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Abstract

In this work, a recently developed 3D additive processing technology termed
electrohydrodynamic (EHD) printing was employed to fabricate dielectric elastomer
(DE) films by using styrene-ethylene-butylene-styrene (SEBS) inks with the addition
of high dielectric titanium dioxide (TiO;) nanoparticles. In order to improve the
dispersibility of TiO2 in the SEBS matrix, extracted walnut polyphenols were utilized
for surface modification of TiO; nanoparticles labelled wp-TiO,. The effect of the
applied voltage on the ink jet morphology of the obtained SEBS based inks during EHD
printing was analyzed. The prepared films had precision patterned shapes and their
morphology was studied. It revealed that the dispersibility of TiO2 nanoparticles in the
SEBS matrix and their compatibility were greatly improved using this procedure.
Furthermore, the printed DE films were found to have excellent mechanical, dielectric
and electromechanical properties. For the range of DEs fabricated, the SEBS/10%wp-
TiO2 composite exhibited the maximum actuated area strain of 21.5% at an electric field
of about 34.0 V/um without degradation of other properties.
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1 Introduction

Dielectric elastomers (DEs) are a group of smart polymers which have the ability to
provide highly efficient electromechanical energy conversion [1-4]. Due to the inherent
advantages of low cost, large electro-induced deformation, high energy density and fast
response time, DEs have potential applications for sensors, actuators and artificial
muscles [5-7]. When a high electric field (F) is applied, the DE film coated with
compliant electrodes expands in area and decreases in thickness because of the Maxwell
stress (P) [8] generated. A DE can quickly recover its shape upon removal of a high
electric field. DEs are virtually incompressible, while being excellent insulators making
them ideal for small electro-deformations which obey Hooke's law. Consequently the

theoretical deformation in the thickness direction conforms to equation given by [9]:
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where Y is elastic modulus, €ois the permittivity of a vacuum, ¢, represents the dielectric
constant of the DE. From the equation, it is evident that enhanced actuated strain can
be produced by raising the dielectric constant and lowering the elastic modulus.

For increasing the dielectric constant of DEs, highly dielectric ceramic particles such
as calcium copper titanate (CCTO) [10], barium titanate (BaTiO3) [11], and titanium
dioxide (TiO2) [12] have been used as fillers incorporated into polymer matrices.
However, the poor interfacial interactions between fillers and matrices often leads to a
decreased dielectric strength and an increased leakage current [13, 14]. In this situation,
surface modification has frequently been employed to form a functionalized interfacial
layer on the surfaces of fillers to improve the compatibility between the inorganic oxide
particles and DE matrices. For example, Yang et al. [15] modified TiO; particles by

using poly(catechol/polyamine) (PCPA) and y-methacryloxypropyl trimethoxy silane

(KH570). The dispersion of TiO; in a natural rubber (NR) matrix was improved and the



composites produced a large actuated strain which was about 2 times larger than that of
pure NR (6.0%). Dang et al. [16] fabricated a kind of DE composite by using
polyurethane (PU) and 4,4’-diphenylmethane diisocyanate (MDI) modified BaTiO3
(BT) particles. The PU composite containing 6 wt% BT/MDI particles had an energy-
transduction density of 2.88 mJ/cm?® at 900 V, which was 1.4 times higher than BT/PU
and 3.8 times higher than PU. Polydopamine (PDA) deposition attracts an increase in
interests in the surface modification of various materials due to its simplicity and high
efficiency [17, 18]. However, PDA presents the problem of instability due to its quick
deterioration. By contrast, polyphenols such as green tea catechins and walnut
polyphenols, which have been used for surface modification [19-21], are much more
stable. Moreover, they are abundant in nature [22].

Most of DE actuator (DEA) based applications are hand-made which is not only time
consuming and cumbersome, but also leads to the inconsistency of material quality. In
order to conquer the drawbacks, endeavors have been attempted to fabricate DEAs
automatically [23-25]. However, the automated fabricating process, which is often
required two or more machines to obtain DEAs, was regarded as complexity. In
comparison, electrohydrodynamic (EHD) printing [26-29] is a new and versatile non-
contact direct fabrication technology in which the ink is drawn along the applied electric
field with the formation of a Taylor cone and a fine jet from the top of the cone [30, 31].
Hence, EHD enables the rapid design and fabrication of soft materials in numerous
arbitrary geometries.

