The 3D printing of dielectric elastomer films assisted by electrostatic
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Abstract:

Compared with traditional methods for preparing dielectric elastomer (DE) films,
electrohydrodynamic (EHD) 3D printing displays many advantages, notably full
automation, computer control and flexible design. It also confers high printing
resolution, high preparation efficiency with minimal probability of nozzle clogging. In
this article, EHD 3D printing was employed to fabricate silicone rubber (SR) based DE
films. In order to increase their dielectric constant, high dielectric copper

phthalocyanine (CuPc) particles were added into the SR ink. Optimal printing
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conditions were determined by analyzing the effects of printing voltage and ink
properties on the formation of liquid cone and the printed line width. The SR/CuPc
composite film with 3 wt% CuPc particles (SR/CuPc-3) exhibits a high dielectric
constant of 5.52, with a large actuated area strain of 23.7% under an electric field of
39.4 V/um. Furthermore, under 100 cycles of electric field loading, SR/CuPc-3
demonstrate excellent electromechanical stability, indicating that EHD 3D printing
holds a considerable potential for fabricating high-performance DE films in an
efficacious manner.

Keywords: Electrohydrodynamic 3D printing; Dielectric elastomer; Silicone rubber;
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1 Introduction

Dielectric elastomers (DEs) are a type of smart material that can produce large
electromechanical actuation under electrical stimulus [1-3]. Because DEs can undergo
large deformations and exhibit light weight, rapid response and high energy density,
they are considered to be good candidates for applications in the fields of micro-robotics,
artificial intelligence, biomimetics and sensors [4, 5]. A DE sandwiched between two
complaint electrodes can produce an expansion in area and a reduction in thickness,
when an electric filed is applied. The actuated strain (s:) of a DE is determined by the
following equation [6]:
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where p is the Maxwell stress, ¥ is Young’s (elastic) modulus, & and &, are the
permittivity of vacuum (8.85x107'?> F/m) and the dielectric constant of the DE
respectively and E is the electric field strength. This equation indicates that a low
modulus and a high dielectric constant are beneficial for generating large actuated

strains [7, 8]. However, a low modulus will also often result in poor mechanical



properties of the resultant materials, eventually weakening their long-term performance
[9]. The dielectric constant of a DE can be enhanced by blending the material with high
permittivity ceramics, such as barium titanate (BaTiO3z) [10-12], lead magnesium
niobatelead titanate (PMN-PT) [13], BaosSro4TiO3 [14, 15] or high permittivity
metallo-organic semiconductors, such as copper phthalocyanine (CuPc) [16]. Thus, the
actuated strain of a DE can be significantly improved via this blending based approach.
The reported techniques used to prepare DE films include blade coating [17], spin
coating [18] and spray deposition [19]. Compared to these traditional methods, a novel
method, utilizing three-dimensional (3D) printing to prepare DE films, offers the
additional advantages of full automation, computed control, low production costs and
flexible design [20, 21]. Therefore, 3D printing holds great promise for fabricating
excellent DE films. Mccoul et al. [22] used inkjet 3D printing to prepare DE actuator
(DEA) devices. The resultant high-quality printed silicone elastomer membranes, with
thicknesses of 2 um, exhibited a maximum tensile strain of 727% and an actuated area
strain of up to 2.4% at breakdown strength of 130 V/um. By comparison, the
performance of the inkjet 3D printed silicone membrane was almost the same as that of
a blade-casted silicone elastomer membrane. However, the inkjet 3D printing method
is subject to easy nozzle clogging and low preparation efficiency.

Electrohydrodynamic (EHD) 3D printing, as a newly emerging high-resolution printing
approach, has attracted increasing interest because of its capacity of direct-writing 3D
structures. The mechanism behind EHD printing is to apply an electric field formed
between a nozzle and a conductive substrate onto an electrically charged liquid droplet.
Then liquid droplet extruded from the nozzle tip under the influence of an electric field
force breaks out into a fine jet, whose size is invariably much smaller than the nozzle

[23, 24]. EHD 3D printing can overcome the above-mentioned drawbacks of inkjet



printing with obtaining the advantages of high efficiency and minimized probability of
clogging the nozzle [25, 26], which provide greater possibilities for EHD 3D printing
to prepare film materials.

