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Abstract

Recently, dielectric elastomers (DEs) become enviable materials for the applications of electro-mechanical
transducers. However, requirements of enhanced properties like high dielectric constants, low elastic mod-
uli, high stretchability, and minimum viscous and dielectric losses are major challenges. The development
of elastomeric composites to improve dielectric properties is essential for wide applications, particularly
in the field of DE-based generators and actuators. To enhance dielectric properties, particle-filled DE can
be prepared in the presence of an electric field during the curing process which leads to aligned particles
in a regular fashion. Previous studies suggest that such an alignment enhances electrical properties of the
resulted composite as compared to the one prepared under a normal condition, i.e., curing without an elec-
tric filed. In contrast to earlier studies, in this work, we develop a holistic experimental characterization
approach to assesses how particle alignments enhance mechanical, electrical and electro-mechanical prop-
erties over the randomly particle filled composites. For that, a commercially available silicone polymer
(Ecoflex) is used and is filled with high dielectric constant barium titanate fillers. In order to substantiate
electro-mechanical performance enhancements, mechanical, electrical, electro-mechanical, and morphol-
ogy experiments are conducted on both types of silicone composites. Dielectric composites prepared under
an electric field during curing process outperform in almost all aspects of electro-mechanical tests. This
comprehensive experimental characterization technique provides a framework that will guide future dielec-
tric composite preparations and electrical, mechanical, and electro-mechanical experiments especially for
the oriented dipole fillers prepared under an electric field.

Keywords: Electro-active polymers; Dielectric elastomer; silicone composites; barium titanate;
electro-mechanical properties; electric field; polymer curing.

1. Introduction

Dielectric elastomers (DEs) belong to a family of electro-active polymers (EAPs). They have compliant
electrodes on their top and bottom surfaces which respond to electrical stimulus by changing their size
and shapes [1, 2, 3, 4]. EAPs have gained tremendous importance in the research community with a wide
range of applications for their low mass, simple structure, low cost, robustness, large and complex actua-
tion properties, and high energy density [5]. Large and complex actuations as a result of electro-mechanical
transducing of DEs are key factors in many engineering applications such as in soft robotics, sensors, energy
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harvesters and artificial muscles [6, 7, 8, 9, 10]. At present, acrylic polymers such as VHB and silicone poly-
mers are most commonly used dielectric elastomers due to their favorable behavior under the application
of an electric field [11, 12]. A significant research efforts have been directed in recent years to characterize
mechanical, electrical, and electro-mechanical properties of commercially available elastomers as well as
customised new polymers and polymer composites as DEs [13, 14, 15]. Therein, a wide range of time-
dependent viscoelastic characterization experiments such as single-step and multiple-step relaxation tests,
loading-unloading cyclic tests of an acrylic elastomer were conducted to get complete understandings of
their mechanical behavior. These studies reveal that acrylic elastomers have several disadvantages over sili-
cones such as high viscoelasticity, high loss of tension, adhesiveness and high operating voltage [16], large
variation in the stiffness modulus with a change in operating temperature, low thermal stability [2, 17, 18].
Although silicone rubbers have many advantages over acrylic elastomers however, they have low dielectric
constants [19], low voltage induced strains [20, 21], and low glass transition temperatures [22]. So, there is
a growing need for the fabrication of new materials which have high electromechanical properties with en-
hanced dielectric permittivities. Many research works have been carried out by which voltage induced strain
can be enhanced by adding nano-fillers in the polymer matrix [2, 12, 18, 23, 24, 25, 26]. Polymer blends
are being fabricated which can be also used as dielectric elastomers. Wang et al. [27] fabricated dielectric
polymer capacitors by using a series of polymers sandwiched together which are mainly acrylic elastomers
and ferroelectric particles diffuse into the polymer matrix as filler materials. Ellingford et al. [28] used
grafting techniques to prepare polymer blends of styrene-butadiene-styrene block copolymer (SBS) with
poly (vinylidene fluoride) (PVDF) and carbon nanotubes (CNTs). They reported enhanced dielectric and
mechanical properties. But when the percentage of CNT increases near and beyond the percolation threshold
limit, an agglomeration of nano fillers takes place. Poudel et al. [29] fabricated dielectric nanocomposites
by mixing poly(styrene-ethylene/butylene-styrene) (SEBS), SEBS-grafted-maleic anhydride (SEBS-g-MA)
and barium titanate as filler particles. They achieved a high dielectric constant elastomer with a low dielec-
tric loss but the modulus of elasticity increased after a certain limit of filler addition.