In this work, patterned DEAs were prepared by using EHD printing with SEBS as the
matrix material and TiO2 nanoparticles as the dielectric filler. SEBS was used because
of its good strength, flexibility and excellent heat resistance [32-35]. Walnut

polyphenols modified TiO> particles (wp-TiO2) were prepared in order to improve



particle interfacial interaction with the SEBS matrix. The formation of the liquid cone
and jet behavior under various voltages during EHD printing for inks with different
dielectric particles’ content was investigated for the sake of achieving a high printing
resolution. Furthermore, the mechanical, dielectric and electromechanical properties
were investigated along with the long-term working stability of the printed SEBS/TiO>
and SEBS/wp-TiO, composite films with the aim to obtain DEs with enhanced
electromechanical performance.

2 Experimental

2.1 Materials

SEBS (G6703-0001) was purchased from PolyOne Corporation, China. Walnut skin
was bought from Xi'an Wanfang Biotechnology Co., Ltd, China. TiO2 microparticles
(40 nm) and ethanol were provided by Shanghai Macklin Biochemical Technology Co.,
Ltd. Xylene, tetrahydrofuran and n-heptane of analytical grade were purchased from
Sinopharm Chemical Reagent Co., Ltd. The compliant electrode was fabricated by
adding multiwall carbon nanotube in liquid silicone rubber, which is purchased from
Hong Ye Jie Technology Co., Ltd, with a weight percentage of 5%.

2.2 Walnut polyphenols extraction

Walnut skin was ground into powder and added in a solution consisting of ethanol and
water with a ratio of 3:5. Then the mixture was ultrasonicated at 60 °C for lh and
subsequently centrifuged for 30 min at a speed of 5000 rev/min. The obtained
supernatant was further centrifugated for 3 times. The resultant extracts were finally
utilized for the surface treatment of TiO; nanoparticles.

2.3 Fabrication of wp-TiO: particles

Initially, TiO2 particles were filled into the extracts and stirred at ambient temperature

for 2 days. Then, the modified particles were removed from the mixture by



centrifugation and washed 3 times with ultrasonication in deionized water for 10 min.
Finally, they were dried and ground into fine powders. The surface modified TiO; is
labelled as wp-TiOx.

2.4 Preparation of SEBS based inks

The SEBS ink with a concentration of 25 wt% was prepared by dissolving SEBS pellets
in the mixture of two solvents of xylene and tetrahydrofuran at a weight ratio of 3:1,
then magnetically stirred for 18 h. The SEBS/TiO; inks were obtained by adding
different amount of TiO: particles into SEBS ink and magnetically stirred for 6 h. The
weight percentage of TiOz in SEBS/TiO2 was 10 wt%, 20 wt% and 30 wt%. The
resulting SEBS/TiO2 ink containing different amounts of TiO, were denoted as
SEBS/10%Ti02, SEBS/20%TiO2, SEBS/30%Ti0,, respectively. The SEBS/wp-TiO>
inks with various contents of wp-TiO, were prepared in the same way. The resulting
SEBS/wp-TiO: inks of different wp-TiO2 content were denoted as SEBS/10%wp-TiO2,
SEBS/20%wp-TiO2 and SEBS/30%wp-TiO2, respectively. The preparation process of

SEBS inks is illustrated in Fig. 1.
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Fig. 1. Schematic illustration of the preparation of SEBS inks.

2.5 EHD printing of DE films and compliant electrode

The prepared SEBS composite ink was printed by the homemade EHD printing system
which was reported in our previous work [36]. The diameter of the jet needle for
printing was 400 um and the ink flow rate was maintained at 14.7 uL./min. The distance
between the needle tip and the substrate was about 5 mm. When an electric field was
applied, the printing liquid was deposited on the substrate due to the electrostatic field
force. The printed jet morphology is photographed by a high-speed camera. The whole
process of printing is also shown in Fig. 1. For patterning compliant electrode, the
electrode was loaded in syringe pump followed by adjusting the distance between the

needle tip and the substrate to 2 mm. No voltage was applied during printing the



electrode.