In this work, EHD 3D printing technique was utilized to prepare the silicone rubber
(SR) DE films. In order to improve the electromechanical performance of the SR, high
dielectric CuPc particles were adopted as fillers and added into pure SR. The evolution
of the liquid cone and jet resulting from applied high voltages and variations in CuPc
content during EHD printing was monitored by a high-speed camera, with the aim of
obtaining a high printing resolution. In addition, the mechanical and electromechanical
properties of the printed SR/CuPc composite film were also investigated in an attempt
to ascertain their characteristic behavior and confirm the benefit of using the CuPc in
the ink formulation.

2 Experimentation

2.1 Materials

Two-component silicone LSR 4305 was purchased from Bluestar Ltd., USA. CuPc was
acquired from Aladdin Reagent Co., Ltd., Shanghai, China. N-heptane and toluene were
all procured from Sinopharm Chemical Reagent Co., Ltd., China. The commercially
available conductive carbon grease NYOGEL 756 G, which was used as the compliant
electrode in this work, was provided by Nye Lubricants, Inc., Fairhaven, MA, USA.
2.2 Preparation of pure SR and SR/CuPc inks

The pure SR ink with a concentration of 30 wt.% was prepared by mixing two
components SR at a weight ratio of 1:1 and then dissolving in n-heptane.

The preparation of SR/CuPc ink was carried out by adding different weight contents of
CuPc particles (1 wt.%, 2 wt.% and 3 wt.%) into n-heptane firstly followed by

sonication for 5 min. Then two components SR at a weight ratio of 1:1 was mixed and



dissolved in CuPc/n-heptane. The resulting SR/CuPc ink containing 1 wt%, 2 wt% and
3 wt% of CuPc particles were denoted as SR/CuPc-1 ink, SR/CuPc-2 ink and SR/CuPc-
3 ink respectively.

2.3 EHD 3D printing of DE films

Figure 1 is diagrammatic representation of the EHD 3D printing system consisting of a
high voltage power supply (HPSN 1220, LANYI, Zhejiang, China), an ink supply, an
ultrasonic device, a high-speed camera (WP-UT500, Shenzhen, China) and a
conductive substrate fixed on a three-axis mechanical stage, which is programmed by
the computer to move in the X, ¥ and Z mutually perpendicular axes. The high voltage
supply was connected to an electrically-grounded conductive substrate and a nozzle
with a blunt end, the outer diameter of which is 400 um. The ink in the nozzle was
supplied by a syringe pump (Longer Precision Pump Co., Ltd., Baoding, Hebei, China)
operating at a typical flow rate of 0.07 puL/min. During printing, ultrasonication was
used to disperse particles to prevent the formation of precipitates and particle
agglomeration. Finally, after finishing the printing process, the film was left into an
oven, curing at 120 °C for 1 h to ensure a complete evaporation of n-heptane. EHD 3D
printing was initiated by slowly increasing the nozzle voltage, until the pendant ink
drops elongated and fell on to the printing substrate beneath. The morphology of the

liquid cone was recorded by the high-speed camera.
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Figure 1 Schematic diagram showing a self-built EHD 3D printing system for
fabrication of DE films.

