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• Walnut polyphenols extracted from
walnut husks were used to modify barium titanate (BT) particles.
• The dispersibility of BT in silicone rubber (SR) and the compatibility between
BT and SR was improved after modiﬁcation.
• The SR/WNBT composites achieved the
highest actuated area strain of 38%.
• The actuated area strain of SR/WNBT
composites exhibited excellent stability
during 50 cyclic voltage signals.
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a b s t r a c t
In this work, polyphenolic extract from walnut green husks (denoted as walnut polyphenols), which is an abundant agroindustrial residue/waste, was used to modify barium titanate (BT) particles in the preparation of silicone rubber (SR) based dielectric elastomer (DE) composites with enhanced electromechanical performance.
By employing walnut polyphenols modiﬁcation, the dispersibility of BT particles in the SR matrix and the compatibility between BT and SR were greatly improved, which resulted in enhanced mechanical performance of
the DE composites. Dielectric property measurement showed that DE composites containing walnut polyphenols
modiﬁed BT particles (WNBT) had higher dielectric constants and lower dielectric losses than that of DEs with
unmodiﬁed BT particles. Furthermore, it was found that the walnut polyphenols modiﬁcation resulted in decreased dielectric loss tangent of the DE composites, suggesting an improved compatibility between the modiﬁed
BT particles and SR. Finally, the static and dynamic electromechanical performance of the DE composites were
evaluated. The SR/5% WNBT composite achieved the highest actuated area strain of 38% among the SR based composites used in this work. Moreover, the actuated area strain of SR/WNBT composites exhibited excellent electromechanical stability during the application of cyclic voltage signals.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
High performance actuator materials which can mimic the function
of muscle have been sought for biomimetic applications such as micro
robots and active prosthetics [1–3]. Dielectric elastomers (DEs) have
been considered to offer enhanced properties for soft actuators. These
properties include low modulus, high electromechanical coupling efﬁciency, high actuation strain, high response speed and facile process
ability [4,5]. Generally, DEs coated with compliant electrodes can
change their shapes when high electric ﬁelds are applied. When the
electric stimuli are removed, the DEs recover their original shapes
[6–12]. The Maxwell stress σv, produced by the attraction of negative
and positive charges on parallel surfaces, compresses a DE ﬁlm to transform electrical energy into mechanical energy. σv for DEs can be
expressed by Eq. (1) [13–15].
σ V ¼ ε0 ε 0 ðΦ=hÞ ¼ ε0 ε0 φ2
2

ð1Þ

where h is the thickness of the DE, ε' is the dielectric constant of the DE
material, ε0 is the permittivity of free space (8.85 × 10−12 F/m), φ is the
electric ﬁeld which is equal to the applied high voltage (Φ) divided by
the thickness of the DE (h).
For small strains (e.g. b20%), the actuated strain is closely related to
Maxwell stress and elastic modulus (Y) as expressed by Eq. (2).
sz ¼ −σ V =Y ¼ −ε0 ε 0 φ2 =Y

ð2Þ

For large strains, a number of hyperplastic models, such as Yeoh
model, Mooney-Rivlin model, Ogden model and Gent model, et al., are
often adopted to study the mechanical performance under electric
ﬁeld [16–18].
The widely used DE materials to date include silicone rubber (SR)
[19–21], acrylate [22,23] and thermal plastic polyurethane (TPU)
[24,25]. Among these materials, SR is regarded as the most promising
candidate for functional DEs [26] because it is capable of attaining
large voltage-induced deformations of above 30%, large energy densities
and fast response rates. As shown in Eq. (2), the efﬁcient way of reducing the applied electric ﬁeld of DEs thus saving the energy, is to increase
their dielectric constant. It has been found that the incorporation of various high permittivity ceramics [27], such as titanium dioxide (TiO2)
[28–30], lead magnesium niobate‑lead titanate (PMN-PT) [31,32] and
barium titanate (BT) [33,34], etc., can effectively increase the dielectric
constant of DEs. However, the associated problems with doping dielectric ﬁllers are primarily that they generally suffer from high dielectric
loss, increase in elastic modulus and poor compatibility with the SR matrix. These issues threaten to limit their wide application [5].
In order to alleviate such problems, a great number of attempts have
been made to encapsulate inorganic ﬁllers. These include modiﬁcation
of BT with synthesized chemicals such as phosphonic acid [35], encapsulating conductive polyaniline (PANI) particles into poly(divinyl benzene) (PDVB) [36], coating spherical silver nanoparticles (AgNPs) with
thin silica shells [37] and coating BT with γ-methacryloxypropyl
trimethoxy silane (KH570) [5]. Kim [35] et al. reported their research
on modiﬁcation of BT using phosphonic acid with obtaining welldispersed BT nanocomposite ﬁlms having higher dielectric constant
and high dielectric strength. Yang et al. [5] prepared slide-ring materials
with high actuated performance incorporating of KH570 modiﬁed BT
particles. The composite can achieve a large actuated strain of 26% at a
low electric ﬁeld of 12 kV/mm. In their further study, catechol/polyamine co-deposition and subsequent silane γ-(2,3-epoxypropoxy)propytrimethoxysilane (KH560) grafted BT (BT-PCPA-KH560) was
employed to improve the electromechanical properties of natural rubber (NR) dielectric elastomer composites [38]. With the addition of
the modiﬁed BT particles into NR, a larger actuated strain of 13.4% was
achieved, which was about 2.2 times higher than the largest actuated
strain of pure NR (6.0%). Among these modiﬁcation methods, some of