Carbon nanotubes (CNTs) are widely being used to fabricate new composites of dielectric elastomers for
desirable dielectric and mechanical properties for transducer applications, see Ellingford et al. [30] and
Madsen et al. [31] for exhaustive reviews on the material perspectives of dielectric elastomers. Geng et
al. [32] prepared multi-wall carbon nanotubes filled silicone rubber with the help of solvent evaporation
method. They found enhanced dielectric properties of the silicone composites well below the percolation
threshold limit. Saji et al. [33] tested dielectric relaxation behavior of in-house fabricated silicone compos-
ites made of multi-wall carbon nanotubes with increasing percentage of fillers. Zeng et al. [34] designed an
electrothermal bimetallic actuators by using silicone rubber filled with multi-walled carbon nanotubes which
can be driven even at a low voltage. Tan et al. [35] prepared multi-wall carbon nanotubes/fluorosilicone rub-
ber composites by a direct mechanical mixing method and found enhanced dielectric properties. The main
shortcoming as reported by all the researchers is that the dispersion of carbon nanotubes near the percolation
limit hinders the dielectric and mechanical property of the composites.

A sizeable amount of research works have also been carried out by mixing various fillers such as barium ti-
tanate, titanium dioxide, carbon black, strontium titanate, zirconate titanate, lead zirconate titanate, and lead
lanthanum with different types of polymers [29, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50].
However, most of these fillers have poor compatibility, non-uniform distribution in polymer matrices and
also show high dielectric losses with an increase in filler content as reported by Jiang et al. [41]. These
unfavourable circumstances hinder applications of filled polymers in actuators and generators. In order to
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overcome above shortcomings, fillers are surface treated by using commercial surfactants [39, 42]. This
method improves the mixing and compatibility of filler particles in the polymer matrix. However, it results
in high leakage current, dielectric losses, and agglomeration when filler content increases near the threshold
limit [51, 52].

Several works have been reported that ferroelectric materials can be polarized and aligned when they are
brought under an electric field during the curing process [44, 53, 54]. Electrophoretic assembly of fillers in
a polymer matrix by using an electric field was successfully carried out by Tomer et al. [55] and Kashani
et al. [40]. In one of the study [40], titanium dioxide was used as a filler in silicone rubber matrix and
in the other study [55], barium titanate was used as the filler. Both works reported that the sample pre-
pared under an electric field enhanced the dielectric properties. Note that except few dielectric permittivity
tests, Tomer et al. [55] did neither mechanical nor electro-mechanical experiments. Despite the fact that
Kashani et al. [40] did some tensile mechanical tests to show how the elastic modulus changes with the
increase of randomly-distributed filler, a complete mechanical and electro-mechanical characterizations of
oriented and randomly-filled composites at large strains through a rigorous study with loading-unloading
cyclic tests, single and multi-step relaxation tests have not been carried out yet. Moreover, the enhancement
of electro-mechanical properties has not been demonstrated with the help of any actuator or generator pro-
totype. Particularly, how much electro-mechanical performances improved in the case of oriented fillers in
contrast to randomly filled composites are yet to be demonstrated. Therefore, the aim of this contribution
is to propose a holistic approach for characterizing aligned particle filled dielectric elastomers starting from
composite preparations to actuation enhancements tests. Note that material modelling and numerical simu-
lation of electro-active composites is an active field of research, see [56, 57, 58].

In this work, we develop silicone composites using barium titanate (BT) nano particle as fillers and a com-
mercially available polymer, Ecoflex, as the matrix. To prepare oriented and randomly-filled composites
with different percentage of fillers, Ecoflex silicone is being cured with and without an electric field during
the curing process. At first a series of viscoelastic tests were carried out of both composites, randomly-filled
and oriented-filled polymers. The oriented silicone composites were compared with those of the randomly
dispersed filler composites of same filler volume percentage to show how orientations affect viscoelastic
properties. Afterwards, dielectric properties, e.g., dielectric constants are measured with various percent-
age of fillers of both composites. After studying mechanical, electrical, and morphology properties of both
composites, an optimized filler content, that is free from any agglomeration, is determined for each type.
Dielectric constant and dielectric losses of the composites are measured in a large frequency range at room
temperature (25�C) and results are compared between the silicone composites prepared by the two distinct
methods. In this work, we further compare the actuation performances of both types of silicone compos-
ites by making a circular actuator. Thus, we aim to prepare silicone composites which have high dielectric
constants and a low operating driving voltage for a wide range of applications.

