into me-
chanical and electronic devices. Extrusion printing has been employed
to print ionic EAP transducers [19,20] and electronic EAP sensor
structures [21]. Direct ink writing (DIW) has been employed for fab-
ricating dielectric elastomer actuators [22,23] and depositing PVDF-
based EAPs [24]. Thickness resolution in these methods (tens of pm) is
sufficient for piezoelectric sensors (thicker layers yield stronger signals)
and ionic EAP transducers (ions can migrate through the thick EAP).
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Fig. 1. The proposed concept: introducing an airbrush tool (A) into a 3D printer (B)
for spray printing smart material transducers (C).

For electronic EAP actuators, finer layer resolution and quality are
needed in order to attain sub-kV operating voltages and prevent dielec-
tric breakdown, requiring non-contact manufacturing methods. Elec-
trohydrodynamic deposition (EHD) has been reported to print 91 nm
thick piezoceramic films [25], and could be also employed for EAP
transducer manufacture. Manufacturing EAP devices by inkjet print-
ing (IJP) [26] and aerosol jet printing (AJP) [27] allows sub-micron
layer thicknesses and down to 10 pm in-plane resolutions [28]. Inkjet
printing is limited by a narrow range of ink rheological properties and
suspended particle sizes that are feasible to print [26], requiring hours
to deposit dissolved EAPs and causing nozzle clogging [29-32]. While
AJP allows printing up to 2500 cP viscosities [27,33], viability of AJP,
IJP and EHD methods is limited by the complexity and cost of the
equipment and low deposition rate (i.e. serial processes).

This paper proposes an automated spray-deposition concept for fab-
ricating smart material sensors and actuators basing on a fine resolution
airbrush. The proposed approach is significantly less complex than
the AJP, IJP and EHD methods, aiming to combine the benefits of:
(1) contact-less methods, allowing sub-micron films thicknesses; (2)
mask-less methods, capable of arbitrary patterns at sub-mm in-plane
resolutions; and (3) automated process, improving repeatability and
reducing labor-intensity. The spray printer concept is proposed and
built basing on a consumer-grade 3D printer and a high-resolution two
fluid atomizer (i.e. an aibrush), as described in Section 2.1 and illus-
trated in Fig. 1. Actuator fabrication focuses on a bending unimorph
transducer design that consists of the P(VDF-TrFE-CTFE) polymer (i.e. a
relaxor ferroelectric EAP) and carbon black electrodes, as explained in
Section 2.2. The best printing resolutions for depositing these materials
in the spray printer are studied according to Section 2.3, and the
parameters for printing each component of the actuators are developed
according to Section 2.4. Next, the actuators are manufactured and
characterized, respectively following the steps described in Sections 2.5
and 2.6. The results of the spray printing resolution study, actuator
fabrication and performance characterization are presented in Section 3
and discussed in Section 4. This paper is concluded in Section 5.

2. Materials and methods
2.1. An airbrush 3D printer

The 3D printer for spray deposition of the EAP transducers was
constructed from a two-fluid atomizer, a 3D printer platform, an air

source and a fume extractor. A schematic representation of the system
components and their interconnection is given in Fig. 2.
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Fig. 2. The principle construction of the spray printer.

Airbrush selection defines the spray properties, i.e. the shape, pat-
tern and droplet size characteristics [34]. For this study a two fluid
atomizer Iwata Custom Micron Takumi (Anest Iwata-Medea Inc) was
chosen [35]. It is a side-feed dual-action airbrush with a 0.18 mm
nozzle, capable of depositing very fine lines (ca 0.18 mm to 20 mm).
Better resolutions than 0.18 mm (i.e. the nozzle diameter) are not
anticipated since the airbrush does not use aerodynamic focusing, mak-
ing the spray envelope of the atomized ink divergent. The minimum
working distance is limited by the needle that controls the ink feed rate
and protrudes from the nozzle.

An Anet A8 Plus 3D printer was chosen as the donor platform for
building the spray printer. It is a simple and affordable system with a
large build volume (300 mm by 300 mm by 350 mm) to accommodate
all the required modifications. The system allows a 12 pm positioning
accuracy in the x and y directions, and 4 pm in the z direction. These
are well sufficient capabilities, given that the spray deposition is not
anticipated to attain better in-plane resolution than the nozzle diameter
(i.e. 0.18 mm).

A dedicated airbrush tool assembly is designed to (1) mount the
airbrush, (2) control its needle valve position, (3) provide the com-
pressed air input, and (4) remove the exhaust gases, as explained in the
following. (1) The x-carriage of the printer was redesigned to hold the
airbrush vertically over the printing bed. It was made of 3D-printed PLA
(Prusa i3 MK3) and replaced the original filament extruder assembly
of the Anet A8 Plus x-carriage; (2) The rear casing of the airbrush was
removed to expose the flow control needle. The needle was connected
via a rack and pinion drive to the re-purposed extruder motor, allowing
to control the liquid flow rate via the 3D printer instructions file
(GCODE); (3) The air supply port of the airbrush was connected via a
flexible tube to a compressor (AG-326, Airgoo). The air line was passed
via a pneumatic on-off valve, allowing to toggle the air supply from the
printer control signal; and (4) To extract the excess spray and gases
from the proximity of the printing site, an extraction mouthpiece was
designed and integrated with the printer x-carriage. This allowed to
attach a flexible tube, that was further connected to a fume extractor
(BVX-200, Metcal).