the chemicals used are toxic so could harm the environment and humanity, while others are of high cost. Recently, inspired by the bioadhesion principle of marine mussels, it was found that dopamine,
which is a kind of catechol derivative, could be spontaneously polymerized under alkaline conditions, leading to the formation a poly(dopamine) (PDA) coating with latent reactivity on a variety of substrates
[39]. Due to its simplicity and good biocompatibility, PDA has recently
attracted great interest and was intensively studied for surface modiﬁcation of various materials including the ﬁllers for fabricating DEs [40].
However, PDA has the disadvantages of requiring chemical synthesizing
and high cost.
Walnut is a valuable crop, which is cultivated for its fruit and wood.
The abundant walnut green husk has been used in a number of industries which exploit the facile extraction process. As the extractions of
walnut green husk contain large amounts of phenolic compounds, polyphenol oxidase in walnut catalyzes the oxidation of phenolic compounds into highly reactive quinones which will crosslink with
proteins or polymerize generating dark-colored melanins [41]. Traditionally, the application of walnut polyphenols has mainly focused on
human health and lifestyle-related diseases such as arteriosclerosis, hypercholesterolemia, cardiovascular disease and cancer [42,43]. Recently,
it has been considered as a sustainable and cheap potential candidate
for the surface modiﬁcation of mesoporous carbon nanospheres [44].
However, the use of walnut green husk extracts in modifying the surface
of dielectric particles to prepare dielectric elastomer composites has
been unreported to date. Therefore, this paper delineates a facial
method of modifying the surface of BT particles with the aim of preparing DE composites with enhanced electromechanical properties. The inﬂuence of walnut polyphenols modiﬁcation on the particle dispersion,
mechanical properties, dielectric properties and electromechanical
properties of silicone based DE composites was investigated. In particular, the dynamic electromechanical properties of the DE composites
were evaluated.
2. Experimental
2.1. Materials
Walnut green husks were purchased from Hangzhou Linran Biotechnology Co., Ltd., China. Two-component silicone LSR 4305 was provided
by Bluestar Ltd., USA. BaTiO3 microparticles with a density of 6.0 g/cm3
and an average diameter of 50 nm were supplied by Nantong New Electronic Technology Co., Ltd., Jiangsu Province, China. Ethanol and deionized water were purchased from Maclin China. The commercially
available conductive carbon grease NYOGEL 756 G, used as the compliant electrode in this work, was provided by Nye Lubricants, Inc.,
Fairhaven, MA, USA.
2.2. Extraction of walnut polyphenols from walnut green husks
Firstly, walnut green husk powder (6 g) was immersed in ethanol
solution (150 ml) with a concentration of 40% (volume fraction). The
mixture was treated with ultrasonication at 60 °C for 30 min and then
ﬁltered. Subsequently, the solution obtained was transferred into a centrifugal tube and centrifuged for 20 min at a speed of 6000 rev/min; the
supernatant liquid was separated and transferred into another tube and
centrifuged. This procedure was repeated three times and the extracts
obtained were used for the surface modiﬁcation of BaTiO3 particles.
2.3. Surface modiﬁcation of BaTiO3 particles
10 g BaTiO3 particles were added to the phenolic compound solution
(80 ml) described in the previous paragraph and magnetically stirred at
room temperature for 48 h. Then, the mixture was transferred into a
tube and centrifuged for 20 min at 6000 rev/min. The supernatant liquid
was removed and the centrifuged substrate was washed three times
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with deionized water under ultrasonication for 5 min. Finally, the particles obtained were dried in a vacuum oven for 12 h and then fully
ground with an agate grinder. The surface modiﬁed BaTiO3 is denoted
as WNBT while the pristine BaTiO3 is denoted as BT in the remainder
of this text.
2.4. Preparation of dielectric elastomer composites
The two components of SR were mixed at a weight ratio of 1:1 and
dissolved in heptane. Then, BT or WNBT particles were added to the solution with different contents by weight of 0%, 5%, 10% and 15%. In order
to achieve uniform dispersion of the SR and ﬁllers in heptane, the solutions were subjected to ultrasonic shaking for 20 min. Finally, the mixtures were coated on glass with controlled thicknesses by using blade
coating and heated at 80 °C for 6 h. The preparation procedure for
WNBT and SR/WNBT composites is illustrated schematically in Fig. 1.
2.5. Characterization
The surface chemical compositions of BT and WNBT microparticles
were determined by using Fourier transform infrared (FTIR) spectroscopy (Bruker TENSOR27, Germany) and X-ray photoelectron spectroscopy (XPS). XPS measurements were carried out on a Thermo
ESCALAB 250XI system (Thermo Electron Corporation, USA) with an
Al Ka X-ray source (1486.6 eV photons). The core-level signals were obtained at a photoelectron take-off angle of 45° with respect to the sample surface.
Study of the thermal behavior of BT and WNBT was conducted on a
DSC/TG analyzer (STA 449 F3, Netzsch, Germany). The temperature
ranged from 40 °C to 800 °C with a heating rate of 20 °C/min.