2.4 Characterization
The viscosity of the inks was measured by using a rotating viscosity tester (NDJ-9s,
Ping Xuan scientific instrument co., Ltd., China) at a rotational speed of 6 rpm.
The morphologies of the printed DE membranes based on SR filled with CuPc particles
were observed by using a scanning electron microscope (SEM) (VEGA3, TESCAN,
Czech Republic) which was equipped with an EDX (E1856-C2B, EDAX, USA).
The three-dimensional surface morphologies of the printed films were observed by
using an ultra-depth 3D digital microscope (DVM6 M, Leica Microsystems Ltd.,
Germany).
Tensile tests were performed on the printed SR and SR/CuPc composite membranes
using a universal tensile testing machine (Instron 5965 Tensile Machine, Glenview, US).
The shapes of the specimens were printed according to the GB/T 528-2009 test standard.
The crosshead speed during the tensile testing was 100 mm/min. The elastic moduli
were determined from the slopes of the stress-strain curves using linear fits to the data
points obtained within the 0 to 10% strain range.
The crosslink densitiy n were determined by performing swelling tests in toluene at

room temperature and applying the Flory-Rehner equation [27]
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where v2 is the volume fraction of the film, y with a value of 0.37 in this work is the
interaction parameter between toluene and SR, v; is the molar volume of the toluene.
Dielectric measurements of SR and SR/CuPc composite films were conducted using a
broadband dielectric spectrometer (E4990A, Keysight, USA) at 20 °C in the frequency
range of 10 Hz to 10 MHz. The films of approximately 0.4 mm thickness were placed
on a cell between gold-plated flat electrodes each of diameter of 20 mm and a thickness
of 2 mm.

The actuated area strain tests were performed by using an electromechanical testing
system. The tests were executed using EHD 3D printed disc DE films with a diameter
of 60 mm and a thickness of approximately 0.4 mm at ambient conditions. The DE
films were initially pre-stretched equibiaxially to a ratio of 2.0, then fixed on a circular
sample clamp. Before each test, a compliant electrode with a diameter of 12 mm was
coated on the samples for both sides of the sample. The electric field was incrementally
applied with the voltage rising by 200 V per 3 s until electric breakdown occurred.
Each experimental data point is the average of the results obtained from at least three
separate samples investigated under the same conditions.

3 Results and discussion

In the printing process, the ink droplet at the tip of the nozzle was deformed and
stretched by electrostatic force produced between the nozzle and the conductive
substrate when the voltage was applied, forming a liquid cone, whose apex emerged a
thin jet. In detail, it can be envisaged from the force diagram of Figure 2(a) that the
cone-jet mode formed only when the electrostatic force (Fes) was greater than force

derived from ink viscosity («) plus surface tension (Fst) [28]. Under the coupling effect



of electrostatic force, viscosity, surface tension, liquid pressure (P;) and air pressure
(P.), the liquid cone was able to maintain its stability, resulting in the formation of
highly desired cone-jet mode [29].

Before using EHD 3D printing to fabricate the designed structures, the optimization of
ink properties and process parameters are indispensable procedures. Generally, for a
specific ink, cone angle and jet diameter are two important criteria for evaluating the
jet evolution with the increasing applied voltage. The properties of the ink, such as
viscosity, also have great influence on the cone-jet mode and the printed structure,

which were studied in this work.
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Figure 2 (a) Force diagram of the liquid cone; Jet behavior of the ink (b) pure SR, (c)
SR/CuPc-1, (d) SR/CuPc-2, (e) SR/CuPc-3 under high voltages of 2000 V to 2400 V;
(f) Histogram of cone angle of SR/CuPc ink related to high voltage and content of
CuPc; (g) Histogram of jet diameter of SR/CuPc ink related to high voltage and

content of CuPc; (h) Plot of viscosity as a function of CuPc content.