2. Experimental study

2.1. Material preparations
Ecoflex is a commercially available silicone rubber that is a trademark product of Smooth-On, an USA-based
company. It is a platinum catalyzed silicone rubber which is curable at room temperature. The polymer con-
sists of two parts; A and B. Both parts are equally mixed by weight or by volume and its properties are
given in Table 1 [59]. The first part A contains polydimethylsiloxane having platinum as a catalyst and part
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B contains a curing agent. However, the distributor has not disclosed the actual chemical compositions of
Ecoflex. Barium titanate (BT), a high dielectric constant filler having particle size less than 100 nanometer
(nm) with a cubic crystalline phase, was purchased from Sigma-Aldrich. The preparation of BT filler parti-
cle was carried out by drying it for 24 hours in a vacuum oven at 100�C. Figure 1 shows Scanning Electron
Microscopic (SEM) images of BT particles having a size less than 100 nm.

Figure 1: SEM image of barium titanate nano particles

Table 1: Properties of Ecoflex 00-30 [59]

Commercial name mixed viscosity shore hardness (A) tensile strength 100% modulus elongation at break

Ecoflex 00-30 3 Pa.s 00-30 1.37 MPa 0.069 MPa 900%

2.2. Preparation of silicone composites
For mechanical and electro-mechanical characterizations, samples were prepared by taking different weight
fractions of fillers in silicone (Ecoflex) matrix. During material preparations, the solution of silicone rub-
ber and filler particles were mechanically stirred for 10 minutes to ensure a homogenous mixing. While
mixing, some air bubbles got entrapped which were removed by keeping the mixture in a vacuum oven for
15 minutes. After the degassing, the mixture was poured in a mold and kept it at room temperature for 4
hours. For experimental purposes, two different curing conditions were selected. The first type of curing
was performed in the absence of an electric field which resulted in random oriented fillers in the matrix
while the second type of composite was prepared in the presence of an electric field which yielded aligned
filler dipoles.

In the first case, the mold was kept as it was for 4 hours at room temperature for the curing of Ecoflex-BT
composite. For the second case, a high voltage DC source (Ionics Power Solution Limited, India) was used
during the curing process. The mixture of silicone rubber and BT filler was spread on an aluminium plate
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Figure 2: Schematic diagram of Ecoflex-BT curing process in presence of an electric field

Figure 3: Arrangements of dipoles in polymer matrix during the curing process, (a) randomly distributed filler dipoles in polymer
matrix, (b) aligned filler dipoles in polymer matrix due to the application of an electric field

having cavity of 1 mm depth and another plate was kept just above the polymer sheet at a distance of 6
mm. Then both the plates were connected with two terminals of a high voltage DC source which created
an electric field of 1.67 kV/mm as schematically shown in figure 2. After curing the silicone films for 4
hours under an electric voltage, the electrical supply was disconnected and the film was peeled off gently
from the mold. Figure 3 shows arrangements of filler particles (dipoles) for both the cases schematically.
Figure 3(a) shows that filler dipoles are randomly oriented in the first case, i.e., curing in the absence of an
electric field whereas, figure 3(b) shows alignments of filler dipoles thanks to an applied electric field in the
second case. 5%, 10%, and 15% weight percents of BT particles were selected to prepare samples both for
randomly distributed and oriented composites. Moreover, we tried to make 20% BT-filled composite which
was successful for aligned fillers but unsuccessfully for randomly distributed particles as the agglomeration
of BT starts at 10% filler content for the latter case. Note that as per manufacturer’s (Smooth-On, USA)
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specification, the density of Ecoflex is 1.065 g/cm3, while the density of barium titanate (BT) particle is
6.02 g/cm3. If 5% BT filler is added to the Ecoflex matrix, then the composite density becomes 1.108
g/cm3. In a similar way, densities of 10%, 15%, and 20% can be calculated as 1.151 g/cm3, 1.193 g/cm3,
and 1.234 g/cm3, respectively.

