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Abstract
Additive manufacturing of sensors and actuators together with structural materials and
electronics will make it possible to fabricate innovative system designs that are overly laborious
to realise with conventional methods. While printing of the structural materials and electronics
are advancing fast, the additive manufacturing methods for actuators and sensors are in an
earlier stage of development. This research will develop a manufacturing process for entirely
inkjet printed electroactive polymer (EAP) actuators basing on the P(VDF-TrFE-CTFE) relaxor
ferroelectric polymer and Ag electrodes. The process consists of (1) printing an Ag layer on a
polyethylene terephthalate (PET) substrate for the bottom electrode; (2) formulating, printing
and annealing a P(VDF-TrFE-CTFE) ink for the EAP layer; and (3) printing and sintering an
Ag layer on the plasma-treated EAP surface to form the top electrode. Two actuator variations,
addressed as DMC and KM512, are manufactured and characterised by their: (a) response to
quasi-static excitation (1Hz sine wave); (b) hysteresis behaviour; (c) actuation amplitude
variation with the input voltage; and (d) frequency response. The 18mm long actuators showed
91.4µm (DMC, 200Vpp) and 224µm (KM512, 275Vpp) deflections in response to 1Hz
sinusoidal excitation, and 1.10mm (DMC, 113Hz, 200Vpp) and 1.72mm (KM512, 114Hz,
200Vpp) deflections in resonant operation. It is 55% more quasi-static strain and 470% more
resonant strain than in earlier fully inkjet-printed polyvinylidene fluoride (PVDF) -based
actuators, and comparable to similar partially inkjet-printed actuators. This is the first time that
inkjet printing of all three layers of a relaxor ferroelectric actuator have been achieved.

Supplementary material for this article is available online

Keywords: actuator, inkjet printing, electroactive polymer, ink formulation, piezoelectric,
ferroelectric, P(VDF-TrFE-CTFE)

1. Introduction

Additive manufacturing of passive material structures has sig-
nificantly matured over the past decade, and in the meantime
the printing of electronics has been gaining momentum [1–3].
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Complementing these methods with printing of sensors and
actuators will enable fast and cost-effective means to fabric-
ate innovative mechatronics solutions, e.g. solid-state posi-
tioning systems and robots, lab-on-a-chip devices, adaptive
optics components and vibration suppressors for the high-tech
engineering domain. In contrast, printing of smart material
sensors and actuators is in a much earlier stage of development
[4–6]. A likely method to accommodate printing of such
transducers is inkjet printing (IJP)—a contactless fabrication
method that can construct objects via incrementally depositing
thin material layers (<10µm) of required geometry, drop by
drop [7]. IJP is increasingly widely used to print structural

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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materials with a wide variety of properties [8, 9], and it is
the primary method for printing electronics [1, 10]. While IJP
of functional materials poses many challenges [11], advances
in printing conductive tracks on flexible substrates [12] has
also enabled printing wire-based electromagnetic [13] and
electrothermal [14] actuators. Printing electroactive polymer
(EAP) transducers poses additional challenges due to the need
for additional materials and interfaces: formulating rheologic-
ally feasible EAP (and electrode) inks, achieving layer adhe-
sion and curing of the inks, and assuring that the successive
manufacturing steps do not damage the previously manufac-
tured structures [1, 11, 15].

A number of advances have been reported in IJP to fabricate
parts of EAP sensors and actuators, while only few have prin-
ted the entire transducer. Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) has been printed on
PVDF [16, 17] and interpenetrating polymer network [18]
membranes to produce ionic EAP actuators; on PVDF to
make piezoelectric bimorph actuator components [19]; and on
P(VDF-TrFE) to make piezoelectric sensors [20]. Inks and
processes for IJP EAP have been developed for P(VDF-
TrFE) in [21], and for both P(VDF-TrFE) and P(VDF-TrFE-
CTFE) in [22], whereas the latter study further used sput-
tering to deposit Au electrodes to produce force sensors.
Banquart et al reported IJP a P(VDF-TrFE) layer on a sil-
icon substrate and sputter-coating the top electrode to form
ultrasound transducers [23], and Abdolmaleki et al com-
bined IJP of P(VDF-TrFE)–AGO nanocomposites with paint-
ing Ag electrodes to form biomedical monitoring sensors
[24]. P(VDF-TrFE)-based transducers with IJP’ed Ag elec-
trodes were reported by Alique et al [25], and P(VDF-
TrFE-CTFE)-based actuators with IJP’ed carbon black elec-
trodes were reported in [26, 27], whereas the EAP layers
in these studies were respectively screen-printed and spin-
coated. IJP’ing both the P(VDF-TrFE) EAP and the top elec-
trode (Ag) on an Ag-coated polycarbonate substrate was
reported in [28], resulting in EAP actuators. IJP’ing the EAP
layer and both the electrodes has been reported in very few
studies: Pabst et al used P(VDF-TrFE) and Ag inks to print
piezoelectric polymer actuators on a PET substrate [29]; and
Thuau et al printed P(VDF-TrFE) and Ag inks on a poly-
ethylene naphthalate (PEN) substrate, and studied the result-
ing transducers in pressure sensing and actuation response
measurements [7].