3

Surface morphologies of the BT and WNBT microparticles were observed by using a high-resolution transmission electron microscope
(HRTEM) (JEM2100F, JEOL, Japan) operating at a voltage of 200 kV.
The morphologies of the SR composites ﬁlled with BT and WNBT particles were investigated by using a scanning electron microscope (SEM)
(VEGA3, TESCAN, Czech Republic) which was equipped with an EDX
(E1856-C2B, EDAX, USA).
Tensile tests on the fabricated DE membranes were performed using
Instron 5965 tensile apparatus (Boston, MA, 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−1. The elastic moduli were determined from the slope of the stress-strain curve using a linear ﬁt to the data points obtained within 10% strain. Dynamic
mechanical analysis was carried out on a Q800 DMA (TA Instruments,
USA) in the tensile mode. Strips of 5 mm width, 15 mm long, and approximately 0.3 mm thickness were analyzed in a low frequency
range from 1 to 10 Hz at room temperature.
A swelling test was carried out in toluene at room temperature for
measuring the total crosslink density (n) of the specimens using the
Flory-Rehner equation as given in Eq. (3) [45].
n¼



− ln ð1−v2 Þ þ v2 þ χ 1 v2 2
1=3
V 1 ½v2 −v2 =2

ð3Þ

where ν2 is the volume fraction of polymer in the swollen mass, V1 is the
molar volume of the solvent and χ1 is the Flory-Huggins polymer–
solvent dimensionless interaction term.
Dielectric measurements of SR/BT and SR/WNBT ﬁlms were conducted on a broadband dielectric spectrometer (Novocontrol BDS 40,
Germany) at 20 °C in the frequency range of 0.1 Hz to 10 MHz. The

Fig. 1. Schematic illustration of the procedure for preparing WNBT and SR/WNBT composites.
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ﬁlm of approximately 0.3 mm thickness was placed on a cell which
comprised a disposable gold-plated ﬂat electrode with a diameter of
20 mm and thickness of 2 mm.
The actuated strain tests were performed by using an electromechanical testing system consisting of a high voltage power supply, a
camera and a test rig which was essential to equi-biaxially clamp samples. The testes were performed using circular DE membranes with a diameter of 40 mm and a thickness of approximately 0.3 mm at ambient
conditions. The dielectric elastomer ﬁlms were initially ﬁxed on the circular frames with a prestretch of 2.0. Prior to testing, the samples were
coated with the compliant electrode to a diameter of 12 mm on each
side. The camera recorded the changes in area when an electric ﬁeld
was incrementally applied in voltage steps of 0.2 kV at 3 s intervals
until electric breakdown occurred. Concurrently, the initial area (A0)
and the actuated area (A1) were measured automatically using
LabVIEW. The area strain (sa) was calculated from Eq. (4).
sa ¼ ðA1 −A0 Þ=A0