2.3. Mechanical and dielectric characterizations and actuation experiments

Figure 4: A schematic diagram shows how the aligned composites are taken to prepared samples for various mechanical tests

For the mechanical characterization, Ecoflex-BT composite samples were tested on a universal testing ma-
chine under a uniaxial mode of deformation. For this purpose, Zwick/Roell Z010 tensile testing machine
was used which has a load cell capacity of 2.5 kN. Sample dimensions were of ASTM D412 standard ob-
tained by using die punching device. Three samples tested for each case. A schematic diagram is presented
in Figure 4 that shows how the aligned composites are taken to prepared samples for various mechanical
tests. All tests were carried out at a cross head speed of 50 mm/min up to the sample failure. Data were
acquired and analysed using TestXpert II, a built-in software of Zwick Roell. To characterize viscoelastic
behavior of polymeric materials, loading and unloading cyclic experiments are widely used [60, 61]. For the
composite materials under investigation, we have conducted loading tests up to a maximum strain of 200%
with a repetition of three samples for each test. This extent of deformation is well enough for dielectric
elastomers as they are being used in soft robotics and in energy harvesting mechanisms. To analyze equi-
librium stress-strain behaviour, relaxation tests were carried out at holding strain of 200% and a relaxation
time of 2400 seconds was chosen. SEM images of the fractured surfaces of both the samples, i.e., randomly
distributed fillers and oriented dipole filler samples, were observed by using GeminiSEM 500 (Gemini tech-
nology, Germany) to determine optimum BT filler content.

To measure dielectric properties, tests were carried out by a Novocontrol spectroscopy at room temperature
using one volt (1V) signal with a frequency range of 1Hz to 1MHz. The obtained thin composite films of
silicone composites were fixed in a circular frame without pre-stretching. Then carbon conductive grease
(MG chemicals) was used as an electrode on both sides of the film. 20 mm diameter gold plated copper
electrodes were used on both sides of the films to carry out dielectric measurements with a repetition of
three each. The results of dielectric constant and dielectric losses were analyzed on the ’windata’ software
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from Novocontrol company. The electro-mechanical test setup comprises of a high voltage DC power
source, a high resolution camera, and a sample holder. In order to measure actuation-induced strains, a
circular actuator made of the composites without any pre-stretch was made. With Ecoflex-BT composite,
thin layers of composite of 300 µm thickness were prepared and fixed in a circular frame of inner diameter
of 50 mm without pre-stretching. Afterwards, a carbon grease was used as an electrode to create a circular
actuator of 10 mm diameter. The prepared circular actuators were connected to a high voltage DC source
with a ramp voltage of 100 to 150 V/s and the actuation was recorded using a high resolution camera (1080p,
Logitech) as conducted by several other research groups [38, 41, 62, 63]. The recorded video was converted
into images by using a video to image software, ’DVD video soft’ with a frame rate of 2 per second. The
converted images were analyzed by using an image processing software, ’Imagej’. The initial active area
was measured in pixels and consequently the actuated active areas were measured further. Afterwards, the
actuation strains As were calculated by using the following equation,

As =
(A2 �A1)

A1
(1)

where, A2 is an actuated active area and A1 is the initial area.