2.6 Characterization

The chemical structures of TiO> and wp-TiO» particles were analyzed by using Fourier
transform infrared (FTIR) spectroscopy (Bruker TENSOR27, Germany). Surface
composition was tested by using an X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250XI, USA). Thermal Gravimetric Analysis (TGA) of both TiO, and wp-
TiO, was performed on a differential scanning calorimeter/thermogravimetric
(DSC/TG) analyzer (STA 449 F3, Netzsch, Germany) from room temperature to 800 °C
under N> atmosphere. The ink viscosity was tested by using a rotating viscosity tester
(NDJ-9s, Ping Xuan scientific instrument co., Ltd., China). The jet morphology was
observed by using a high-speed industrial camera (OSG030-815UM) which was
purchased from Shenzhen YVSION Technology Co., Ltd, China. The width of the
patterned lines was measured by using an ultra-depth 3D digital microscope (DVM6 M,
Leica Microsystems Ltd., Germany). The morphologies of the samples were observed
by using a scanning electron microscope (SEM) (Hitachi S-4800, Japan). Tensile tests
for the DE composite films obtained were performed by employing an Instron 5965
tensile apparatus (Instron, Glenview, USA). Rectangular specimens having a gauge
length of 40 mm and gauge width of 10 mm were used. The crosshead speed was 100
mm-min"'. The dielectric constant was measured by using an Impedance Analyzer
(E4990A, KEYSIGHT, China) in the frequency range from 20 Hz to 20 MHz. The
actuated area strain was measured by using a home-made electromechanical testing
system. This test was carried out by using DE films with original diameters of 60 mm
and thicknesses of around 0.3 mm at ambient temperature. The applied voltage was
increased by 200 V every 3 s.

3 Results and Discussion



3.1 Surface modification of TiO: particles

Fig. 2 (a) shows the FTIR spectrum of TiO, and wp-TiO; particles. It can be seen that
the spectrum of wp-TiO> had a strong peak at 3380 cm™!, which was assigned to the -
OH stretching vibrations arising from the presence of walnut polyphenols. The lower
intensity peaks at 3380 cm! that appeared in the spectrum of TiO2 were mainly caused
by residual water or possibly residual surface hydroxide species on the TiO; surface.
The peak at 1260 cm™ belonged to the -C-O stretching vibration. A strong absorption
peak at 1635 cm™! indicated the carbonyl C=O stretching vibrations probably resulting
from walnut polyphenols’ self-polymerization.

TGA was performed to determine the thermal decomposition of TiO> and wp-TiO:
nanoparticles. Fig. 2 (b) shows that the total weight loss at temperatures ranging from
40 °C to 800 °C for TiO; and wp-TiO2 nanoparticles was 2.09% and 7.23%, respectively.
The reduction in weight for wp-TiO2 particles in the whole temperature range was
attributed to dehydration from the -OH bonds incorporated in the lattice and the
elimination of CO> from the contaminated TiO: [4]. The weight loss of wp-TiO:
nanoparticles was 5.14% larger than that of TiO; nanoparticles, confirming the

existence of the polyphenol outer layer.
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Fig. 2. (a) FTIR spectrum and (b)TG curves for TiO> and wp-TiO> particles.



Fig. 3 (a) and (c) presents the XPS wide-range scan spectrum of TiO» particles and wp-
TiO, particles respectively. The carbon peak at 284.6 eV can be attributed to some
carbon contamination. Fig. 3 (b) and (d) show the O 1s core level spectra of TiO> and
wp-TiO2 nanoparticles, respectively. The peak at 531 eV was ascribed to the presence
of -OH groups while that at 533.01 eV indicated the existence of -C=0O groups [15].
The amount of -OH and -C=0O groups for TiO, particles was 28.69% and 5.84%
respectively, while these contents increased to 35.52% and 19.73% for the wp-TiO:
nanoparticles. The enhancement of the levels of both hydroxyl and carbonyl groups

indicates the successful deposition of walnut polyphenols on the surface of the TiO:

nanoparticles.
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Fig. 3. XPS wide scan of (a) TiO: particles and (b) wp-TiO> particles; O 1s core level

spectra of (c) TiO; particles and (d) wp-TiO> particles.



3.2 EHD printing of SEBS/TiO2 composites

The cone angle 4 is a significant parameter of EHD printing which is affected by many
factors including electric field force, viscous force, surface tension and air pressure, as
shown in Fig. S1 (f). Fig. 4 (b-1) shows the ink jet morphology of all inks used in this
work. As can be seen from the figure, the cone angle 6 rose with increasing voltage at
a constant ink feed rate. This occurs because when the liquid supply rate remained
constant, the high electrostatic field force, generated by the high voltage accelerated the
speed of the jet launched from the nozzle, causing an increase in cone angle [23]. The
relationship between cone angle 8 and voltage is showed in Fig. S1 (a) and (b).