A sample holder was designed to allow easy loading of the printing
substrates onto the printbed, and spring-loaded clamps were used to
hold them in place. Printing instructions were sent from a PC computer
to the modified printer using the Printrun 2.0.0 software and a USB
interface.
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Fig. 3. Working principle of a unimorph bending actuator.
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Fig. 4. Actuator morphology: A - the single layer design; and B — the dual layer design.
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2.2. EAP actuators

This study investigates printing of the bending unimorph cantilever
actuators basing on the P(VDF-TrFE-CTFE) polymer for the EAP and
carbon black for the electrodes. Principle of operation of such actuators
is explained in Fig. 3, showing how the active layer contracts under the
electric field, causing a bending moment and a subsequent deflection
along the beam. Actuator designs and materials are explained in the
following.

2.2.1. Designs

Two realizations of the unimorph actuator design are considered.
The first design bases on a single film of EAP in the active layer. It
consists of a total of four layers of material, as illustrated in Fig. 4A:
a flexible substrate, the bottom electrode, an EAP layer, and the top
electrode. The electrodes are necessary to apply an electric field across
the EAP thickness. The second design bases on two films of EAP within
the active layer. It consists of a total of six layers of material, as
illustrated in Fig. 4B - in addition to the single layer design it contains
another layer of EAP and electrode.

Actuator designs are T-shaped, consisting of a wider passive base
and an active cantilever portion that protrudes from the base. The base
is used to clamp the actuator mechanically and electrically, separating
the opposite polarity contact pads to the opposite sides. Dimensions of
the actuator portion are 18 mm by 4 mm, and there is a 0.5 mm offset
left between the active area and the edge of the sample, preventing
short-circuiting of the electrodes at the sample boundaries.

2.2.2. Materials

All actuator designs (Fig. 4) are constructed from three materials
(Figs. 3 and 4), serving as the flexible substrate, conductive electrodes
and electroactive polymer layers. The choice and rationale for the
respective materials is as follows: (1) A 140 pm thick PET substrate with
a microporous resin coating (Novele 1J-220, Novacentrix) was chosen
for the substrate material. It serves as the passive layer in the actuator
design (Fig. 3), and all other layers are printed on it. The ink deposited
on this substrate does not spread as easily as on the non-porous sub-
strates (e.g. polyimide), allowing to deposit finer feature sizes, near the
airbrush atomizer’s capabilities limits; (2) A carbon black nanoparticle
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dispersion ink with a 5 wt% loading factor (JR700-HV, Novacentrix)
was chosen for the conductive electrodes. This ink becomes conductive
after solvent evaporation without additional post-processing, and its
conductivity is well sufficient for the low-capacitance relaxor ferroelec-
tric actuators [36]. Due to its relatively large particle sizes it does not
pose significant health concerns [37]. Alternatively, metal nanoparticle
inks could be used, introducing the need for additional thermal or
photonic processing and requiring additional attention to the health
risks [38,39]. Carbon black inks are also more affordable than the metal
nanoparticle inks; and (3) The active layer based on the Piezotech RT-
TS poly(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene)
electroactive polymer powder from Arkema (i.e. P(VDF-TrFE-CTFE) in
short). It is a relaxor ferroelectric EAP, able to produce material strains
of up to 5% [40]. The P(VDF-TrFE-CTFE) powder is formulated into
an EAP ink by dissolving it in a solution of dimethyl sulfoxide (DMSO,
Merck) and methyl ethyl ketone (MEK, Merck). Actuator fabrication
based on a 7%wt concentration of P(VDF-TrFE-CTFE) in a MEK 90:10
DMSO solution.

2.3. Printing parameters and deposition resolution

The effect of printing parameters on the deposition resolution and
quality were studied to determine the system capabilities, and to later
establish recipes for reliable printing of the functional inks. The four
most important printing parameters were identified as the (1) ink valve
position s,; (2) printing speed Up; (3) nozzle-substrate distance s,; and
(4) air supply pressure p,.

Individual test lines were printed at different settings by varying
only one parameter at a time, as summarized in Table 1. Width and
quality of the lines were then evaluated to determine the effect of
each of the printing settings. Initial settings were chosen approximately
in the middle of the each parameter range (v, = 500 mm/min, s, =
3 mm and p, = 30 PSID), and the next steps incrementally replaced
the initial values with the best performing setting. The experiments
were conducted in the following order: (1) the ink valve position was
varied between 0.11 mm and 0.26 mm in 0.03 mm steps, whereas no
ink flow was observed at 0.06 mm and smaller positions; (2) the air
supply pressure was varied between 10 PSI and 47.5 PSI in 7.5 PSI
increments, i.e. covering the full operational range of the compressor;
(3) the nozzle-substrate distance was varied from 0.5 mm to 9 mm
in 1.5 mm increments, whereas the clearances below 0.5 mm pose a
high risk of needle-substrate collisions, and clearances above 8 mm
cause the fume extraction to become insufficient; and (4) the printing
speed was varied from 500 mm/min to 8000 mm/min in 1500 mm/min
increments, while smaller speeds deposited too much ink and above
8000 mm/min the stepper motors started missing steps due to the
infeasible accelerations.