3. Results and discussions

3.1. Mechanical properties of Ecoflex-BT composites
Stress-strain curves for randomly distributed fillers in the polymer matrix are presented in figure 5(a). As
expected, the mechanical stress increases as the filler content increases from 0% to 15%. One of the reasons
of such an increment is due to the addition of high modulus inorganic BT filler particles to the silicone
matrix. We can see from Table 2 that with the increase of the filler content to 15%, the modulus of elasticity
increases due to the reinforcement of fillers into Ecoflex-BT matrix. On further increase of filler contents,
an agglomeration of particles takes place which is also observed and explained by many other researchers
for different fillers, depending upon the combination of filler and polymer matrix types, see [38, 39, 40].
Therefore, the filler addition results in a stiffening of the composites and the elongation at break decreases.
In order to minimize such effects, the curing of filled silicone composite was carried out under an electric
field as shown in figure 3 where the alignments of dipoles take place due to the applied field. For comparison
purposes, stress-strain curves are presented in figures 5(a) and 5(b) for randomly distributed (R) and oriented
dipole (O) composites, respectively. The elastic modulus of the oriented dipole silicone is higher for the
same filler content as compared to that with a randomly distributed one as illustrated in Table 2. However,
for both 5% R and 5% O filler contents, there is not much change in the elastic modulus and it is observed
that the values of elastic modulus are approximately the same. As the amount of filler content is less, the
distribution of particles in the polymer matrix is less and uneven so there is not much effect of alignment
of BT filler particles on the elastic modulus of the composite. Further loading in filler content increases
reinforcement which results in an increment in the elastic modulus which is more in aligned fillers as the
polymer chains are constraint to slide. For both 10% and 15% filler contents, the elongation at break in the
case of oriented dipole composite is higher than those of randomly distributed one as shown in figure 6.
Furthermore, in the case of oriented composite, the loading capacity of BT-filled matrix increases due to an
alignment of filler dipoles in the electric field direction. Thanks to the effect of dipoles, the agglomeration
of filler particles also decreases that results in an increase of the elongation at break of the material as shown
in figures 6 and 7.
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Figure 5: Stress-strain curves: (a) for randomly distributed silicone composites with filler contents of 0%, 5%, 10%, and 15% by
weight; (b) for oriented filler dipoles in silicone matrix with contents of 5%, 10%, 15%, and 20% by weight

Table 2: Effects of filler addition to the modulus of silicone composites in both processes of curing

Barium titanate (wt%) 5% 10% 15% 20%

Random Elastic modulus at 100%
strain (MPa) 0.078±0.0010 0.082±0.0060 0.084±0.0053 -

Elastic modulus at 200%
strain (MPa) 0.161±0.009 0.166±0.017 0.187±0.015 -

Oriented Elastic modulus at 100%
strain (MPa) 0.065±0.0090 0.094±0.0014 0.104±0.0010 0.141±0.0014

Elastic modulus at 200%
strain (MPa) 0.141±0.019 0.178±0.013 0.235±0.012 0.305±0.016

Figure 6: Comparison between randomly dispersed filler and oriented one with filler contents of (a) 5%, (b) 10% and (c) 15%

3.2. Loading-unloading cyclic experiments
Dielectric elastomers undergo cyclic deformations in most of their applications such as in actuators and
generators. Hence, it is important to investigate hysteresis phenomenon of the manufactured materials
through loading and unloading cyclic tests. For that, a fixed low strain rate of 0.021s�1 was chosen in
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Figure 7: (a) Failure stress and (b) failure strain for silicone composites filled with randomly distributed and oriented fillers

this study as most of the devices made of dielectric elastomers are operated within the low strain rates,
see [13, 14, 64, 65]. The hysteresis loss of a cycle is represented by the enclosed area of the loading and
unloading curves. It can be observed that as the filler contents increase, the dissipative loss also increases.
However, it is relatively less in the case of oriented composite. This would be possible because pure silicone
polymer chains are free to slide on each other but as the fillers are incorporated, the particles present between
the chains of the polymer matrix make them constraint. As a result, composites dissipate more energy due
to frictions between the filler particles and the polymer chains. In the case of oriented filler composites,
particles are arranged in a preferred direction that leads to a less dissipation of energy thanks to less frictions
as illustrated in Table 3. For comparison, results of pure silicone elastomer, i.e., 0% filler content is also
added. The dissipative loss (in percentage) increases as the filler content increases but it is comparatively
less in the oriented filler composites as shown in Table 3.

Table 3: Energy loss due to dissipative behaviour characterized by loading and unloading curves

Sample (wt%) Stress (kPa) at 200 % strain Loss (%)
0% 200 ±38.36 36.62±13.31

5% Random 315±25.07 39.80±7.07
10% Random 325±28.56 39.09±10.42
15% Random 410±36.66 44.88±9.40
5% Oriented 420±18.93 38.44±4.69

10% Oriented 425±12.20 39.34±2.62
15% Oriented 440±15.06 41.70±1.07
20% Oriented 520±10.41 39.52±1.82