ð4Þ

For mechanical properties, dielectric properties and electromechanical strain tests, each experimental data point was the average of the results obtained from at least three samples under the same conditions.
3. Results and discussion
3.1. Surface modiﬁcation of BT using walnut polyphenols
The surface chemical composition of BT particles with and without
walnut polyphenols modiﬁcation was analyzed by using XPS. Fig. 2
(a) and (b) shows the wide scan XPS results of BT particles and WNBT
particles respectively. The small amount of carbon reading (283.8 eV)
in the spectrum of BT particles can be attributed to the small carbonate
remaining during the synthesis of barium titanate. Figs. 2(c) and
(d) shows the O 1s core level spectrum of BT and WNBT particles respectively. The O 1s core-level spectrum for BT and WNBT particles
can be curve-ﬁtted with two peak components: one peak at 531 eV
was attributed to the hydroxyl (\\O\\H) groups and the other one at

533.07 eV attributed to the carbonyl (\\C_O) groups. The \\O\\H
and\\C_O groups for BT particles was 19.91% and 1.13% respectively,
while they increased to 30.9% and 15.0% respectively for WNBT particles. The remarkable increase of the hydroxyl and carbonyl groups indicates that walnut polyphenols have been successfully deposited on the
surface of BT particles.
The presence of walnut polyphenols on the BT surface was further
conﬁrmed by using FTIR. As can be seen from Fig. 3(a), both the spectrum of BT and WNBT showed peaks at 3431 cm−1 and 1621 cm−1,
which was assigned to the O\\H stretching vibrations and O\\H bend
vibrations respectively. These peaks might be generated from the
ethanol-water contained in the samples [46]. A strong absorption peak
appearing at 562 cm−1 was ascribed to the vibration of the Ti\\O
bond. The peak at 1427 cm−1 clearly indicates the existence of acetate
groups bonded to barium atoms [47] and also suggests symmetric
stretching vibrations of carboxylate groups [48]. Compared to BT particles, the spectrum of WNBT particles show new peaks at 1046 cm−1,
2845 cm−1 and 2920 cm−1. The peak around 1046 cm−1 indicated
the C\\O stretching vibrations [49] which were generated from ether
groups of walnut polyphenols. The peaks at 2924 cm−1 and
2850 cm−1 corresponded to the dominant antisymmetric and symmetric stretching vibrations of the lipid acyl CH2 groups [50]. These outcomes further proved that walnut polyphenols successfully deposited
on the surfaces of BT particles.
TG analysis was employed to quantify the amount of the polyphenols on the surface of BT particles. Fig. 3(b) presents the thermogravimetric curves of BT and WNBT particles. It can be seen that the total
weight loss for a temperature range from 40 °C to 800 °C in the TG
curves for BT and WNBT particles was 3.5% and 5.2%, respectively. The
weight loss of 0.6% at 100 °C for both BT and WNBT particles was due
to the elimination of water absorbed on the surface. The weight loss
for BT particles in the temperature range from 100 °C to 800 °C was
mainly ascribed to the dehydration from the –OH bonds incorporated
in the lattice and elimination of CO2 from the contaminated BaCO3.
However, the weight loss of WNBT particles was 1.7% higher than that
of BT particles due to the thermal decomposition of the polyphenols
layer on WNBT particles.

Fig. 2. XPS Wide scan of (a) BT particles and (b) WNBT particles; O 1s core level of (c) BT particles and (d) WNBT particles
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Fig. 3. (a) The FTIR spectrum of BT and WNBT and (b) the TG curves for BT and WNBT; The TEM images of (c) BT and (d) WNBT.