Therefore, IJP the entire EAP transducer has been achieved
only for the P(VDF-TrFE) (EAP) and Ag (electrodes)
combination [7, 29]. While the P(VDF-TrFE) is well-suited
for sensing purposes due to the strong piezoelectric response
[21] and high sensitivity (e.g. 74 pCN−1 [30]), the attainable
material strains in actuation are low (e.g. from 0.15% [31] up
to 0.7% [32] depending on the processing). The P(VDF-TrFE-
CTFE) terpolymer is a relaxor ferroelectric that exhibits strong
electrostrictive behaviour [33] and high material strains (e.g.
5% [34]), making it more versatile for actuation.

This paper develops a process for IJP P(VDF-TrFE-CTFE)-
based bending EAP transducers. The actuator construction
bases on a bending unimorph cantilever concept (see figure 1).

Figure 1. Actuator design and construction.

The individual steps of incrementally printing the bottom elec-
trode, the EAP layer and the top electrode on a PET-based
substrate are addressed in sections 2.1–2.4. Composition of
the resulting actuators are studied according to sections 2.5
and 2.6 explains their performance characterisation. The res-
ults are reported and discussed respectively in sections 3–5
concludes this paper.

2. Materials and methods

Actuator manufacture bases on the design shown in figure 1,
and consists of consecutive steps of printing and pre/post-
treatments, as graphically explained in figure 2. The process
starts with printing the bottom electrode on a PET substrate
with micro-porous resin coating (NovaCentrix Novele IJ-220)
[35] using an Ag nanoparticle ink (Mitsubishi NBSIJMU01)
[36], as explained in section 2.1. Next, basing on the P(VDF-
TrFE-CTFE) relaxor ferroelectric polymer (Arkema Piezotech
RT-TS) [34], the EAP inks are formulated for rheological com-
patibility with the DMC and KM512 printheads, as described
in section 2.2. These inks are then used to print and cure the
EAP layer, as explained in section 2.3. Next, the polymer sur-
face is modified in oxygen plasma, the top electrode is prin-
ted from an Ag nanoparticle ink (NovaCentrix JS-A211) [37]
and then cured, as described in section 2.4. Morphology and
performance of the resulting actuators are respectively studied
according to the sections 2.5 and 2.6.

The printing processes are implemented on a Pixdro LP50
system that can operate multiple types of industrial printheads.
It allows up to 500mm s−1 print speeds, up to 90◦C print-
bed temperatures, and integrated UV curing [38]. The print-
ing steps are performed on three disposable Dimatix DMC-
11610 printheads (16 nozzles in a single row, 21.5µm orifice
size, 254µm nozzle pitch, 10pl droplet volume) [39], and one
Konica Minolta KM512 printhead (512 nozzles in two rows,
70.5µm nozzle pitch, 14pl droplet volume) [40]. Both print-
heads base on the drop-on-position printing concept [41] and
allow heating their nozzles up to 60◦C.

2.1. Bottom electrode fabrication

The bottom electrode is printed on the NovaCentrix Novele
IJ-220 substrate [35] using the Pixdro LP50 system and a
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Figure 2. The fabrication process for fully inkjet printing relaxor ferroelectric actuators.

Dimatix DMC-11610 printhead loaded with the Mitsubishi
NBSIJMU01 Ag nanoparticle ink. The IJ-220 substrate is a
140µm thick PEN sheet (glass transition temperature 120◦C)
with a micro-porous resin coating to facilitate ink adhe-
sion. The bottom electrode is printed from the Mitsubishi
NBSIJMU01 nanoparticle dispersion ink with 15wt.% Ag
content [36]. The ink self-sinters when printed on the micro-
porous substrate surface, attaining high conductivity without
any post-processing. Alternatively, the bottom electrode could
be printed from a multitude of other conductive inks (e.g.
metal-, polymer- or carbon-based) [1], whereas this would
introduce the need for additional steps of substrate preparation
and post-processing.

Before loading the NBSIJMU01 ink into the printhead
reservoir, it is filtered using a 0.45µm polytetrafluoroethyl-
ene (PTFE) filter. This prevents clogging of the nozzles by the
larger Ag particles that may have agglomerated since the ink
wasmanufactured. The printing settings (see table 1) are estab-
lished experimentally, and figure 3(a) depicts the eventual jet-
ting waveform that was used for printing the bottom elec-
trode. It results in a consistent formation of ca 10pl droplets at
6ms−1 velocity, and no formation of satellite droplets. A 1000
DPI printing resolution is obtained by using a 1350Hz firing
rate at 80mms−1 printing speed. For a homogeneous conduct-
ing electrode, three printing iterations are required. During the
printing the substrate table is maintained at 35◦C to speed up
the solvent evaporation, eliminate the coffee ring effects [42]
and maintain consistent printing temperature from day to day.
Once printed on the IJ-220 substrate, the Ag ink turns from a
dark brown liquid into a glossy silver film.

2.2. EAP ink formulation

To attain high actuation strains, this study employs the P(VDF-
TrFE-CTFE) terpolymer that exhibits a strong electrostrict-
ive response and produces material strains of up to 5% [34].
For printability, the EAP inks must fulfil specific criteria on

Table 1. Printing settings and ink properties in the electrode
deposition steps.