The test lines were printed on the 1J-220 substrates (Novele) us-
ing first the JR-700-HV ink. Rheological properties of the JR700-HV
ink are well suited for two-fluid atomization, while the microporous
coating of the 1J-220 is specifically engineered for contactless printing,
minimizing the displacement and splattering of the deposited inks. This
reduces the role of the secondary effects on the deposition results,
i.e. the ink smearing due to the air flow above the deposition site, and
the spattering of the ink. Later, the same process was repeated for the
EAP ink. The 19 mm long test lines were examined for their width and
quality under a Keyence VHX-6000 optical microscope. The width of
the line was defined as the continuously connected (opaque-appearing)
portion of the deposited ink, including the region with voids, and
excluding the region where the satellite droplets become disconnected
from the body of the line.
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Table 1

The sequence and settings in the development of the printing recipe to produce high-resolution lines using the carbon black ink.
Experiment #1 #2 #3 #4
Ink valve position (mm) 0.11:0.03:0.26 0.17 0.17 0.17
Air supply pressure (PSI) 30 10:7.5:47.5 40 40
Nozzle-substrate offset (mm) 3 3 0.5:1.5:9 0.5
Printing speed (mm/min) 500 500 500 500:1500:8000

Carbon Black P(VDF-TrFE-CTFE)

Carbon Black

Q)] g (2) g (3) gem o (4) g (S)

2 hoursat 111 C°

Fig. 5. Fabricating the unimorph bending actuators. Manufacturing steps for the single layer design: (1) Deposition of the bottom electrode; (2) Deposition of the active layer; (3)
Deposition of the top electrode; (4) Annealing in an oven for 2 h at 111 C°; and (5) Laser cutting to separate the actuator samples from the substrate. Manufacturing of the dual
layer design repeats the steps (2) to (4) one more time before separating the samples from the substrate in step (5).

2.4. Printing parameters for actuator manufacture

Spray printing at the highest resolution settings requires a very
small nozzle-substrate clearance (0.5 mm), posing a high risk of col-
lision. Relaxation of the resolution requirement to 0.7 mm allowed
to increase this gap to >2 mm. Following the same procedure as
described in Section 2.3, the printing parameters were experimentally
established for depositing the lines of carbon black and EAP at the
0.7 mm resolution objective.

The recipes for printing each functional layer of the actuators
(see Fig. 4) were next established under the following conditions: (1)
for the bottom electrode deposition, the JR-700HV ink and [J-220
substrate combination was used, similarly to Section 2.3; (2) for the
EAP layer deposition, the P(VDF-TrFE-CTFE) ink (Section 2.2.2) and
1J-220 substrate combination was used, since the wetting properties
of this substrate are similar to the carbon black electrode surface;
(3) for the top electrode deposition, a combination of the JR-700HV
ink and non-porous PET substrate was used, resambling the surface
properties of the non-porous EAP layer. In the dual-layer actuator
fabrication (Section 2.2.1) the additional layers of EAP and carbon
black were deposited using the same settings as the EAP and top
electrode deposition in steps (2) and (3).

2.5. Actuator manufacture

The proposed printing platform (Section 2.1) and the established
deposition parameters (Section 2.4) were then used to manufacture
the actuators. Fabrication of both the single- and dual-layer designs
followed the steps described below and illustrated in Fig. 5.

For the bottom electrode, 4 layers of the JR700-HV ink were de-
posited on the 1J-220 substrate according to the recipe established in
Section 2.4 (see Table 2). This results in a continuous thin film of
carbon black, without any observable defects. After deposition, the
bottom electrode was dried until the surface turned from glossy wet
to opaque and dry in appearance. A heated airgun was used to speed
up the solvent evaporation.

The EAP layer was deposited by printing the 7%wt P(VDF-TrFE-
CTFE) ink (Section 2.2.2) on the bottom electrode according to the
recipe established in Section 2.4 (Table 2). Completing the EAP layer
required 32 printing repetitions. After every 16 repetitions the samples
were allowed to dry until their appearance turned from opaque and
wet to translucent and dry, indicating that most of the solvent had
evaporated. Skipping this step causes a build-up of solvent droplets
on top of the EAP film, that further spread across the sample in the
following printing cycles.

The top electrode was printed on the EAP layer using the JR-700HV
ink and following the recipe from Section 2.4 (Table 2). This differs

from the bottom electrode recipe because on top of the EAP layer the
ink behaves different than on the porous 1J-220 substrate. It required 16
printing repetitions to attain a uniform electrode layer. To prevent the
spreading of the previously deposited layers, the samples were allowed
to dry after every four repetitions until becoming matte in appearance.
A heated airgun was used to speed up this process. Next, the samples
were annealed in an oven for 2 h at 111 C° to remove any solvent
residues and enhance the EAP semi-crystalline structure for stronger
relaxor ferroelectric properties [40-42].