TEM was used to observe the coating morphology of the walnut
polyphenols on the BT particle surface. From Fig. 3(c) and (d), it can
be seen that BT and WNBT particles were dispersed evenly with diameters ranging from 20 to 50 nm. The distinct layer of walnut polyphenols
coating can be observed clearly from Fig. 3(d); the thickness of the coating layer was about 7.2 nm.
Fig. 4 (a0-f0) presents the cross-sectional morphology of DE composites with different BT and WNBT contents. It can be seen that for DE
composites with pristine BT, many large agglomerations of BT nanoparticles were exposed on the fractured surfaces. The amount of agglomerations increased with increasing the BT content. This is due to the poor
dispersibility of the nanoparticles in the silicone rubber matrix. The EDX
mapping of Ti element shown in Fig. 4 (a1-f1) also clearly showed agglomerations existed in SR based composites and the poor dispersion
of the BT particles, indicating that the interfacial interaction between
the BT particles and SR was weak. In contrast, the DE composites ﬁlled
with WNBT exhibited signiﬁcantly improved ﬁller dispersibility, even
at a WNBT content of as high as 15%. This may be explained by the
fact that the large amount of hydroxyl groups in walnut polyphenols
coated on BT particles provided more active sites to form hydrogen
bonds, leading to an enhanced interfacial interaction between WNBT
and SR, thus signiﬁcantly improving the dispersibility of WNBT particles
in SR matrix [51]. Additionally, it can be easily observed that the interface between the WNBT particles and matrix was blurred, revealing a
good compatibility between WNBT particles and the silicone matrix.

3.2. Mechanical properties of DE composites
The mechanical properties of SR composites ﬁlled with different
amounts of BT and WNBT particles were investigated and the results
are presented in Fig. 5. It can be seen from the ﬁgure that the tensile
strength and elongation at break of pure silicone rubber were about
1.27 ± 0.14 MPa and 1073 ± 62% respectively. It is not surprising to
see that tensile strength of the SR based composites increased with increasing ﬁller content for either BT or WNBT particles, conﬁrming that
the incorporation of both BT and WNBT particles reinforced the silicone
rubber. However, for the same amount of ﬁller content, the tensile
strength of the SR/WNBT composites was higher than that of the SR/
BT composites due to the enhanced interfacial interaction between
them. The molecular chains for the SR/BT composites moved easily
due to the weak interfacial interaction, while the movement of the
chains for the SR/WNBT composites was restricted due to the strong interfacial interaction which further led to the uniform distribution of external force [52]. In addition, it was found that the elongation at break
for the SR/BT and SR/WNBT composites was higher than that of the
pure SR. This was ascribed to the decrease in crosslink density with
the addition of ﬁllers as shown in Fig. 5. With the increase of ﬁller content, the elongation at break changed for both the SR/BT composites and
the SR/WNBT composites. It might be determined by the competition
between crosslink density effect and reinforcing effect: on the one
hand, the inorganic BT or WNBT particles acted as physical crosslinks
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Fig. 4. SEM images of (a0) SR/5%BT, (b0) SR/10%BT, (c0) SR/15% BT, (d0) SR/5% WNBT, (e0) SR/10% WNBT, (f0) SR/15% WNBT and SEM-EDX chemical mapping of Ti in (a1) SR/5% BT, (b1) SR/
10% BT, (c1) SR/15% BT, (d1) SR/5% WNBT, (e1) SR/10% WNBT, (f1) SR/15% WNBT.

in the SR matrix to cause a reinforcing effect and hindered the mobility
of polymer chains [53], which contributed to the reduction in elongation and on the other hand, the decreased crosslink density with the increase in ﬁller content led to the increase in elongation at break. The SR/
10% BT composites showed the highest elongation at break among all
the SR/BT composites. This is mainly because the decreased crosslink
density played a dominant role in the increase of elongation at break
when the BT content was below 10%. However, with the addition of
BT particles above 10%, more physical crosslinks were formed, which restricted the mobility of polymer side chains and consequently resulted
in decreased elongation at break. For the SR/WNBT composites, though
the crosslink density also decreased with the increasing ﬁller content,
the walnut polyphenols modiﬁcation rendered more organic molecules

Fig. 5. The tensile strength, the elongation at break and the crosslink density of DEs with
various contents of BT and WNBT particles.