As shown in Figures 2 (b-e), under different applied voltages, the conical shape of the
ink containing various amount of CuPc particles deforms regularly. The cone angle of
the liquid cone increases, for instance, the cone angle of the SR/CuPc-3 ink increases
from 26 + 2 ° to 36 £ 2 ° as the printed voltage increases from 2000 V to 2400 V, which
is depicted in Figure 2(f). It is expected that when the ink feeding rate remains constant,
higher electrostatic force generated by the higher applied voltage will accelerate the
flow speed at which the jet leaves the nozzle, thereby causing the conical droplet recede
and consequently an increase in the cone angle [30]. As demonstrated in Figure 2(g), it
is clear that the jet diameter, which was measured at 800 um below the nozzle tip,
decreases as the printed voltage increases. Take the SR/CuPc ink containing 3 wt%
CuPc as an example, the jet diameter decreases remarkably from 107 = 6 um to 58 + 5
um when the voltage increases from 2000 V to 2400 V. This phenomenon can be
explained by using the force diagram shown in Figure 2(a). Under the applied voltage,
the tangential electrostatic force (Fr) at the interface of the ink droplet causes an
axisymmetric convectional flow. Therefore, the ink at the interface moved more rapidly
than the ink inside, resulting in a backflow at the center of the liquid cone [29]. The
higher the applied voltage, the greater the electrostatic force and the stronger the
backflow, resulting in a smaller jet diameter [31]. Furthermore, with an increase in the
content of CuPc particles, the cone angle also decreases, while the jet diameter increases,
as shown in Figures 2(f) and (g). For the voltage of 2400 V, the cone angle decreases
from 53 £ 1 ° to 36 = 2 °, while the jet diameter increases from 31 £ 4 um to 58 £ 5 um
when the CuPc content increases from 0 to 3 wt%. As depicted in Figure 2(h), the
viscosity of the ink increases from 31.97 + 0.15 mPa-s to 38.77 + 0.15 mPa-s as the
content of CuPc particles increases from 0 to 3 wt%. Due to the poor fluidity caused by

the high viscosity [32], the jet flow speed is decelerated, resulting in a longer cone and
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the decreased cone angle. In addition, the high viscosity hinders the stretching of the
ink during the printing process, resulting in a larger jet diameter. This phenomenon was
also observed in previous studies [33, 34].

Figure 3(a) shows the schematic of EHD printing process of linear patterns. The width
of the printed lines was measured and used to evaluate the printing resolution. As shown
in Figures 3(b-e), as the content of CuPc particles added into the ink increases from 0
to 3 wt%, the color of printed lines becomes more observable, changing from colorless
to increasingly deep blue. Moreover, it was found that for each ink formulation, the
printed line width is uneven at a lower voltage of 2000 V. As the voltage increases to
2200 V, the printed line width appears to become more even and smooth. This is
probably due to insufficient electric field force generated by the lower voltage, resulting
in an unstable jet, which in turn led to unstable printing. Clearly, the width of the printed
lines is affected by applied voltage and CuPc particles content which were investigated
respectively. Considering Figures 3(b-e) and (f), it can be seen that the width of the
printed lines decreases as the applied voltage increases. This is mainly caused by the
decreased jet diameter which has a positive effect on printing resolution. In addition,
due to the addition of CuPc particles, the increasing viscosity of SR/CuPc ink is
expected to hamper the spreading of the ink printed on the substrate and contribute to
the narrow width of the printed lines. Owing to the higher printing resolution obtained
under higher voltages, 2400 V was then chosen as an optimized voltage for printing
different DE films, and some complex colored SR structures prepared using this voltage

were depicted in the Figures S1.
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Figure 3 (a) Schematic of EHD 3D printing lines; Printed line morphologies of (b)

Pure SR; (c) SR/CuPc-1; (d) SR/CuPc-2 and (e) SR/CuPc-3; (f) Histogram of printed
line diameter related to high voltage and content of CuPc particles.

Pure SR and SR/CuPc composite films were prepared by EHD 3D printing under the
previously optimized conditions. In order to evaluate the dispersion of CuPc particles
in the SR matrices, the surface morphologies of fractured pure SR and SR/CuPc
composite films were observed. As can be seen from Figures 4(a-d), CuPc particles are
not present in the fractured surface of pure SR (shown in Figure 4 (a)), and become
gradually apparent and well dispersed in the fractured surface of the SR/CuPc
composites with increasing content of CuPc particles from 1 wt% to 3 wt% (Figures
4(b-d)). Ultrasonic dispersion was introduced to the EHD printing process, which
helped to some extent increase the dispersibility of CuPc particles in the SR matrix [33].
Since Nitrogen (N) only exists in CuPc particles rather than in the SR, the distribution
of CuPc particles in the SR matrices can be revealed by observing the distribution of N
using EDX mapping. As shown in Figure 4 (e-h), a small amount of element N which

is noise can be seen in the pure SR sample while there are uniform distributions of N



element in all of the SR/CuPc composite films, indicating good dispersion of CuPc
particles throughout the SR matrices.