In case of the dual-layer actuator design (Fig. 4) the bottom elec-
trode is deposited identically to the single-layer design, while only half
the EAP thickness is deposited in the first EAP layer (i.e. 16 repetitions).
The middle electrode is then deposited according to the top electrode
printing recipe. Furhter, the steps of EAP deposition (again 16 print
repetitions), top electrode deposition and annealing are repeated one
more time (Fig. 5) to complete the actuator. Therefore, the same net
amount of EAP is used in both of the actuator designs.

2.6. Actuator characterization

After fabrication the electrical isolation between the top and bottom
electrode of every actuator was measured (Voltcraft VC860 multimeter)
to detect any short-circuit defects. Next, the samples were experimen-
tally characterized in both quasi-static and dynamic actuation experi-
ments. In quasi-static analysis the voltage-deflection characteristics and
actuation hysteresis were studied. In dynamic analysis the actuator
frequency response was measured. An experimental set-up and the
respective procedures are described in the following.

Construction of the characterization set-up is shown in Fig. 6. The
T-shaped actuators were mechanically fixed by a 3D-printed clamp
(PET-G, Prusa i3 MK3) with embedded silver electrodes for electrical
connections. Input voltages were applied to the actuator by a high-
voltage power amplifier (HVA 1500-1/50, Smart Material Inc), and the
tip displacements were simultaneously measured using a laser displace-
ment meter (ILD-1402-10, Micro-Epsilon). The experiment procedures
were controlled from a NI Labview 2018 environment running on a
PC computer, via a USB data acquisition card (USB-6211, National In-
struments). The data was captured and stored using the same LabVIEW
program, and further processed in Matlab software (R2022a).

The characterization experiments were conducted in the following
sequence to prevent damage to the actuators before all necessary exper-
iments were completed: (1) First, the actuation hysteresis experiments
were conducted. A 1 Hz (bipolar) sinusoidal excitation with a 300 V
amplitude was applied to the actuator and the tip deflections were
simultaneously measured and stored; (2) Next, the frequency response
measurements were conducted. Unipolar sinusoidal excitations with
a 50 V amplitude and a 50 V offset (i.e. 100 V,,) were applied at
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Fig. 6. Block diagram of the experimental setup for actuator characterization.
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Fig. 7. The Anet A8 3D printer modified for spray printing EAP transducers. The main
components of the printer are indicated as follows: A — the mouthpiece of the fume
extractor; B — the printhead assembly; C - the compressed air input line; D - the
purging bucket; and E - the sample holder mounted to the original printbed.

600 different frequencies, logarithmically distributed between 1 Hz
and 300 Hz; and (3) Finally, the voltage-deflection experiments were
conducted. A 1 Hz unipolar sinusoidal excitation was applied and the
amplitude was risen in 10 V increments from 0 V until the actuator
broke down.

To study the actuator morphology across the thickness direction it
was necessary to expose the cross-section of the samples. The actuators
were cut in a femtosecond laser micromachining system (Lasea LS
Lab) and imaged in a scanning electron microscope (SEM, Jeol JSM
6010LA). The surfaces profiles of the actuators, the samples from in-
termediate fabrication steps, and the samples of the individual printed
lines were further studied using a white light interferometer (Bruker
K1). Before profiling all samples were sputter-coated with a ca 20 nm
thick Au layer (Jeol JFC-1300) to make them reflective.

3. Results

The proposed airbrush 3D printer was built according to Section 2.1,
and the resulting system and its components are explained in Fig. 7. A
close-up image of the printhead assembly during the printing process
is shown in Fig. 8 and the entire fabrication process is summarized
in Video 1. The following addresses the system characterization (Sec-
tion 3.1), actuator fabrication (Section 3.2) and actuator performance
characterization (Section 3.3) results.

3.1. System characterization
The effect of the printing settings on the line resolution and quality

was studied according to Section 2.3. The experiment sequence and
the incremental outcomes for the JR-700HV ink and 1J-220 substrate

Fig. 8. Deposition of the bottom electrode. Four samples can be seen in the making,
whereas only the outline has been printed for the leftmost sample. Entire fabrication
process is summarized in Video 1.

combination are reported in Table 1. The results are explained in the
order of the experiments (see Fig. 9):

(1) Varying the ink valve position between 0.11 mm to 0.26 mm
increased the line width from 1 mm to 1.7 mm, as can be seen in
Fig. 9A. The ink valve positions above 0.2 mm caused the formation
of additional tear-shaped droplets on the sides of the spray region that
increased in size with the increasing ink flow rates. The lowest valve
position that attained consistent spraying was 0.17 mm, yielding in a
1.5 mm line width.

(2) Increasing the air supply pressure from 10 PSI to 47.5 PSI
produced line widths between 1.3 mm and 1.7 mm, as shown in Fig. 9B.
The pressures below 17.5 PSI caused a much higher ratio of satel-
lite droplets, deteriorating the line quality. Consistent and repeatable
deposition was attained at the lowest pressure of 40 PSI.

(3) Varying the nozzle-substrate offset between 0.5 mm and 9 mm
altered the line widths between 1 mm and 2.2 mm, as can be seen
in Fig. 9C. The offsets below 1.5 mm produced very thin lines, but
were then spread beyond the initial deposition widths by the excessive
air flow. The best trade-off between these effects was observed at the
0.5 mm offset.