to bond to the BT particle surface and thus further restricted the deformation of the composite. The elongation at break of SR/WNBT was
therefore lower than that of SR/BT with the same amount of particle
content.
Pre-stretch plays a signiﬁcant role in the electromechanical properties of DEs such as decreasing the applied voltage by thinning DEs and
increasing the breakdown ﬁeld. Previously, we have found that the elastic modulus, which is a key factor for electromechanical properties of
DEs as stated before, can be tuned by breaking the entanglement of molecular chains using pre-stretch. Thus, the relation between the secant
modulus, an alternative indication of elastic moduli, and the stretch
was investigated here. The curves of secant modulus versus strain for
SR/BT and SR/WNBT composites are depicted in Fig. 6(a) and (b), respectively. It can be seen that the secant modulus of DE composites increased with the increasing BT and WNBT content. It could be explained
that with the addition of more BT particles, more physical crosslinks
were formed which restrained the mobility of side chains of the SR molecules. The secant modulus for SR/WNBT composites was higher than
that of SR/BT composites with the same ﬁller content. This is probably
due to more SR molecules surrounding the BT particles when they
were coated with a layer of walnut polyphenols. Furthermore, it can
be seen that the secant modulus-strain curves exhibited a material speciﬁc minimum in modulus, indicating that their stiffness can be reduced
by pre-stretching to small ratios. This phenomenon is considered to be a
result of the intermolecular forces and chain entanglements between
particles and matrices [4]. The minimum elastic moduli were observed
at strains of around 100% for both SR/BT and SR/WNBT composites.
This means that the application of an external force initially unraveled
chain entanglements and resulted in the decrease in elastic modulus
at small strains. Thereafter, as the stretch ratio increased, intermolecular
forces increased due to the hydrogen bonds formed between WNBT
particles and SR accompanied by the reorientation of molecular chains.
In line with Eq. (2), it is likely that a maximum voltage-induced area
strain from pre-stretching can be obtained at a stretch ratio close to 2.0.

L. Jiang et al. / Materials and Design 192 (2020) 108674
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Fig. 6. The change of secant modulus with increasing strain for DE composites with (a) BT and (b) WNBT.

3.3. Dielectric properties
When subjected to high external electric ﬁelds, the dipoles in DEs
are reoriented, thus inducing them to deform. This phenomenon is
often called “polarizability”. The polarizability of DEs can be studied by
using dielectric spectra. Fig. 7 shows the spectra of dielectric constant
and dielectric loss tangent related to frequency for SR/BT and SR/

WNBT composites. As can be seen, the pure SR had the lowest dielectric
constant of 2.9 at a frequency of 1 kHz. The addition of the dielectric BT
or WNBT particles resulted in the increase in the dielectric constant. For
the same content of ﬁllers, the dielectric constants of the DE composites
ﬁlled with WNBT particles were higher than those of the composites
containing BT particles. This is mainly because the interfacial polarization was enhanced by the improved interface compatibility between

Fig. 7. Dielectric constant as a function of frequency for (a) SR/BT composites and (c) SR/WNBT composites; dielectric loss tangent as a function of frequency for (b) SR/BT composites and
(d) SR/WNBT composites.
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SR and BT after walnut polyphenols modiﬁcation [54]. The change of dielectric loss shown in Fig. 7(b) and (d) demonstrates that the dielectric
loss decreased with increasing frequency for both SR/BT and SR/WNBT
composites. In distinct contrast, for the same particle loading, the dielectric loss tangent at a frequency of 1 kHz was lower for SR/WNBT composites than that of SR/BT composites. Similar results have been
reported that the formation of strong interfacial bonding between ﬁllers
and matrices after surface modiﬁcation decreased the dielectric losses of
DEs [55]. This can be explained by the fact that the surface modiﬁcation
of dielectric BT particles reduced the occurrence of particle agglomeration and concurrently prevented electrons from conducting which consequently resulting in a low leakage current [56].

Table 1
The maximum actuated area strain and electromechanical sensitivity of the materials used
in this research.
Sample

Maximum actuated area strain
(%)

Electromechanical sensitivity
(MPa−1)

Pure SR
SR/5% BT
SR/10% BT
SR/15% BT
SR/5% WNBT
SR/10% WNBT
SR/15% WNBT

32
24
19
18
38
28
25

35
34
36
37
28
31
32

3.4. Actuated strain of dielectric composites
DEs are smart materials that are sensitive to electric ﬁeld. As shown
in Fig. 8(a), when a high electric voltage was applied on a pre-stretched
DE ﬁlm coated with compliant electrodes on the top and bottom surfaces, the DE expanded in area and compressed in thickness. The actuated strain of DEs showed a dependence on the applied electric ﬁeld.
As can be seen from Fig. 8(b) and (c), it can be seen that the actuated
area strain of SR and SR based DE composites with BT and WNBT particles was increased by increasing the applied electric ﬁeld. The pure SR
produced a rather high voltage induced deformation of up to 32% for
an electric ﬁeld of 210 V/μm. The incorporation of BT reduced the
ﬁeld-induced area strain at break. Moreover, the ﬁeld-induced strain
at break decreased with the increasing ﬁller content for SR/BT composite, as shown in Table 1. However, the maximum actuated area strain for
SR/WNBT composites was 38% at the electric ﬁeld of 187 V/μm with the
addition of 5 wt% WNBT which is higher than that for the pure SR. It is
worth noting that, by comparison with SR/BT composites, the