Specification Bottom electrode Top electrode

Ag content (wt.%) 15 40
Z number 9.45 2.92
Print repetitions 3 2
Resolution (DPI) 1000 900
Print speed (mm s−1) 80 50
Drop spacing (µm) ca 25 ca 28
Post-processing None UV sintering

Figure 3. Jetting the ink droplets: (a) waveforms for jetting the
conductive and EAP inks on the Dimatix DMC-11610 printhead;
(b) waveform for jetting the EAP ink on the Konica Minolta KM512
printhead; and (c) analysing the EAP ink jetting in the DropView
software module (Pixdro LP50).

their rheological properties, as explained in section 2.2.1.
Basing on this, the EAP inks are formulated by dissolving
the P(VDF-TrFE-CTFE) polymer in a combination of methyl
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ethyl ketone (MEK) and dimethyl sulphoxide (DMSO)
solvents, as explained in section 2.2.2. Since the the rheolo-
gical requirements depend on the nozzle properties, separate
inks are formulated for the DMC and KM512 printheads.

2.2.1. Rheological requirements. In order to ensure a stable
jetting and absence of satellite droplets, the EAP ink formu-
lations must meet several requirements on their rheological
properties (i.e. viscosity, surface tension and density) that
define the droplet dynamics. These requirements can be for-
mulated in terms of the Reynolds number Re, Weber number
We and Z number (inverse of the Ohnesorge number Oh) [43]:

Z= Oh−1 =
Re√
We

=
√
γρα/η, (1)

where ρ is the density of the fluid, η is its dynamic viscos-
ity, γ is the surface tension, and α is the characteristic length
(nozzle diameter). In a We–Re plot an inkjet-compatible ink
needs to meet four constraints, illustrated as a box A–B–C–D
in figure 5 [44, 45]: (1) the We= 4 line (A–B, yellow) repres-
ents the energy threshold for droplet ejection; (2) the Z= 1 line
(A–D, orange) represents the higher viscosity bound, i.e. at
Z< 1 the ink is too viscous for jetting; (3) the Z= 14 line (B–
C, blue) represents the lower viscosity bound, i.e. at Z> 14 the
ink forms satellite droplets; and (4) the Kc = 100 line (D–C,
purple) indicates the onset of splashing upon impact with the
substrate [46], requiring:

Kc =We1/2 ·Re1/4 ⩽ 100. (2)

While the Z numbers between 1 and 14 have been reported
printable [45], this is not a general consensus between differ-
ent studies [47, 48]. Figure 5 therefore also indicates a more
conservative range of 4⩽ Z⩽ 10 that is agreed as printable
jettable between several sources [45, 47, 48].

2.2.2. EAP ink formulation. EAP inks for printing the actu-
ators are formulated from the P(VDF-TrFE-CTFE) polymer
powder (Piezotech RT-TS, Arkema) [34]. It has a molecular
weight of 400–600kgmol−1 and CTFE content of 8.5mol%.
Ink formulation consists of choosing a suitable solvent com-
position and polymer concentrations, as explained in the
following.

While a multitude of solvents could be used for dissolving
the polymer [21, 34], this study used a mixture of MEK and
DMSO. MEK (from Sigma-Aldrich) was chosen as the main
solvent since it dissolves the piezopolymer very well [34]. Due
to its high volatility (boiling point 79.6◦C), MEK evaporates
fast from the printhead nozzles, leaving the polymer behind
and causing the nozzles to clog. Therefore, MEK was com-
bined with DMSO (Sigma-Aldrich), which also dissolves the
polymer and has a higher boiling point (189◦C). Solvents with
an even higher boiling point (>200◦C) were avoided, since
they would significantly increase the solvent evaporation time

Figure 4. Dynamic viscosity measurement results for the 20:80
MEK:DMSO solvent ratio at EAP concentrations of 0wt.%–4wt.%.

after the printing. The selected solvents are chemically com-
patible with the components of the printheads.

The viscosities and surface tensions of different
MEK:DMSO ratios (pre-mixing ratios of 60:40, 50:50, 40:60,
30:70 and 20:80 in volume) were experimentally measured
using a rheometer (Anton Paar 302) and a contact angle meter
(Data Physics OCA25) respectively. This indicated the 20:80
MEK:DMSO ratio (i.e. 15% wt.% MEK, γ = 26.67 mNm−1,
η = 1.97cP, ρ= 1.03 gml−1) as the best-suited, exhibiting
near-Newtonian behaviour, desirable in IJP. A similar solvent
composition has been reported in formulating P(VDF-TrFE)
inks in [21].

Next, the effect of the polymer concentration on the ink
jettability was studied. The 20:80 MEK:DMSO solvent was
loaded with different polymer concentrations between 0wt.%
and 4wt.%. The polymer powder was incrementally added to
the pre-mixed solvent, and the mixture was constantly stirred
and heated up to 35◦C on a hot-plate (Cole–Parmer Stuart)
over a period of 2 h. The viscosity and surface tension of
the formulated piezopolymer inks were measured (Anton Paar
302, Data physics OCA25), as reported in figure 4 and table 2.
The Reynolds and Weber numbers of the ink-printhead com-
binations were calculated to further evaluate their feasibil-
ity for stable jetting, considering the nozzle dimensions of
both the Dimatix DMC (10pl) and Konica Minolta KM512
(14pl) printheads. The results for different ink formulations
are respectively given in the figures 5 and 6. Addition of the
polymer increases the surface tension and viscosity of the ink,
and increases the droplet breakup time to inhibit the forma-
tion of satellite droplets. This allows to tailor the ink properties
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Table 2. Surface tension measurement results for the EAP inks.