(4) The effect of the printing speed on the line width and quality
is shown in Fig. 9D. Increasing the printing speed from 500 mm/min
to 8000 mm/min decreased the line width from 1 mm to 0.5 mm. The
finest continuous line widths of 0.5 mm were attained at the printing
speed of 6000 mm/min.

Similar results were obtained also for the deposition of the P(VDF-
TrFE-CTFE) ink. Both the JR-700HV and P(VDF-TrFE-CTFE) inks achie-
ved a reliable deposition at the finest line widths of 0.5 mm. The
respective printing settings are summarized in Table 2. For validation,
a bidirectional raster scan pattern was printed using both the recipes,
as shown in Fig. 10. Material distribution in the straight and turning
segments of these patterns is shown in Fig. 11.



S. IJssel de Schepper and A. Hunt

Additive Manufacturing 81 (2024) 103982

Fig. 9. The effect of the printing parameters on the line widths and quality: A — the liquid flow valve position was decreased from 0.26 mm (left) to 0.11 mm (right) in 0.03 mm
increments; B — the air supply pressure was decreased from 47.5 PSI (left) to 10 PSI (right) in 7.5 PSI increments; C — the nozzle-substrate distance was decreased from 9 mm
(left) to 0.5 mm (right) in 1 mm increments; and D — the printing speed was decreased from 8000 mm/min (left) to 500 mm/min (right) in 1500 mm/min increments.

Table 2
The recipe development results for printing of the fine lines and fabrication of the actuators.
Ink Ink valve position Air supply pressure Nozzle-substrate offset Printing speed Repetitions
Printing recipes for the minimum feature sizes:
JR-700HV 0.17 mm 40 PSI 0.5 mm 6000 mm/min 1
P(VDF TrFE-CTFE) 0.60 mm 40 PSI 0.5 mm 6000 mm/min 1
Printing recipes for actuator fabrication:
Bottom electrode 0.17 mm 30 PSI 2.0 mm 1000 mm/min 4
Polymer layer 0.60 mm 40 PSI 3.0 mm 4000 mm/min 2x16
Top electrode 0.17 mm 20 PSI 4.0 mm 4000 mm/min 16

Fig. 10. Spray-printed raster patterns with a 2 mm pitch demonstrate the minimum attainable feature sizes: A — the carbon black ink; and B — the P(VDF-TrFE-CTFE) ink.

A

D

Fig. 11. White light interferometry (Bruker K1) results show material distribution in the printed raster patterns (Fig. 10). A — carbon black straight segment; B — carbon black
turn; C — P(VDF-TrFE-CTFE) straight segment; and D — P(VDF-TrFE-CTFE) turn. The larger spikes are caused by dust particles that are exaggerated by the very high magnification

of the vertical axis.

Fig. 12. The intermediate outcomes of the manufacturing process: A — the bottom electrode is deposited on the 1J-220 substrate; B — the P(VDF-TrFE-CTFE) layer is deposited on

the bottom electrode; C - the top electrode is deposited on the P(VDF-TrFE-CTFE) layer.

3.2. Manufacturing results

Printing settings for the electrode and the EAP layer deposition were
developed according to Section 2.4 and are summarized in Table 2.
Both the single-layer and dual-layer actuator designs of Fig. 4 were
manufactured according to Section 2.5. The intermediate and the final
results of fabricating single-layer actuator samples are shown in Fig. 12.
Material distribution in these samples is respectively visualized in
Fig. 13 and profiled in Fig. 14. The cross-sections of both the single-
and dual-layer actuator samples were imaged in SEM, as shown in
Fig. 15. The EAP layer thickness measured ca 20 pm in the single
layer samples and ca 10 pm per layer in the dual layer samples. The
electrode boundaries appeared irregular in the laser-ablated interfaces
and therefore could not be measured. The same settings were used

to print separate electrode samples that measured 1 pm in thickness
in SEM. All the single-layer actuator samples showed no measurable
conductivity between the top and the bottom electrodes (i.e. resistance
> 40 MQ), indicating a good EAP layer quality. Two out of the three
dual-layer samples measured a lower resistance (ca 100 kQ), indicating
the presence of very thin areas in the EAP layer.

3.3. Performance characterization

Three samples of both the single-layer and dual-layer designs were
studied according to the methodology described in Section 2.6, and
additional experiments were conducted on more samples to extract
their maximum performance characteristics. Functionality and perfor-
mance of the spray-printed actuators was first characterized in terms of
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Table 3
Summary of the actuation performances and comparison against the previously report:

ed similar actuators.
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Actuator Maximum quasi-static deflection

Maximum resonant deflection

Resonant frequency

Breakdown voltage

Actuators by Baelz et al. [29]
Actuators by Sekar [30]
Single layer actuator

Dual layer actuator

206 pm (300 V)
224 pm (275 V)
179 pm (630 V)
340 pm (440 V)

3.0 mm (300 V) 110 Hz 300 V
1.7 mm (200 V) 114 Hz 275V
2.0 mm (600 V) 107 Hz 560 V-630 V
3.7 mm (400 V) 104 Hz 280 V-440 V