The widths of the patterned lines were used to evaluate the printing resolution (shown
in Fig.4 (a)) performed. Fig. 4 (b’-1’) shows the morphology of patterned lines obtained
under varied high voltages and contents of TiO2 particles. For each specification of
SEBS printing inks, the patterned line width gradually abated with increasing voltage.
The main reason for this is that the force from the increased electric field accelerated
the jet velocity when the applied voltage was increased. Therefore, under the condition
of constant liquid supply velocity, the cone volume decreased and the jet diameter
became thinner with increasing voltage, which resulted in diminished line width [37].
Moreover, it was found that the patterned line width was uneven for each ink
formulation at the voltage of 3700 V. It is probably ascribed to an insufficient electric
field force produced by the low voltage, finally caused an unstable jet [38]. This in turn
resulted in an unstable printing. As the voltage increased to 3900-4100 V, the printed
line width was even and smooth. When the voltage was up to or beyond 4300 V, the jet
became unstable and the line width became uneven again. Thus, 4100 V was determined
to be the optimum applied voltage in order to obtain a uniform and high-resolution line

width. Furthermore, the line width of SEBS/wp-TiO; ink was wider than that of



SEBS/TiO; ink at the same applied voltages as shown in Fig. S1 (d) and (e).
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Fig. 4. (a) Schematic diagram of patterned line width by using EHD printing; (b-1) Jet
behavior of the ink by different types of SEBS inks under various voltages; (b’-i") The
morphology of patterned lines obtained under varied high voltages and contents of
TiO; particles.

Fig. 5 (a-f) shows the surface morphology of the printed SEBS/TiO> and SEBS/wp-
TiO2 composites. It can be seen that many agglomerates of TiO2 nanoparticles were
observed on the surfaces of SEBS/TiO> composites. Both the number and the size of
the agglomerates increased with increasing TiO> content. This indicates poor
dispersibility of the TiO; nanoparticles in the SEBS matrices. It can also be seen that

the agglomerates in the SEBS/10%wp-TiO2 composite, the SEBS/20%wp-TiO>



composite and the SEBS/30%wp-TiO2 composite were smaller than those of the SEBS
composites at comparable particle contents. Compared with the SEBS/TiO, composites,
the SEBS/wp-TiO; composites exhibited significantly improved filler dispersibility
with fewer agglomerates. In addition, the interfaces between the SEBS and the wp-TiO>
nanoparticles were more indistinct than those of the composites filled with pristine TiO>
particles. It is feasible that walnut polyphenols which contain a large amount of
hydroxyl groups coated on to the surface of TiO2 nanoparticles provided more active
sites for hydrogen bond formation between the TiO; and the SEBS ink to produce
enhanced molecular interactions. Ultimately this leads to an improved adhesion or

compatibility between the wp-TiO2 and SEBS.

Fig. 5. SEM image of (a) SEBS/10%TiO», (b) SEBS/20%TiO2, (c) SEBS/30%TiO,



(d) SEBS/10%wp-TiO2, (e) SEBS/20%wp-TiO: (f) SEBS/30%wp-TiO».

3.3 Mechanical properties

The mechanical properties of the SEBS/TiO> and the SEBS/wp-TiO> composites are
shown in Fig. 6. Fig. 6 (a) and (b) show typical stress-strain curves for SEBS/TiO» and
SEBS/wp-TiO, composites respectively, while the average value of tensile strength and
elongation at break is presented in Fig. 6 (c). It can be seen that the tensile strength of
both SEBS/Ti0O2 and SEBS/wp-TiO, composites was larger than that of pure SEBS due
to the reinforcement of TiO2 and wp-TiO> nanoparticles in the SEBS matrices. The
ultimate tensile strength of all SEBS based DEs was below 1 MPa. The SEBS/30%wp-
TiO2 composite exhibited the maximum tensile strength of 0.64 MPa, which was 0.27
MPa higher than the pure SEBS. The SEBS/10%wp-TiO2 composite possessed the
highest elongation among these composite materials, probably because the small
amount of inorganic filler did not have sufficiently strong reinforcement between the
molecules [39]. Thus, it did little to hinder the elongation of long-chain molecules
during stretching and hence the molecular chains were prone to slippage when
subjected to external forces. Nevertheless, the elongation at break for the SEBS/wp-
TiO; printed composites was above 1700%, which is beneficial for DEs to achieve large
actuated area strains.