The surface profiles of pure SR and SR/CuPc composite films were also characterized
by using an ultra-depth 3D digital microscope. As can be seen from Figures 4 (i-1), the
surface roughness of a typical printed pure SR membrane is about 15.94 um, while the
values of SR/CuPc-1, SR/CuPc-2, SR/CuPc-3 reach to about 18.92 um, 20.74 um and
24.50 pm respectively, indicating that the addition of CuPc particles leads to a rougher
surface of those resulted SR/CuPc composite films. This is most likely due to the fact
that the increased viscosity of the inks caused by the addition of CuPc particles favors

the gap formation of between adjacent lines of the printed patterns from completely.
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(b) SR/CuPc-1; (¢) SR/CuPc-2; (d) SR/CuPc-3; EDX mapping of the element of N in:



(e) Pure SR; (f) SR/CuPc-1; (g) SR/CuPc-2 and (h) SR/CuPc-3; Ultra-depth 3D map
of: (i) Pure SR; (j) SR/CuPc-1; (k) SR/CuPc-2 and (1) SR/CuPc-3.
Mechanical properties of EHD printed pure SR and SR/CuPc composite films are
important considering their practical application. Typical stress-strain curves and the
elastic modulus-strain curves (from 0% to 500%) for SR and SR/CuPc composite films
are shown in Figures 5(a) and (b), respectively. The tensile strength, elongation at break,
elastic modulus and crosslink density are presented in Figure 5(c). It can be observed
from Figure 5(a) that the pure SR film exhibits a low tensile strength of 1.54 + 0.61
MPa. After blending with CuPc particles, the tensile strength of SR/CuPc-3 composites
increases to 4.16 + 0.91 MPa, approximately 2.7 times larger than that of the pure SR.
This is mainly attributed to the reinforcing effect of CuPc particles [9]. Concurrently,
the elongation at break of SR/CuPc composite films also increases with the increasing
CuPc content. The elongation at break for pure SR is about 1309 + 44% and reaches
1526 £ 29% for SR/CuPc-3 composite film. This could be ascribed to the decrease in
the crosslink density enhancing the flexibility of the films [35, 36]. As shown in Figure
5(c), the crosslink density of SR films decreases from 1.68x10™* mol/cm? to 1.11x10*

mol/cm? as the content of CuPc increases from 0 to 3 wt%.
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Figure 5 Mechanical properties of SR and SR/CuPc composites: (a) Stress-strain
curves; (b) Elastic modulus-strain curves; (c¢) Histogram of elongation at break, tensile
strength and elastic modulus changes with content of CuPc.

As indicated in Figures 5(b) and (c), the elastic modulus of pure SR is 0.132 + 0.017
MPa, while that of SR/CuPc composites containing 1 wt% CuPc, 2 wt% CuPc and 3
wt% CuPc particles is 0.150 = 0.011 MPa, 0.170 = 0.004 MPa and 0.231 + 0.017 MPa,
respectively. The change of this property can be explained by the fact that the addition
of CuPc particles favors the formation of filler networks, which both disrupting and
restricting the mobility of SR molecular chains [37]. Figure 5(b) also demonstrates that
there is a material specific minimum in elastic modulus at a strain of about 100%,
indicating that a small ratio of pre-stretching contributed to a reduction in composite’s
stiffness. When the strain is below 100%, the entanglement of molecular chains was
initially unraveled subjecting to the external force, leading to a decrease in elastic
modulus. When the strain is above 100%, an increase in intermolecular forces caused

by the reorientation of molecular chains as the stretch ratio increased, resulting in an



increased elastic modulus [10, 13].