0 2 4 6 8 10 12 14 16 18 20 22

pm

B: EAP layer and
bottom electrode

A: Bottom electrode

C: Top electrode,
EAP layer and 2
bottom electrode 3

Fig. 13. Profiles of the actuator samples after each manufacturing step, showing the
material distribution over the width of the samples in Fig. 12 (Bruker K1). A — the
bottom electrode on the 1J-220 substrate; B — the P(VDF-TrFE-CTFE) layer deposited
over the bottom electrode; and C - the top electrode deposited on the P(VDF-TrFE-
CTFE) layer. Accuracy of these measurements is limited by the uniformity of the flexible
polymer substrate.

their deflection-voltage relation, actuation hysteresis and frequency re-
sponse. The voltage-deflection relationships for all actuators are shown
in Fig. 16. In quasi-static actuation the single layer samples produced
179 pm displacements upon 630 V,, excitation, and the dual layer
samples respectively 340 um upon 440 V,,. Hysteresis behavior over one
cycle of the sinusoidal excitation (1 Hz, 300 V) is given for both the ac-
tuator types in Fig. 17. The first resonant frequency of all the actuators
remained within the 100 Hz-110 Hz interval. Frequency responses at
the 100 V,, excitation are plotted in Fig. 18. Applying elevated voltages
at the actuator resonant frequency resulted in much larger strains —
the single- and dual-layer actuators respectively produced deflections
of 1.98 mm (107 Hz, 600 V,,, excitation) and 3.73 mm (104 Hz, 400 V,,
excitation). The characterization results are summarized in Table 3.

4. Discussion
4.1. Spray printing system

A novel additive manufacturing platform was proposed and devel-
oped for spray printing EAP transducers. The spray printer enables
contact-less, mask-less and automated deposition of inks with a wide
range of rheological properties and containing larger microparticles. It
allows to print materials that are problematic to handle in other 3D
printing techniques, to create complex geometries at sub-mm in-plane
resolutions and sub-pm thickness resolutions. This study employed a
two fluid atomizer for spray depositing the materials in the form of
precursor inks. Compared to the ultrasonic and electrostatic atomizers,
the two fluid atomizers are capable of atomizing liquids within a wide
range of rheological properties and deliver high flow rates [34,43], and
are less prone to clogging of the nozzle due to the large passages [44].

This study required printing of up to two layers of the EAP and
three layers of the electrodes (dual-layer design), but the same methods
can also be used to print more alternating layers to produce multi-
layer stack transducers. While only two different functional materials
were needed to produce the actuators, additional materials can be
introduced to spray-print also the structural materials (e.g. the substrate
or mechanisms). The precursor materials need to be in the liquid form,
and require post-processing for curing or evaporating the solvents.

Other limitations in spray printing include non-uniform deposition pro-
file, irregular boundaries, satellite droplets and limited x-y resolution.
Proceeding from the 2.5D structures to the true 3D printing requires in-
troduction of support materials, similar to the IJP [45]. Since the spray
printing resolution is strongly anisotropic (0.5 mm in x-y and 0.63 pm
in thickness direction), 3D printing using only the airbrush tools limits
the printable geometries. Alternatively, spray printing can be combined
with other 3D printing methods such as extrusion printing, allowing to
create more complex structures and devices (e.g. mechanisms, sensors,
actuators, electronics).

Versatility of the system was demonstrated by fabricating P(VDF-
TrFE-CTFE) actuators that exceeded the performance of the previously
reported similar actuators. While the actuator fabrication involved
two manual steps (i.e. drying steps and changing between inks), full
automation is possible by adding the second airbrush and implementing
the drying routines within the printer and the GCODE. At the compo-
nents costing a total of <€1000, the airbrush 3D printer costs a fraction
of the IJP or AJP systems. The proposed printing method is anticipated
to significantly facilitate the manufacturing of both the electronic and
ionic EAP actuators, and many other stimuli-responsive device.

4.2. EAP ink formulation

While the electrodes of the actuators were printed from a commer-
cially available ink, the P(VDF-TrFE-CTFE) ink had to be formulated
in-house. The best combination of rheological- and drying properties
was attained at the MEK 90:10 DMSO solvent mixture and 7%wt
P(VDF-TrFE-CTFE) loading factor, i.e. at a 6 times higher concentra-
tion than is feasible to jet in inkjet printing [30]. The higher DMSO
concentrations left a noticeable solvent residue on the EAP film af-
ter the deposition (while the MEK evaporation is almost immediate),
causing the ink to smear and significantly increasing the drying time.
The DMSO concentrations below 10%wt caused an unreliable printing
process due to the frequent airbrush clogging. For the 90:10 mixture
the clogging intervals increased significantly, and were completely
prevented by executing occasional purging routines. The P(VDF-TrFE-
CTFE) loading factors below 7%wt increased the EAP ink drying time,
while the higher loading factors caused inconsistent spraying.