As shown in Fig. 6 (c), for the same particle content, the tensile strength of SEBS/wp-
TiO; was higher than that of SEBS/TiO2 because of the improved particle dispersion
and enhanced interfacial interaction between the organic SEBS and inorganic TiO; in
the SEBS/wp-TiO2 composites [40]. However, the elongation at break of both
SEBS/TiO; and the SEBS/wp-TiO> was reduced with the increase in filler content
although the SEBS/wp-TiO> composites exhibited higher elongations than the

corresponding SEBS/TiO, composites. The reductions in elongation at break is



probably due to TiO2 or wp-TiO» particles in the SEBS composite being stiffer, causing
areinforcing effect. In this situation, hindered mobility of polymer chains brought about

the decrease in elongation at break [41].
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Fig. 6. Stress-strain curves of (a) SEBS/Ti0; and (b) SEBS/wp-TiO> composites; (c)
Histogram of tensile strength and elongation at break of SEBS composites.
3.4 Electromechanical properties
Fig. 7 exhibits the dielectric properties of SEBS/TiO> and SEBS/wp-TiO> composites
over a wide frequency range. As shown in Fig. 7 (a) and (c), the dielectric constant for
each printed film decreased with increasing frequency, most probably due to dipole

polarization and interfacial polarization [42]. The pure SEBS showed the lowest



dielectric constant of 2.8 at 1 kHz which was largely independent of frequency although
it increased below 1 kHz, as did the curves containing the filler materials. Compared
with the SEBS/TiO> composites, the SEBS/wp-TiO> composites displayed a higher
dielectric constant for identical particle contents. The increase in dielectric constant
could have occurred because polyphenols improved the dispersion of TiO» particles in
the SEBS matrix resulting in more interfacial polarization between them [43]. In
addition, more charges may well have accumulated on the surface of the wp-TiO2
nanoparticles allowing formation of micro-capacitors, which was beneficial for
increasing the dielectric constant [15].

Fig. 7 (b) and (d) shows the dielectric loss tangent of SEBS/TiO; and SEBS/wp-TiO:
composites as a function of frequency. As indicated in these figures, the dielectric loss
tangent of both SEBS/TiO; and SEBS/wp-TiO> decreased monotonically with
increasing frequency, although it was less pronounced in the case of the SEBS/wp-TiO».
This was probably because the enhanced interfacial interactions between the particles
and the matrix may have restricted the polymer chains’ mobility and the dipole
polarization of the SEBS composite. For the same particle content, the dielectric loss
tangent at 1 kHz of SEBS/wp-TiO2 composite was lower than that of the SEBS/Ti0:
composites. It is mainly due to that the walnut polyphenols’ surface modification of
TiO; nanoparticles limited the migration and accumulation of space charge and hence

resulted in a low leakage current [44].
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Fig. 7. Dielectric constant versus frequency for (a) SEBS/Ti0O and (¢) SEBS/wp-TiO»
composites; Dielectric loss tangent versus frequency for (b) SEBS/TiO, and (d)
SEBS/wp-TiO; composites.

Fig. 8 (a) shows the working principle of DEs. As described previously, when an
external electric field is applied to the compliant electrode, opposite charges are
generated on the top and bottom surfaces of the material and the DEs with opposite
charges attract. This results in a shrinkage in thickness and an expansion in area.
Photographs of the electrode coated DEs were captured by using a high-speed camera
and the real-time area size of the electrode was measured using LabVIEW software.

The area strain (S,) was calculated by employing Equation (2):

S, = AlA 40 % 100% )

where Ao and 4 is the initial area and the actuated area of the electrode, respectively.



Fig. 8 (b) and (c) shows the dependence of actuated area strain on applied electric field
for SEBS/TiO> and SEBS/wp-TiO; respectively. It can be observed that for both
SEBS/TiO> and SEBS/wp-TiO> composites, the actuated area strain rised with
increasing electrical field till the breakdown phenomenon occurred. For the SEBS/TiO-
composites, the actuated area strain decreased gradually with increasing particle
content. The probable reason for this was that the increased content of TiO; particles
gave rise to an increase in the modulus of the composite (as denoted in Table S1), which
then in turn led to a decrease in electromechanical sensitivity () [45]. Among these
fabricated DE materials, the SEBS/10%wp-TiO> composite had the largest actuated
area strain of 21.5% at a breakdown electric field of about 34.0 V/pum, while the largest
actuated area strain of SEBS/10%TiO2 was 18.9% when the applied electric field was
38.4 V/um. By comparison with SEBS/TiO, the maximum actuated area strain for
SEBS/wp-TiO: was larger for the same filler content. This is mainly attributed to wp-
TiO; having a more even distribution in the SEBS matrix through introduction of the
polyphenols onto the TiO; particles with a concomitant reduction of agglomerates. This
in turn is beneficial for the enhancement of breakdown voltage. Moreover, in order to
achieve a constant actuated strain, the applied electric field for SEBS/wp-TiO:
composites was lower than that of the SEBS/Ti02 composites. For example, the applied
electric field for pure SEBS to achieve a field-induced area strain of 10% was
approximately 35.1 V/um, while it was 22.9 V/um for the SEBS/20%TiO2 composite
and even lower at only 20.4 V/um for the SEBS/wp-TiO2 composite. This was primarily
because the electromechanical sensitivity, which was representative of
electromechanical properties of SEBS/wp-TiOz, was higher than that of SEBS/TiO; at