3.3. Stress relaxation experiments
When stress is applied, networks of polymer chains will deform and the deformed chains further will get
relaxed slowly until an equilibrium state of stress is achieved for a sample holding at a constant strain. Stress
relaxation, which a polymer realizes through a decrease of the mechanical stress at a constant strain, is an
important phenomenon to understand the viscoelastic properties of polymers. The relaxation phenomenon
of Ecoflex-BT (Ecoflex-barium titanate) composite was obtained experimentally at a strain of 200% by
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Figure 8: Loading and unloading hysteresis cycle of silicone composites at different percentage of fillers (a) only randomly dis-
tributed fillers, (b) 5%, (c) 10%, and (d) 15%, randomly oriented vs oriented filler composites

holding the samples for half an hour to attain the equilibrium condition. Figure 9 shows how the stress
relaxation varies with the filler contents in the composites. In the absence of fillers there is a sudden drop
in the stress within few seconds but as the holding time increases the stress decreases gradually with time.
When the percentage of fillers increases, the stress takes more time to relax. This is due to the reason that
the so-called free chains, which are mainly responsible for the viscous over-stress, will take a longer time
to relax in the presence of fillers. From table 4, we can see that there is a fluctuation of the stress relaxation
in the case of composites with fillers and no proper trend can be observed with a change in the percentage
of their contents. In the case of oriented fillers, the BT dipoles are in an arranged way. Hence, oriented
composites take even more time to go to a relaxed stress. From table 4, we can see that in the case of 15%
oriented samples the stress relaxation is less as compared to others.

3.4. Scanning electron microscopy (SEM) of rapture surfaces
The amount of filler content has a strong influence on different mechanical properties for both types of
Ecoflex-BT composites as described in earlier sections. However, the maximum amount of filler can be
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Table 4: Stress in the beginning and after 2400 seconds of holding time for silicone composites of different filler contents

Sample wt % Stress (kPa) at t= 0 sec Stress (kPa) at t= 2400 sec Stress Relaxation %
0% 121 32 74

5% Random 155 80 48
5% Oriented 180 95 47
10% Random 175 72 60
10% Oriented 190 92 51
15% Random 170 82 52
15% Oriented 210 120 42
20% Oriented 240 103 57

Figure 9: Stress relaxation curves of silicone composites at different percentage of filler contents (a) randomly filled Ecoflex-BT
composites, (b) comparison of oriented Ecoflex-BT composites and randomly filled Ecoflex-BT composites

added is limited by the agglomeration of filler particles. The size and shape of particles also affect the
agglomeration of them as explained in the literature [66, 67]. SEM images of rupture surfaces of different
samples have been taken to visualize the agglomeration and alignment of filler particles for Ecoflex-BT
composites cured in the absence of an electric field and in the presence of an electric field. SEM images
of the cross section of the rupture surfaces of randomly distributed filled silicone composites are shown in
figures 10 (a)-(d). We can see in these figures that there is no specific arrangement of the fillers in the matrix.
As the filler content increases from 10% to 15%, agglomerations of particles can be seen clearly in figure
10(d), where BT particles in the polymer matrix make clusters. Figures 11 (a)-(c) illustrate the SEM images
of the rupture surfaces of composites with oriented fillers. In these figures, we can see a circular contour
type pattern due to an alignment of filler particles in a regular fashion. Thicker contour lines can be observed
as the filler content increases. Further, the agglomeration of particles is diminished due to an orientation of
dipoles of filler particles even though the filler content increases up to 20%.

3.5. Dielectric properties of Ecoflex-BT composite
Cubic crystalline BaTiO3 (BT) particle at high temperature (above Curie temperature at 120�) is in cubic
perovskite phase and paraelectric in nature [68, 69]. However, it transforms to ferroelectric structure with a
tetragonal phase below the Curie temperature. As the operating temperature here is room temperature (25�),
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Table 5: Summary and comparison of elastic modulus, failure stretch and dielectric constant

Silicone rubber Filler Filler content Elastic modulus (MPa) Failure stretch (%) Dielectric constant (at 1000 Hz)
Curing method Random Oriented Random Oriented Random Oriented

Sylgard 186 [40] TiO2

0 vol% 5.4 - 127 - 2.65 -
2 vol% 3.1 - 150 - 3.50 3.9
5 vol% 3.8 - 165 - 3.85 4.2
8 vol% 6.1 - 145 - 4.10 4.8