4.3. Deposition settings

Developing the high-resolution printing recipes attained a reliable
deposition at the narrowest line widths of 0.5 mm. Smaller feature
sizes were observable in some of the samples, but their implementation
was limited by the clogging and inconsistent deposition. Variations in
the line widths and the satellite droplet formation confirm that the
atomizing regime is significantly affected by the ink valve position
and the air supply pressure. The rate of material deposition is lim-
ited by the spreading of the deposited material, observable at small
nozzle-substrate offsets and at low printing speeds. This becomes more
pronounced in the beginning and end of the lines, where the speed of
motion is not continuous. Substrate-needle offsets below 0.5 mm were
not studied due to the elevated risk of the airbrush-sample collision.
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Fig. 14. Average height profiles after depositing (A) the bottom electrode, (B) the P(VDF-TrFE-CTFE) layer and (C) the top electrode. These profiles correspond to the topology

graphs in Fig. 13.

.- -

Dual-layer actuator
——

>

Fig. 15. SEM images of the actuator cross-sections. The visible components are
indicated as: A — the electrodes; B — the EAP layers; C — the microporous resin portion
of the substrate; and D - the PET substrate.

400

----- Single layer, sample #1
e Single layer, sample #2
Single layer, sample #3
300 F == Dual layer, sample #1
==** Dual layer, sample #2
Dual layer, sample #3
*  Breakdown

Displacement [um]

Voltage [V]

Fig. 16. Voltage-deflection behavior and breakdown voltages of the single- and
dual-layer actuators.
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Fig. 17. Hysteresis behavior of the single- and dual-layer actuators in response to 1 Hz
sinusoidal excitation.

4.4. Printing functional inks

Spray printing proved as a robust method for printing inks in a wide
range of rheological properties and suspended particles sizes. Spray
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Fig. 18. Frequency responses of the single- and dual-layer actuators upon 100 V,
excitation.
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Fig. 19. Actuation hysteresis upon unipolar excitation (1 Hz).

printing the P(VDF-TrFE-CTFE) inks at a 7%wt EAP content is a 460%
higher concentration than the 1.25%wt maximum reported in IJP [30].

Consistent printing of the carbon black ink allowed to develop a
reliable deposition process, in contrast to the more problematic 1JP
process that is susceptible to nozzle clogging and eventual printhead
failures [29,30,36]. While the ink specifications report a z-average
particle size of 120 nm to 150 nm [37], the distribution includes much
bigger particles (spread is not specified), and a further agglomeration
occurs over time. In fact, the ink could not be filtered through 0.45 pm
filters, and 5 pm filters had to be used. For reliable printing the nozzle
diameters must be > 50x larger than the particles in the ink [26],
making most of the IJP nozzles much smaller than ideal (e.g. 20 pm
in a Dimatix DMC-11610). Spray printing circumvents this challenge
since the atomizer orifice size is directly controllable via the ink valve
position.

The porosity of the substrate and the bottom electrode (i.e. carbon
black) functioned well in constraining the motion of the inks after
printing, reducing the spreading and preventing the coffee ring effect.
While the first steps of top electrode deposition produced a visibly non-
uniform electrode layer on top of the smooth EAP surface, alternating
the printing with drying in four steps made this non-uniformity to
gradually disappear. It is hypothesized that the build-up of the carbon
black particles posed a restriction to the ink flow.
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4.5. Resolution

The results of this study showed sub-mm in-plane resolutions and
sub-pm thickness resolutions. While the robustness and simplicity of
spray printing comes with the penalty of reduced in-plane resolution,
this is well acceptable in most smart material use cases. High deposition
quality in thickness direction on the other hand is essential for the high
breakdown field strengths, allowing to form strong electric fields within
the EAP, and produce high strains.

Spray printing resolution can be altered via the printing settings,
allowing to deposit finer features at a limited speed, and a faster
coverage of larger areas at a lower resolution, using the same system.
Compared to the 1JP, the EAP deposition time was reduced by ca 16x,
from ca 8 h [30] down to 14 min. A single actuator fabrication takes
3 h, constituting of a 30 min printing time, 30 min drying time and 2 h
curing time. Simultaneously achieving high deposition rates and fine
resolutions however is limited by a trade-off between these parameters.

The finest line widths that were reliably printed in this study were
0.5 mm. This is inferior to the < 100 pm lines attainable by 1JP [46],
the 10 pm lines possible in AJW [47] and the 0.18 mm nozzle diameter
of the airbrush [35]. Deposition of finer lines is anticipated to be
possible by using less volatile solvents, optimizing the printing recipes,
or adapting more complicated atomizer designs that apply sheath gas
for aerodynamic focusing, similar to the AJP [47].

EAP deposition thickness resolution was calculated to be 0.63 pm
for the 0.7 mm in-plane resolution (since the 2 x 16 repetitions yield a
20 pm layer thickness). It is hypothesized that the high layer resolution
and quality (i.e. uniform film thickness and lack of pinhole defects)
were the key reason for the significant performance improvement over
the past reports [29,30]. Since the film thickness depends both on the
printing settings and the functional material loading factor in the ink,
it is possible to further improve this resolution.

4.6. Actuators

Airbrush 3D printing allowed fast and repeatable deposition of the
carbon black and P(VDF-TrFE-CTFE) inks. For these materials the inter-
mediate fabrication steps are limited to drying and heating, avoiding
the need for more elaborate processes and equipment, such as plasma
treatment or photonic curing [36]. While the drying and curing are
time-consuming steps, they are low on human labor and feasible to au-
tomate. Using solvent annealing process in place of thermal annealing
can improve the actuation performance and avoid the need for curing
at high temperatures, while further increasing the total fabrication
time [48].