Surface tension γ and its standard deviation std (mNm−1)

EAP concentration 1wt.% 1.15wt.% 1.25wt.% 2wt.% 4wt.%

Temperature γ std γ std γ std γ std γ std

40◦C 35.431 0.218 35.904 0.210 35.934 0.234 36.187 0.197 37.185 0.203
45◦C 35.220 0.147 35.674 0.123 35.697 0.197 36.119 0.190 37.015 0.214
50◦C 35.106 0.210 35.519 0.109 35.545 0.183 36.023 0.206 36.824 0.234
55◦C 34.799 0.186 35.343 0.166 35.477 0.176 35.978 0.186 36.781 0.199

Figure 5. A rheological feasibility plot for printing the conductive
and polymeric inks in the 10 pl DMC printhead (top). The zoom-in
(bottom) details the properties of the EAP inks.

Figure 6. A rheological feasibility plot for printing the inks in the
KM512 printhead. The relative placement between different inks is
identical to the figure 5, while the absolute numbers are shifted due
to a different nozzle diameter.

into a compatible range for IJP (see section 2.2.1). Viscosity
measurements at different temperatures indicate that higher
polymer concentrations can be printed at elevated temperat-
ures (see figures 4–6).

2.3. EAP layer fabrication

This section describes the printing and curing processes of
the EAP layer fabrication. EAP printing in section 2.3.1 cov-
ers the waveform formation for droplet jetting and substrate
temperature settings to attain a uniform print. Section 2.3.2
explains the process of annealing and how it alters the EAP
layer morphology.

2.3.1. Printing the EAP layer. This study uses the Konica
Minolta KM512 (14 pl nominal droplet volume) and Fujifilm
Dimatix DMC (10 pl) printheads for polymer deposition.
According to the rationale and process in section 2.2, two
distinct inks with 1.25wt.% and 1.15wt.% polymer concen-
trations were formulated, respectively for the KM512 and
DMC printheads. This was required due to different nozzle
dimensions of the printheads. The inks were filtered through a
0.45µm PTFE filter to prevent possible contaminant particles
from clogging the nozzles, and then loaded into the printhead
reservoirs.

To create reliable printing processes for the formulated inks
it is necessary to establish jetting parameters that produce
stable droplets with uniform velocity, volume and shape, with
no satellite droplets. Establishing these parameters is facil-
itated by the DropView analysis tool (Pixdro LP50), allow-
ing to inspect the droplets while adjusting the pulse shape,
frequency, printhead temperature and ink pressure. Figure 3
shows the established pulse shapes for printing the EAP inks
on both the KM512 and DMC printheads, and illustrates the
resulting droplets with near-uniform characteristics. Jetting of
all the nozzles is examined before each print cycle, and only
the properly functioning nozzles are used for the printing. On
average it was possible to use 49% of the KM512 nozzles and
75% of the DMC nozzles.

Printing settings for depositing the polymer layer are given
for both the printheads in table 3. Droplet spacing and depos-
ition rate are controlled via the printing resolution and repe-
tition count. Solvent evaporation rate during the printing is
controlled via the printbed temperature and introducing pauses
between the printing cycles. It is desirable to evaporate most
of the solvent before depositing a new layer of ink, in order to
prevent ink from spreading, and to attain a more homogeneous
polymer surface. In contrast, keeping the substrate table at the
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Table 3. Printing settings and ink properties in the EAP layer deposition step.

Specification KM512 DMC

Nominal droplet volume (pl) 14 10
Polymer concentration (wt.%) 1.25 1.15
Solvent composition (wt.%) MEK 20:80 DMSO MEK 20:80 DMSO
No. of printed layers 260 280
Substrate table temperature (◦C ) 52.5 58
No. of active nozzles ca 250 (out of 512) ca 12 (out of 16)
Print speed (mm s−1) 110 90
Resolution (DPI) 750 800
Drop spacing (µm) ca 34 ca 32
Pause cycle (repetitions) 80–80–60–40 80–80–80–40

Figure 7. SEM images visualising the influence of the annealing time on the EAP morphology.

room temperature often resulted in a non-homogeneous poly-
mer surface due to the coffee ring effects. In both the recipes
the printbed was maintained at 65◦C , and after a number of
print repetitions (see table 3) a pause of 20min (or longer) was
held before resuming.

2.3.2. Annealing the EAP layer. After printing, the poly-
mer requires thermal annealing to improve its ferroelectric,
piezoelectric and dielectric properties [49]. Annealing mod-
ifies the polymer microstructure and needs to be performed
at 10 ◦C–15◦C below its melting temperature of 122◦C [34,
50]. At lower temperatures the annealing is inefficient, and at
higher temperatures it reduces the crystallinity, degrading the
electromechanical response [50]. In actuator fabrication the
annealing was performed for 2 h at 111◦C .

The effect of annealing duration on the polymer sur-
face morphology was studied by annealing the inkjet-printed
P(VDF-TrFE-CTFE) samples at 111◦C for up to 24 h.
Morphology of the resulting EAP layer was imaged using a
scanning electron microscope (SEM, Jeol JSM 6010LA). The
results indicate that longer annealing durations increase the
grain size and reduce the surface roughness (see figure 7). As

shown by Cho et al [51], exposure to elevated temperatures
of the thermal annealing causes loss of β-phase, reduces
ferroelectricity and deteriorates transduction performance in
P(VDF-TrFE-CTFE). They proposed a solvent annealing
method that can be used as an alternative to the thermal anneal-
ing, allowing to attain better transduction performance.