the same filler content.
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Fig. 8. (a) Schematic illustration of a dielectric elastomer before and after the
application of high voltage across the film; The dependence of actuated area strain on
applied electric field for (b) SEBS/TiO2 composites and (¢) SEBS/wp-TiO>
composites.

The EHD printing technology have the capability of fabricating films with various
shapes. In this work, DE films with different shapes (shown in Fig. S2) and electrode
layers (shown in Fig. 9) were obtained respectively by using EHD printing. As can be
seen from these figures, the patterned shapes have clear profiles. Especially, DEs with
patterned electrodes including circle shape, heart shape, flower shape and T-shirt shape
produced large area strains of around 20.0% under the electric field of 28.0 V/um with
the prestretch ratio of 1.6. Furthermore, the DEs exhibited an excellent actuation
repeatability with the exemplification of DE patterned heart shaped electrode as shown

in video S1.



Fig. 9. 3D shapes of electrode layers patterned on DE films: (a) circle; (b) heart; (c)

flower; (d) T-shirt, and their figures in LabVIEW software without ((a’), (b"), (c¢'), (d"))
and with applied electrical field of about 28.0 V/um ((a"”), (b"), (c”), (d")) (the inserts
are the corresponding DE films coated with compliant electrodes).

The dynamic electromechanical test for of the SEBS composites based DEs was
performed by applying 200 cycles of electric field loading from 0 to 28.0 V/um with a
stepped voltage of 400 V per 3 s. Fig. 10 shows that all the SEBS composites displayed
good dynamic electromechanical stability. For each sample, the largest actuated area
strain achieved in consecutive loading cycles changed minimally. The largest actuated
area strain in the first cycle was about 0.4% lower than that in the last cycle. The main
reason for the minute change is the occurrence of an enhanced energy loss caused by a
small amount of hysteresis during compression in thickness under the electrostatic force.

When the applied electric field was 28.0 V/um, the SEBS/wp-TiO, composites



exhibited the largest actuated area strain of about 11.3%, while the SEBS/10%TiO-
exhibited approximately 9.8% actuated area strain and pure SEBS presented the
minimum actuated area strain of about 6.0%. This phenomenon also indicates that the
introduction of polyphenols improved the polarization performance at the interfaces
between the TiO» nanoparticles and the SEBS matrix, which gave the benefit of

increasing the actuated area strain.
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Fig. 10. The change of area strain with cycles for (a) pure SEBS; (b) SEBS/10%TiO»
and (c¢) SEBS/10%wp-TiO2 under cyclic electric field loading from 0 to 28.0 V/um.

4 Conclusion



The EHD printing technology was employed in this work to fabricate DE composites
taking advantage of a saving in materials and introducing a flexible design. An optimum
working voltage of 4100 V for EHD printing was determined in order to obtain good
printing resolution during fabrication of DE composites. The TiO» nanoparticles
modified by walnut polyphenols extracted from walnut skin improved the dispersion of
the SEBS composite materials due to the presence of the hydroxyl (-OH) groups, which
also improved the electromechanical properties of the composite. It was found that
modified SEBS/wp-TiO2 composites showed an enhanced tensile strength compared
with unmodified SEBS/TiO2 composites. Additionally, by comparison with SEBS/Ti0:
composites, the SEBS/wp-TiO2 composites exhibited a higher dielectric constant and a
lower dielectric loss because of enhanced interfacial interactions. The SEBS/10%wp-
TiO2 composite possessing a large electromechanical sensitivity, achieved the largest
actuated strain of approximately 21.5% under an electric field of 34.0 V/um. Thus,
SEBS/wp-TiO, composites with flexible shape design have the potential to be used for
DE applications with improved electromechanical properties. As the printing process
took a relatively long time to shape the material, future work will focus on shortening
the printing time by using multi-needles in the EHD printing process.
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