maximum actuated strain for SR/WNBT composites was larger for the
same ﬁller content, and the electric ﬁled strength that was required
for achieving the same actuated stain was lower for SR/WNBT composites. For example, to achieve a 15% ﬁeld-induced area strain, the electric
ﬁeld strength for pure SR was about 177 V/μm, but it was only 138 V/μm
for SR/5% BT and even lower at 125 V/μm for SR/5% WNBT. The likely
cause for these changes is that the enhancement of dielectric constant
with the addition of the dielectric BT particles and the further increase
in dielectric constant after BT particles were functionalized with walnut
polyphenols abated the applied electric ﬁeld.
Numerical analysis of transferring the electrical energy of DEs to mechanical work is an important feature of the investigation of DEs' electromechanical performance. In order to do this, it was necessary to
introduce a suitable mechanical model to provide a credible extrapolation of the stress-strain curve and hence an improved understanding of
stress-stretch behavior at larger equi-biaxial stretch ratios. The Gent
hyperelastic material model belongs to the category of

Fig. 8. (a) The working principle of DEs (b) the plots of actuated area strain related to applied electric ﬁeld for SR/BT composites; (c) the plots of actuated area strain related to applied
electric ﬁeld for SR/WNBT composites.
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phenomenological models of rubber elasticity and is based on the concept of limited chain extensibility. The strain energy function is given
as [57,58]:


μJ
I 1 −3
W ¼ − m ln 1−
Jm
2

ð5Þ

where μ is the shear modulus, Jm is a dimensionless material constant
associated with the limiting stretch and I1 the ﬁrst even-powered strain
invariant which is given by:
I1 ¼ 2λ2 þ

1

ð6Þ

λ4

where λ is the stretch ratio.
This model (Eq. (5)) represents the stiffening of the material at large
strains within acceptable accuracy. It has the advantage of mathematical
simplicity and allows detailed analysis and explicit solutions of particular boundary-value problems.
Meanwhile, the true stress-strain relationship σ (λ) for elastomers
can be derived from a strain energy density function [59] as shown in
Eq. (7).
σ ðλÞ ¼ λ

∂W ðλÞ
∂λ

ð7Þ

where W is work done per unit volume and σ is engineering stress.
According to Suo's theory [60], the applied voltage Φ is a function of
stretch λ which can be obtained from Eq. (8) [61].
σ pre þ σ V ¼ σ ðλÞ

ð8Þ

If the membrane is subjected to a ﬁxed force P and is mechanically
pre-stretched to a ratio λpre with the side and thickness changing to L1
and H respectively corresponding to a stress σpre = P/L1H by substituting Eqs. (5), (6) and (7) into Eq. (8), an expression for true stress can
be obtained:


 2
μ λ−λ−5
P
3 Φ
0


þ ε ε0 λ
¼
L1 H
H
1− 2λ−5 þ λ−5 −3 =J m

ð9Þ

Finally, the applied electric ﬁeld φ which is equal to the applied high
voltage (Φ) divided by the original thickness of the DE (H) can be determined using the expression:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v0