2.4. Top electrode fabrication

Fabrication of the top electrode comprises of functionalising
of the polymer surface (section 2.4.1), inkjet printing of the Ag
electrode (section 2.4.2), and sintering of the printed electrode
to make it conductive (section 2.4.3).

2.4.1. Surface pre-treatment. After thermally annealing the
printed EAP layer (section 2.3.2) it is necessary to pre-treat
its surface before the top electrode can be deposited on it. An
untreated EAP surface is hydrophobic, disrupting the forma-
tion of a thin film during the printing, and causing the ink to
agglomerate into droplets (see figure 8). Oxygen plasma treat-
ment (Diener Femto plasma cleaner) is employed to function-
alise the surface of the EAP layer and turn it hydrophilic. First,
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Figure 8. Printing the top electrode on the annealed EAP layer:
(a) without plasma treatment the ink agglomerates into droplets;
(b) uniform electrode can be printed after oxygen plasma treatment.

the effect of the plasma exposure time was experimentally
studied by exposing EAP samples for different durations (10–
150 s) and then printing Ag electrodes on them. The results
showed the best wettability and layer quality after 30 s of
exposure, which was long enough to clean and form hydroxyl
groups on the surface and short enough to avoid thermal
damage. The difference in the electrode deposition quality
between the treated and untreated samples is shown in figure 8.
Hydrophobic recovery caused a drastic deterioration in the
wettability and deposition quality after 2 h post-treatment, pos-
sibly due to the loss of hydroxyl groups and reconfiguration
of the surface layer. Hydrophobic recovery is a known phe-
nomenon in polymers [52], while the specific reasons for it in
the PVDF-based materials need investigation.

2.4.2. IJP the top electrode. The top electrode is prin-
ted on the plasma-treated EAP layer using a Dimatix DMC
10 pl printhead, loaded with the NovaCentrix JS-A211 ink
(40wt.% Ag content) [37]. A different ink than in the bot-
tom electrode manufacturing (section 2.1) is used, since the
self-sintering inks with a low Ag loading factor require a por-
ous substrate (15wt.% Ag in Mitsubishi NBSIJMU01). On a
smooth EAP layer they cannot self-sinter, and develop cracks
or partial delaminations during the sintering (see figure 9).
Similar observations were also made for the NovaCentrix JS-
B25P self-sintering ink (25wt.% Ag). Behaviour of the inks
on a plasma-treated EAP surface is contrasted in figure 9.

The printing settings for depositing the top electrode on
the EAP layer are given in table 1, and the established wave-
form for jetting the JS-A211 ink is given in figure 3(a). The
printing is carried out at a substrate table temperature of 65◦C
to prevent the coffee ring effects from occurring (similar to
section 2.3.1). After solvent evaporation this produced a crack-
free, homogeneous surface that is not conductive until post-
processed.

2.4.3. Sintering the top electrode. To attain a conductive
top electrode, the printed Ag particles must be fused together
into a conductive layer. Sintering the Ag ink was studied
by thermal means (Memmert UN30 convection oven), strobe
lamp (150W), pulsed UV laser (Optec WS-Starter with a
SpectraPhysics Talon 355-15 source) and continuous UV light
source (Phoseon FireEdge FE300, in Pixdro LP50). The latter
relies on matching the wavelength of a UV source with the

plasmonic resonance absorption peak of the Ag particles,
allowing efficient sintering at low intensities [53]. For the
30–50 nm particles of the JS-A211 ink [37] this peak
lies between ~400–420 nm [53], sufficiently close to the
wavelength of the continuous UV source in the Pixdro LP50
printer (345–385 nm).

Conductivity of the sintered samples was confirmed by
measuring the resistance along the electrode length using a
multimeter (Voltcraft VC820-1). All sintering methods turned
the electrode conductive, resulting in the electrode resistances
of ⩾0.5Ω for the strobe light, ⩾3.8Ω for the thermal method
(causes also samples to significantly curl),⩾16Ω for the laser
source, and ⩾2.7Ω for the continuous UV source. These
figures are better than needed for actuation [27]. The result-
ing electrode morphologies are compared in figure 10, show-
ing a continuous porous (most likely due to densification and
solvent evaporation) silver surface in all samples. While the
strobe light attained the best conductivity, sintering with the
continuous UV source was faster and less laborious than other
methods (built-in tool in the LP50 printer), producing undam-
aged, shiny, crack-free electrode surface without excessively
heating the sample. The best results were obtained after a 360 s
exposure at 0.6Wcm−2 intensity. The sintering was assisted
by heating the substrate table to 40◦C, speeding up the evap-
oration of the remaining solvent from the ink.

Therefore, the continuous UV source of the Pixdro LP50
system and the above recipe are used to cure the top electrode
during the subsequent actuator fabrication. After the curing,
the actuator sample is cut out from the rectangular substrate
using an Optec WS Starter laser micromachining system.

2.5. Characterising actuator morphology

To characterise the outcomes of the fabrication process,
morphology of the resulting actuator was studied in SEM.
Both the KM512 and DMC actuator samples were cut in a
laser micromachining system (Lasea LS Lab) to reveal their
cross-section, and imaged in SEM (JEOL JSM 6010LA).
Thicknesses of all the printed layers (i.e. bottom electrode,
active layer and top electrode), substrates and the total actu-
ator thicknesses were measured. These results allow to link the
deposition recipes to the resulting layer thicknesses for further
optimisation of the manufacturing process.