A high dielectric breakdown strength is an indicator of a good qual-
ity of the EAP layer. All the single layer samples operated reliably at up
to 550 V and one of the dual layer samples at up to 440 V. Breakdown
field strength for the single layer (20 pm EAP) samples was estimated
to be > 27.5 V/um, which is consistent with the literature [29,30].
For one of the dual layer (2x 10 pm EAP) samples the > 44.0 V/pm
breakdown field strength exceeds the prior reports. While the other
two dual layer samples failing above 280 V and 330 V is consistent
with the breakdown field strengths of the single-layer samples, the
significantly lower through-actuator resistances (< 100 kQ versus ca
40 MQ of the third actuator) indicate the presence of imperfections
in their EAP layers. Breakdown strength of the pure EAP material is
specified by the manufacturer at > 350 V/um [40]. The much lower
breakdown is hypothesized to be caused by the surface roughness of
the bottom electrode (carbon black), contaminants within the EAP, and
undesired porosity caused by the solvent evaporation dynamics [49,
50]. Therefore, reviewing the electrode material choice and further
optimization of the fabrication process is anticipated to improve the
actuation performance.

The voltage-displacement behavior of all the actuators was consis-
tent with the relaxor ferroelectric EAPs [51], exhibiting hysteresis in
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the actuation and displaying a quadratic relation between the electric
field and the material strain. The quadratic relation also exhibits in the
ca 4x higher strains per volt of the dual-layer samples over the single-
layer ones, caused by the EAP layers being ca 2x thinner. Using two
EAP layers of half the thickness allows to produce the same electric
field strength within the EAP at half the input voltage (total thickness
is the same, opposite polarization in adjacent layers). This is desirable
to lower the actuation voltages while not affecting the actuation ca-
pabilities. The actuation hysteresis (see Figs. 17 and 19) indicates a
significant energy dissipation due to the viscoelastic behavior of the
actuator components (most probably dominated by the microporous
coating of the 1J-220 substrate) and partially also due to the cyclic
alteration of the EAP polarization [40].

Previously reported similar P(VDF-TrFE-CTFE) actuators produced
up to 224 pm (275 V) quasi-static displacements [30] and 3 mm (300
V) resonant displacements [29]. In comparison (see Table 3), the dual-
layer actuators showed 51% higher quasi-static deflections (i.e. 340 pm,
440 V,,) and 24% higher resonant deflections (i.e. 3.7 mm, 400 V,,,
104 Hz). While the single-layer samples performed inferior to the
dual-layer ones, the performance difference compared to the prior art
remains below 21% in the quasi-static (179 pm, 630 Vpp) and 34% in
resonant operation (2.0 mm, 600 V,,, 107 Hz). Frequency responses
(Fig. 18) and resonant frequencies remained in the 100 Hz to 110 Hz
interval, being consistent with the past reports (Table 3).

Performance (force, stroke) and stiffness of the unimorph bending
actuators have been shown to be a trade-off between the thicknesses
and elastic moduli of their constituent materials [52,53]. Optimization
of these parameters was not addressed in this study, and actuator
morphology can further be tailored to maximize the attainable dis-
placements or forces, or to target more specific mechanical impedance
(i.e. force—displacement) objectives.

5. Conclusion

This paper proposed an airbrush-based 3D printer for additive man-
ufacturing of smart material transducers. An airbrush 3D printer was
built, a process was developed for fabricating relaxor ferroelectric
actuators, and the performance of the resulting actuators was studied.

Spray printing was demonstrated to enable contact-less, mask-less
and automated deposition of functional inks in custom design patterns.
It enabled printing inks in a wide range of rheological properties and
suspended particle sizes. Printing recipe development attained fast and
repeatable deposition of EAP and carbon black inks at a 0.5 mm in-
plane resolution and a 0.63 pm thickness resolution. The system is
simple to construct and operate, and its cost is comparable to the entry
level 3D printers.

Versatility of the system was demonstrated by fabricating P(VDF-
TrFE-CTFE) actuators, showing a significant performance improvement
over previously reported similar actuators. Bending cantilever actuators
with a single and dual active layers were printed at 0.7 mm in-plane
resolution. The actuator electrodes based on a commercial carbon
black ink and the EAP layer based on a custom-formulated P(VDF-
TrFE-CTFE) ink. Spray printing allowed to deposit inks with up to
7% EAP content, attaining a 460% higher loading factor and a 16x
faster EAP print time compared to the inkjet printing process. The
single-layer actuators attained 179 pm quasi-static and 2 mm resonant
displacements (107 Hz). The dual layer actuators showed 340 pm quasi-
static and 3.7 mm resonant displacements (104 Hz). Compared to the
previously reported similar actuators, this means a 51% and a 24%
improvement, respectively.

Spray printing with a fine airbrush allows to print materials that
are problematic to handle in other 3D printing techniques. It allows to
create complex geometries at sub-mm in-plane resolution and sub-pm
thickness resolution. The proposed printing method is anticipated to
significantly facilitate the manufacturing and development of both the
electronic and ionic EAP actuators, and many other stimuli-responsive
device.
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