The dielectric properties including the dielectric constant and the dielectric loss are the
key factors affecting the electro actuated area strain of DEs. The dielectric constant and
dielectric loss of pure SR and SR/CuPc composite films as a function of frequency
ranging from 10 Hz to 10 MHz at room temperature were investigated. As can be seen
from the dielectric spectra in Figure 6(a), the dielectric constant of pure SR is about
2.96 at the lowest frequency of 10 Hz, while the dielectric constants of SR/CuPc-1,
SR/CuPc-2 and SR/CuPc-3 increase to 4.06, 4.12 and 5.52 respectively due to the high
dielectric constant of CuPc contributed by the nomadic polarization [38]. Even after
mixing with SR matrix, nomadic polarization of CuPc particles still played a vital role,
resulting in an increase in the dielectric constant of the SR/CuPc composite films [39].
As illustrated in Figure 6(b), the dielectric loss of pure SR (0.0037) is lower than that
of three SR/CuPc composite films at the frequency of 10 Hz. This is because the CuPc
particles present in SR/CuPc composite films behaved as a semiconductor and
facilitates the transfer of electric charges, resulting in an increase in dielectric loss in
the polymer [1, 40]. Furthermore, for the same material, at low frequencies (10 Hz to
100 Hz), the dielectric loss was relatively large due to the loss associated with ionic
mobility [41]. The relationship between dielectric constant and strain is shown in Figure
6 (c). It can be seen that as the strain increases from 0% to 150%, the dielectric constant
of all SR/CuPc composite films declines by 45%, 31%, 47% and 56% for pure SR,
SR/CuPc-1, SR/CuPc-2 and SR/CuPc-3, respectively. This could be because the
strained polymer chains result in less movement in their constituent polar segments,
leading to lower polar segment reorientation [42]. Consequently, this indicates that
although pre-stretching reduces the stiffness of SR films and improves

electromechanical stability [43], the dielectric constant also concurrently decreases,



which hinders the occurrence of large actuated area strains according to Equation 1.

(3)6 o Pure SR (b)o.012 o Pure SR
1 SR/CuPc-1 SR/CuPc-1
- A SRICuPc¢-2 A SRI/CuPc-2
5-"\7\7@& v SRICuPc-3 0.009 4 v SR/CuPc-3

—o— Pure SR
SR/CuPc-1

—4— SR/CuPc-2

—5—SR/CuPc¢-3

Hz &
o

b 0.003 < XX 24 v
o
2 Duq‘%m . K
000 oS . 14
0.000 T

10" 10° 10° 10 10°  10° 10" 10° 10° 10 10°  10° 0 100 200 300
Frequency, Hz Frequency, Hz Strain, %

Dielectric constant
&~
! EPPDPI'
Tan3
e
(=3
8
i
>4
Dielectric constant at 10°
w

Figure 6 Diclectric spectra of EHD printed SR and SR/CuPc composites: (a) Plots of
dielectric constant as a function of frequency; (b) Plots of dielectric loss tangent as a
function of frequency; (c) plots of dielectric constant at 1 kHz of SR and SR/CuPc
composites against strain
Figure 7(a) depicts the electromechanical property testing system which consists of a
high voltage power supply, a high-speed camera, a light device and an equi-biaxial
sample clamp. The area was captured by the high-speed camera and measured using

LabVIEW software in real time. The area strain (s,) was calculated from Equation 3.
s, =(A—-A)! A x100% 3)
where Ao is the initial area and A is the actuated area.