2.6. Characterising actuator performance

Performance of the fabricated actuators was characterised by
measuring their response to sinusoidal excitation, the effect
of input voltage amplitude on the actuation amplitude, the
actuation hysteresis, and the frequency response. An experi-
mental set-up was constructed for this purpose, as explained
in figure 11.

A completed actuator sample was attached by its base to
a custom-built clamp (3D-printed, PET-G), fixing the actu-
ator in a horizontal configuration. Actuator terminal pads
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Figure 9. Printing different types of Ag inks on the EAP surface. Inks that are intended for porous substrates form cracks (a) and droplets
(b) when printed on the EAP. Inks intended for smooth substrates yield a uniform conductive layer (c).

Figure 10. SEM images visualising the influence of different sintering approaches on the morphology of the top electrode. The residues on
the sample surfaces are hypothesised to be the fluoropolymer binder residues from the JS-A211 ink [37].

Figure 11. Block diagram of the actuator performance characterisation set-up.

Figure 12. The experimental set-up for actuation performance characterisation: A—PC with the NI LabView environment; B—transparent
acrylic box; C—clamped actuator; D—laser displacement sensor; E—data acquisition system; and F—high-voltage power amplifier.

made contact with the silver electrodes of the clamp, provid-
ing the electrical connections for excitation. Conductive sil-
ver paste (RS Pro 186-3600) was used on the actuator ter-
minals to improve the conductivity and wear resistance at the
contacts. The actuator was driven by a high voltage power
amplifier (Smart Material HVA 1500-1/50), and its tip dis-
placements were measured using a laser triangulation sensor
(Micro-Epsilon OptoNCDT 1750, range of 2mm). Thorlabs
mounting components and translation stages were used to fix
and align the actuator and the laser. The experiments were

controlled from a PC with the LabView 2018 environment,
using a NI USB-6211 data acquisition board. A block diagram
and an image of the set-up are shown in figures 11 and 12
respectively. The setup was enclosed in a transparent acrylic
box with a safety switch, that is connected to the interlock of
the high-voltage amplifier.

For characterisation, experiments were conducted to meas-
ure the actuator’s (1) response to quasi-static excitation (1Hz
sine wave), (2) deflection amplitude dependency on the input
voltage magnitude, (3) hysteresis during cyclic actuation, and

8
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(4) frequency response. Experiments (1)–(3) were conducted
using a sinusoidal excitation at 1Hz frequency, maintaining
the effects of the beam dynamics negligible. Experiment (4)
performed a frequency sweep in order to measure the dynamic
response. Uni-polar sinusoidal excitation is used in experiment
(1) since the ferroelectric behaviour of the actuators is inde-
pendent of the polarity, and in experiment (4) since a bipolar
input would result in the actuation output to occur at double of
the input frequency. Frequency response measurements were
conducted at 75V amplitude, 75V offset (i.e. 150Vpp), applied
at 100 different frequencies that are logarithmically distrib-
uted in the 1–200Hz interval. Bipolar sinusoidal excitation
was used in the experiments (2) and (3), allowing to observe
the presence of permanent piezoelectric effect in the poly-
mer, which would express in a polarity- and voltage-dependent
asymmetry in the actuation amplitude.

3. Results

Actuator samples were successfully manufactured according
to the design in figure 1, following the methodology and the
two recipes described in sections 2.1 through 2.4. Since the
recipes only differ in active layer printing step (section 2.3),
the resulting samples (shown in figure 13) are addressed
according to the respective printhead models as KM512 and
DMC. The resistances between the actuator electrodes meas-
ured in the order of MΩ, indicating an undamaged EAP layer.

3.1. Morphology

Actuator morphology was studied according to the section 2.5.
SEM images of the actuator cross-sections for both theKM512
and DMC samples are shown in figure 14. Thickness meas-
urement results from these images are summarised in table 4
for each layer. The total thicknesses of the actuators measured
125µm (KM512) and 131µm (DMC). The bottom electrodes
were poorly visible, measuring <1µm in both samples, while
the top electrodes were respectively 3.64µm (KM512) and
1.72µm (DMC) thick. The EAP layer in the KM512 sample
measured 6.38µm, meaning a 24.5 nm deposition thickness
per each print repetition (total 260 prints). In theDMC sample
the EAP layer was 6.35µm thick, i.e. 22.7 nm per print repe-
tition (total 280 prints).

3.2. Actuation

The performance characterisation experiments were per-
formed according to the section 2.6. Actuator placement and
oscillating tip deflections are shown in figure 15 and video 1.
In the preliminary experiments it was observed that actuator
damage occurs at voltages above 200V and 275V respectively
in theDMC andKM512 samples. These voltages correspond to
the maximum electric field strengths of 31.5Vµm−1 (DMC)
and 43.1Vµm−1 (KM512), and were not exceeded the char-
acterisation experiments.

Actuation in response to a 1Hz sinusoidal excitation is plot-
ted in figure 16, showing maximum deflections of 91.4µm
(200V) and 224µm (275V) respectively for the DMC and

Figure 13. The manufactured actuator samples.

KM512 samples. The effect of the excitation voltage amplitude
on the actuation response is shown in figure 17. Presuming
a quadratic voltage–displacement relationship, the actuation
gains of α1 = 2.28nmV−2 and α2 = 3.27nmV−2 were fitted
to the measured displacement data.