1
u
u
μ λ−λ−5
Φ u@
P A 0


=ε ε0 λ3
−
φ¼ ¼t
H
L1 H
1− 2λ−5 þ λ−5 −3 =J

ð10Þ

m

For a commercial DE material VHB 4910, its elongation at break is
approximately 1000% when Jm = 125. This value was taken for the SR
based DE materials in the present study. It can be seen from Fig. 8
(b) and (c) that the Gent model correlates well with the experimental
data.
As mentioned previously, Eq. (2) suggests that electric ﬁeld actuated
performance of DE composites is determined by elastic modulus and dielectric constant. The parameter of dielectric constant divided by elastic
modulus is termed the electromechanical sensitivity [5]. Generally, DE
ﬁlms with high electromechanical sensitivity have the ability to achieve
large voltage-induced deformations. The electromechanical sensitivity
for both the SR/BT composites and the SR/WNBT composites is shown
in Table 1. It was observed that SR/15% BT showed the highest electromechanical sensitivity of 37 MPa−1, compared to that of 32 MPa−1 for
SR/15% WNBT composite and 35 MPa−1 for pure SR. For the SR/BT composites or the SR/WNBT composites, the lowest electromechanical sensitivity was obtained with a ﬁller content of 5%. It can also be seen that
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the electromechanical sensitivity of SR/BT composites was slightly
higher than that of SR/WNBT composites. According to Eq. (2), the SR/
BT composites should possess larger voltage induced area strain. However, the large amount of agglomerates in SR/BT composites greatly
lowered the electrical breakdown ﬁeld and thus inhibited the samples
from producing larger actuated area stain [62]. As a consequence, the
SR/BT composites showed lower actuated area strain than the SR/
WNBT composites.
Those results above showed that all the fabricated SR/BT and SR/
WNBT composites had actuated area strain of above 15% with applied
electric ﬁelds below 200 V/μm, indicating the improved static electromechanical performance of these materials. In order to evaluate their
dynamic electromechanical performance, cyclic driving voltages were
applied to actuate DE composites to produce tensile area strain amplitudes from a zero minimum to approximately 10%. Fig. 9(a), (b) and
(c) shows the variations of actuated area strain during 50 repeated cycles for the pure SR, SR/10% BT and SR/10% WNBT composite, respectively. In order to obtain a voltage induced strain of 10%, a maximum
applied electric ﬁeld of 150 V/μm was applied for the pure SR, 105 V/
μm for SR/10% BT and 90 V/μm for SR/10% WNBT. For the pure SR, as
shown in Fig. 9(a), the maximum actuated strain at the 50th cycle was
about 1% larger than that in the ﬁrst cycle suggesting a good stability.
From Fig. 9(c) it can be seen that the SR/10% WNBT composite had a
more stable deformation under an applied driving voltage for all cycles.
However, for SR/10% BT shown in Fig. 9(b), it is observed that the latter
cycles had higher peaks than the initial cycles. The maximum actuated
strain at the 50th circle was 2% larger than that in the ﬁrst cycle. This
is due to the enhanced energy loss caused by the hysteresis during compression in thickness under the electrostatic force for SR/10% BT composite. The viscoelasticity of DE composites containing BT and WNBT
particles was determined by DMA analysis. Fig. 9(d) and Fig. 9
(e) show the plots of storage modulus and tangent delta related with
frequency for the pure SR, SR/10% BT and SR/10% WNBT composites. It
can be seen that the storage modulus increased with the increasing frequency from 0.01 Hz to 10 Hz for all the materials. Whereas in contrast,
the storage modulus of SR/10% WNBT was higher due to improved
dispersibility of WNBT particles in SR and the enhanced compatibility
between them. Furthermore, tangent delta of SR/10% BT was the largest
among them, proclaiming the largest hysteresis loss because of the poor
interfacial interactions between BT particles and the SR matrix.

4. Conclusions
SR based DE composites having improved eletromechanical performance were developed by employing walnut polyphenols modiﬁed
BaTiO3 nanoparticles as dielectric ﬁllers. It was found that the walnut
polyphenols coating on the surface of BaTiO3 particles had a thickness
of approximately 7.2 nm and a weight ratio of around 1.7%. The walnut
polyphenols modiﬁcation remarkably improved the dispersibility of BT
particles in the SR matrix. The resultant DE composites with walnut
polyphenols modiﬁed BT particles showed enhanced tensile strength
compared with DEs with pristine BT particles. The dielectric property
test demonstrated that the resultant DEs also had higher dielectric constants and lower dielectric losses than those of DEs with unmodiﬁed BT
particles because of the enhanced interfacial polarization. These properties are beneﬁcial for designing higher voltage-induced deformation of
DE composites. The SR/WNBT composite showed higher actuated area
strain than the SR/BT composites. Dynamic electromechanical performance evaluation demonstrated that the SR/WNBT composites had a
more stable voltage induced deformation of about 10% more than that
of pure SR and SR/BT composites during applying 50 cyclic voltage signals. Combining good mechanical properties, large ﬁeld-induced deformation and stable dynamic electromechanical performance, the SR/
WNBT is a promising candidate for fabricating mimicry and other DE
devices.
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Fig. 9. The electromechanical properties for (a) pure SR subjected to a cyclic electric ﬁeld of 0–150 V/μm, (b) SR/10% BT composite subjected to a cyclic electric ﬁeld of 0–105 V/μm and
(c) SR/10% WNBT composite under a cyclic electric ﬁeld of 0–90 V/μm; (d) dynamic storage modulus related to frequency and (e) tangent delta related to frequency for pure SR, SR/10% BT
and SR/10% WNBT composites.
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