Figure 7(b) present the electromechanical properties of pure SR and SR/CuPc
composites. The pure SR presented an electro-induced area strain of about 16.17 + 0.55%
at a breakdown electric field of approximately 50 V/um. With the addition of 1 wt%
CuPc, the SR/CuPc-1 composite film exhibits an actuated area strain of 18.07 + 0.85%
at an applied electric field of 43.5 V/um. Furthermore, the SR/CuPc composite film
containing 2 wt% CuPc displays a maximum area strain of about 23.83 + 0.75%,
actuating at breakdown electric field of approximately 40.5 V/um, while under a
breakdown electric field of 39.4 V/um, the SR/CuPc-3 DE performs the largest area

strain of 25.5 £ 0.72% which is much higher than that of inkjet printed silicone



elastomer (6.1%) [22]. In addition, as shown in Figure 7(c), with the increase in CuPc
content, the maximum actuated area strains increase. This is ascribed to the higher ratio
of dielectric constant to elastic modulus, which is called the electromechanical
sensitivity (/YY) [44]. Due to the addition of dielectric CuPc particles, SR/CuPc
composite DEs have higher dielectric constant (&) and are therefore subjected to larger
Maxwell stresses, facilitating higher electro-induced area strain [45]. Meanwhile, the
addition of CuPc particles increases the modulus (Y) of SR/CuPc composite DEs and
therefore hinder high electro-induced area strain. However, the prominence of the
dielectric constant results in a considerable increase in &/Y from 16.7 to 20.0, which
can be seen in Figure 7(d). Furthermore, as can be observed from Figure 7(b), the
breakdown electric field strength of SR/CuPc composite films diminishes with an
increase in the content of CuPc. This was probably due to the fact that the agglomeration
of CuPc particles improved the electrical conductivity, resulting in the composite film

to be subject to a large sustaining dielectric loss [46].
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Figure 7 (a) Setup photograph of the electromechanical property testing system; (b)



Plot of actuated area strain-applied electric filed curves of pure SR and SR/CuPc
composite films; (c) Plot of actuated area strain as a function of the content of CuPc
(d) Plot of electromechanical sensitivity as a function of CuPc content.

In order to evaluate the dynamic electromechanical properties of pure SR film and
SR/CuPc-3 composite film, 100 cycles of electric field loading were conducted in a
range between 0 and a maximum applied voltage of 3700 V (the highest electrical field
achieved was 34.0 V/um), with stepped voltage of 400 V per 3 s. As shown in Figure 8
(a), pure SR film exhibits stable working behavior over 100 cycles of electric field
loading with an actuated area strain of about 7.5%. Figure 8(b) demonstrates that
although the actuated area strain of SR/CuPc-3, which has an overall good stability,
gradually shifts to higher values with the increasing cycle number. For example, the
actuated area strain at the first five cycles is about 13.4%, while that at the last five
cycles increases to about 14.1%. An explanation for this could be that under the
electrostatic force the deformation hysteresis during the compression in thickness

caused an increase in the energy loss of SR/CuPc-3 composite film [10].
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Figure 8 The dynamic electromechanical properties of (a) pure SR and (b) SR/CuPc-
3 under cyclic electric field loading at 34.0 V/um.
4 Conclusion
In this work, a high-performance SR/CuPc DE film was successfully prepared by
utilizing EHD 3D printing, which possessed the advantages of being fully automated,
exhibiting flexibility and a high printing resolution. In order to obtain good printing
resolution, higher voltages were required to decrease the jet diameter. Based on this,
the optimal printed voltage of 2400 V was determined. However, it should be noted that
the printed line width was much larger than the jet diameter at a constant voltage, which
was ascribed to the fluidity of the ink. This situation can be improved by controlling
the ink viscosity or by changing the matrix material to a thermal plastic elastomer.
Additionally, the dielectric CuPc particles demonstrated good dispersibility in the SR
matrix when using line by line EHD printing technology. For DEs prepared in this work,
the obtained SR/CuPc-3 film possessed a high dielectric constant of 5.52, while
delivering a high actuated area strain of 23.7% under an electric field of 39.4 V/pm.
Moreover, SR/CuPc-3 showed a good stability under 100 cycles of electric field loading.
EHD 3D printing provides a powerful and efficacious method for accurately fabricating
high-performance DE films with different shapes.
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