Actuation hysteresis curves in response to a bipolar sinus-
oidal excitation (1Hz, 200V) are given in figure 18. No
polarity- or voltage-dependent asymmetry was observed in
the actuation amplitude, indicating no presence of perman-
ent piezoelectric effect. Results for the frequency response
measurement are plotted in figure 19 (unipolar excitation,
150Vpp), indicating that the resonant frequencies for the
DMC and KM512 actuator samples are respectively 113Hz
and 114Hz. When excited with a unipolar 200Vpp excita-
tion at their resonant frequencies, these actuators respectively
achieved 1.10mm (DMC) and 1.72mm (KM512) deflections.
The effective elastic moduli and the blocked actuation forces
were respectively estimated to be 1.23GPa and 0.15mN for
the DMC sample, and 1.57GPa and 0.41mN for the KM512
sample.

4. Discussion

4.1. Manufacturing

After establishing stable jetting parameters, printing of
the bottom electrode produced consistent results through-
out this work. While the chosen ink-substrate combination
(i.e. Mitsubishi NBSIJ-MU01 and Novele IJ-220) allowed to
reduce the number of fabrication steps, the same method does
not work on smooth polymer surfaces, such as polyimide or
PEN. A similar method to the top electrode fabrication can be
used in this case, i.e. functionalising the surface with oxygen
plasma, printing the bottom electrode using the JS-A211 ink,
and UV-curing it.

The EAP inks were formulated as described in section 2.2,
and then printed and annealed as described in section 2.3.
Initially a KM512 printheadwas used for the EAP layer depos-
ition; however its heating circuit failedmid-study, possibly due
to a damage by the aggressive solvents. Therefore, a Dimatix
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Figure 14. SEM images of the actuator cross-sections (JEOL JSM 6010LA): a KM512 sample in the top row, and a DMC sample in the
bottom row. A—Novele IJ-220 PEN substrate (A1) with the microporous resin coating (A2); B—bottom electrode; C—P(VDF-TrFE-CTFE)
layer; and D—top electrode.

Table 4. Dimensions of the actuator layers (measured in SEM).

Layers\samples KM512 DMC

Top electrode 3.64µm 1.72µm
Active layer 6.38µm 6.35µm
Bottom electrode <1µm <1µm
Substrate 114µm 123µm
Entire actuator 125µm 131µm

DMC printhead was used also for EAP deposition in the
remainder of the work, requiring a dedicated EAP ink formula-
tion. Ink composition is a trade-off between reliable jetting and
deposition rate. While the higher concentrations allow depos-
iting more polymer per droplet, their jetting is less repeat-
able and clogging occurs more frequently (see section 2.2.1).
Optimal waveform and printing settings depend on the ink
properties and printhead characteristics, and were obtained via
trial-and-error.

The challenges in top electrode fabrication were resolved
by first applying oxygen plasma treatment on the EAP layer
to make it hydrophilic, then printing the electrode using a
dedicated Ag ink for smooth substrates, and eventually cur-
ing it via heating and UV exposure. Differences in the top
electrode thicknesses are hypothesised to stem from the vari-
ation in the DMC cartridge performance over time (affects the
droplet volumes), and from the flowing of the wet ink on the
EAP layer (stimulated by the printbed motion) that causes its
non-uniform re-distribution. Plasma treatment and annealing
of the EAP layer (section 2.3.2) were performed outside the
printer, and in future work it is desirable to substitute these
steps with alternatives that allow the entire fabrication process
to be completed within the printer.

4.2. Characterisation

The KM512 sample deflected upon 1Hz excitation 2.45 times
more than the DMC sample, and withstood higher voltages

before break-down (see figures 16 and 17). At the lowest sinus-
oidal excitation voltage amplitude (50V) the DMC sample
performed better than theKM512, while withstanding signific-
antly lower maximum voltages (200V forDMC and 275V for
KM512). We therefore hypothesise that the EAP layer in the
DMC samples is much less uniform compared to the KM512,
resulting in larger variations in the local electric field strengths.
This would certainly affect actuation due to the quadratic rela-
tion between the strain and electric field strength. Variations in
the EAP layer uniformity can stem from the printing process
or sensitivity towards other steps in the manufacturing pro-
cess. While the deposited EAP layer thickness differs between
the samples by <0.5% in the measurements (table 4) and by
<6% in the calculations (see droplet volumes, DPIs, concen-
trations and layer counts in table 3), the higher local variations
in the DMC sample can stem from the less repeatable depos-
ition quality of the DMC printhead (e.g. jetting stability in the
start and middle of a print line, and variation in the droplet
volumes).

In both actuator types the maximum field strengths
(31.5Vµm−1 for DMC and 43.1Vµm−1 for KM512)
remained significantly below the dielectric strength of the
P(VDF-TrFE-CTFE), i.e. ⩾350Vµm−1 [33, 34]. We hypo-
thesise that this is caused by the same local imperfections
in the EAP layer thickness. Other possible causes include
contaminants that may fallen from the air during the printing
process, and non-perfect densification of the EAP layer during
the solvent evaporation and annealing steps.

The achieved actuation deflections (i.e. 1.72mm at 114Hz,
224µm quasi-static) are a significant improvement over the
priorly reported results for the entirely inkjet-printed bending
cantilever actuators. In comparison, Pabst et al (actuator length
15mm) attained 145µm and 300µm deflections respectively
in static and resonant (160Hz) operation [29], while Thuau
et al reported 1.5 nm deflections for their 5mm long actuators
[7]. This means at least a 55% improvement in quasi-static
and 470% in resonant deflections. Compared to best par-
tially IJP’ed actuators, this is above the 206µm quasi-static
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Figure 15. Actuation experiments: (a) actuator placement in the experimental set-up; (b) side view of the clamped actuator; and
(c) screenshots of the actuator when still (top) and oscillating (bottom) (video 1).

Figure 16. Actuation in response to a sinusoidal excitation at 1Hz.
Top—KM512 sample; and bottom—DMC sample.

deflections reported by Baelz and Hunt [26], but less than their
resonant deflections of 3mm.

High actuation strains in this study stem from the high-
strain P(VDF-TrFE-CTFE) relaxor ferroelectric material.
Poling of the P(VDF-TrFE-CTFE) has been shown to further
increase the actuation strains by about 18% [26]. Stiffness,
force and stroke characteristics of a bending cantilever actu-
ator are a trade-off between the active and constraining layer
thicknesses and elastic moduli [54, 55]. Therefore, a signific-
ant performance improvement can be attained by optimising
the actuator mechanical compliance via the EAP and sub-
strate thicknesses (now EAP makes <6% of the total thick-
ness) and choice of materials. For example, choosing a sub-
strate that is very thin and soft to the bending while being
very stiff in the axial direction can reduce the axial extension
of the actuator (useless for actuation) and increase the lateral

Figure 17. Actuation in response to a 1Hz sinusoidal
excitation at different excitation voltage amplitudes. Experimental
results and curve-fitted quadratic models (α1 = 2.28nmV−2,
α2 = 3.27nmV−2).

Figure 18. Actuation hysteresis under a 1Hz 200V bipolar
sinusoidal excitation.

deflections. Actuation voltages can be lowered by printing a
stack of thinner EAP layers, alternated with electrode lay-
ers.The future work will address the above challenges, and aim
to reduce the fabrication complexity to increase the process
throughput.
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Figure 19. Bode plots of the inkjet-printed actuators, measured under a sinusoidal excitation with a 75V amplitude and 75V offset
(i.e. 150Vpp). Applying an offset prevents the frequency doubling due to the ferroelectric actuation response.

4.3. Outlook

Compared to the traditional methods of fabricating smart
material transducers (screen-printing, doctorblading, spin-
coating, painting, sputter-coating, etc), IJP provides the vir-
tues of a digital and contact-less means of fabrication: (1) it
eliminates the need for design-specific masks, enabling imple-
mentation of complex designs, patterns and voids, virtually
limited only by the in-plane resolution of the printer; and
(2) it allows fine (sub-micron) thickness resolutions, essen-
tial for attaining high field strengths within the EAP lay-
ers at low operational voltages. While the total fabrication
time remains limited by the processing steps (i.e. deposition,
solvent evaporation, curing and annealing), further automation
of these processing steps is feasible. The latter provides out-
looks for further minimisation of the involved human labour.
A well-established IJP process enables automated implement-
ation and modification of bespoke transducer designs, without
sacrificing the actuation performance. Similar actuators with
IJP’ed electrodes and spin-coated EAP layer (based on the
identical substrate and EAP materials) were seen to perform
similarly (i.e. inferior in quasi-static and better in resonant
operation) [26]. Looking further into future, resolving chal-
lenges in integration of the IJP of increasingly dissimilar and
delicate materials is anticipated to enable integrated printing
of mechanisms, electronics and transducers, leading towards
printing of entire mechatronic systems and devices of bespoke
design in a single and efficient process.

5. Conclusion

This research developed a process for additive manufactur-
ing P(VDF-TrFE-CTFE)-based EAP actuators. The process
bases on IJP and consists of three main steps: (1) depositing
the bottom electrode by printing a self-sintering Ag ink on a
PET-based substrate; (2) fabricating the EAP layer on the bot-
tom electrode by printing a custom-formulated P(VDF-TrFE-
CTFE) ink, and thermally annealing it; and (3) depositing the
top electrode by printing an Ag ink on the plasma-activated

EAP surface and then UV-curing it. Depositing the bottom
electrode was relatively straight-forward. The challenges were
encountered in the formulation, printing and curing of the
P(VDF-TrFE-CTFE) ink in the EAP layer fabrication step,
and in the deposition, adhesion and sintering of the Ag ink in
the top electrode fabrication step. Functional actuator samples
were manufactured using two different printheads for the EAP
layer deposition.

The resulting DMC and KM512 samples respectively
produced 91.4µm (200Vpp) and 224µm (275Vpp) deflec-
tions upon 1Hz sinusiodal excitation. In resonant operation
the same actuators respectively produced 1.10mm (113Hz,
200Vpp, DMC) and 1.72mm (at 114Hz, 200Vpp, KM512)
deflections. This is a 55% improvement in quasi-static dis-
placements and a 470% improvement in resonant displace-
ments over the previously reported fully inkjet-printed PVDF-
based actuators, and an 8% improvement in quasi-static dis-
placements over the similar partially inkjet-printed actuators.
The observed actuation hysteresis and voltage–displacement
relationships were consistent with the ferroelectric behaviour.

This is the first time that a relaxor ferroelectric actuator
has been entirely fabricated via IJP. The resulting actuators
showed a significant improvement in actuation displacements,
essential for complementing the printed electronics to enable
printed mechatronics. The future work will further address the
challenges in actuation performance and reducing the fabrica-
tion complexity.
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