11 vol% 4.6 - 138 - 4.85 5.5

In house prepared [39] BT 0 pph 0.095 - 2198 - 3.01 -
5 pph 0.233 - 1196 - 3.90 -

Methylvinyl Silicone [38]
(110-2) BT

0 pph 0.250 - 478 - 3.2 -
10 pph 0.275 - 440 - 3.4 -
20 pph 0.290 - 435 - 3.6 -
30 pph 0.305 - 400 - 3.9 -

Ecoflex 00-30 (This work) BT

0 wt% 0.043±0.071 - 720±31 - 2.85±0.036 -
5 wt% 0.078±0.094 0.065±0.063 592±25 850±26 3.00±0.039 3.20±0.025
10 wt% 0.082±0.052 0.094±0.019 567±29 825±19 3.35±0.029 3.50±0.032
15 wt% 0.084±0.049 0.104±0.086 514±28 756±22 3.65±0.021 4.15±0.033
20 wt% - 0.141±0.038 - 704±28 - 4.35±0.028

Figure 10: SEM images of fracture surface of Ecoflex composites filled with randomly distributed BT particles: (a) 0%, (b) 5%, (c)
10%, and (d) 15%. (agglomerations of filler particles can be seen with circles) and 400 magnification of agglomeration of particles
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Figure 11: Morphology of fractured surfaces (a) 5% O, (b) 10% O, and (c) 15% O, yellow lines indicates alignment of fillers in the
direction of applied electric filed

Figure 12: A schematic diagram that shows a sample preparation in a dielectric test
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the BT particle is ferroelectric in nature. Hence, it has permanent dipole moment even in the absence of
an electric field. It can be observed that ferroelectric barium titanate exhibits high dielectric constant [70].
When the ferroelectric ceramic particles of high dielectric constant are filled in polymer matrix, increase of
dielectric constant of ferroelectric ceramic-polymer composite can be observed as explained by dielectric
mixture models such as Maxwell-Garnett model, Lichtenecker model, Jayasundere and Smith model, etc
[71, 72]. In the similar line the increase of dielectric constant of BT filled Ecoflex with increase of BT filler
content can be explained. During the time of curing, the BT particles can move in the liquid silicone matrix
and aligned in the direction of the applied electric field. Polymer chains after curing restrict the aligned
dipoles to go back to their original positions. The differences in filler arrangements of the composites cured
in the absence and presence of an electric field can be observed from the SEM images which were also
explained by Kashani et al. [40] and Tomer et al. [55]. BT in the polymer matrix will also result in inter-
facial polarization which further increases the dielectric constant of Ecoflex-BT composites [70]. Figures
13(a) and 13(b) illustrate measured dielectric constants of composites with randomly distributed and ori-
ented fillers, respectively. For a schematic diagram for the sample preparation in a dielectric test, see Figure
12. From figure 13 it is observed that the increasing percentage of filler content enhances the dielectric
constant at all frequency ranges. On the other hand, the dielectric loss increases more with increasing filler
concentration for the frequency range of 1 Hz to 10 kHz as compared to that of frequency range of 10 kHz
to 1 MHz. This is because dipoles are unable to polarize with the rapid alteration of the electric field at a
higher frequency. From figure 14, we can say that the frequency dependent dielectric losses are more in the
randomly distributed silicone composite compared to oriented one. At a high frequency, the polarization of
dipoles in the interface is less. Hence, there is a reduced loss at a high frequency, see Lim et al. [44]. In
the case of oriented silicone composites, the dielectric behavior will be further enhanced as compared to the
randomly distributed composites as shown in figure 13.

Note that Ecoflex-BT composites prepared during the curing process under an electric field help fillers
to align in the direction of the applied field. Hence, there will be more electric fluxes which result in
the enhancement of dielectric constants. Dipoles are aligned in the thickness direction that results in less
translational and rotational motion of them which leads to a less dissipative polarization, i.e., interfacial
polarization. Figures 15 (a) and (b) compare the dielectric constants and dielectric losses of both the sil-
icone composites at 1 Hz frequency, respectively. We can see that the dielectric constants and dielectric
losses improve significantly in the case of oriented filler composite as compared to the randomly one. To be
specific, oriented composites with filler contents between 10 to 15% have high dielectric constant with min-
imum dielectric losses. Dielectric constants, elastic moduli, and failure stretches (%) of silicone composites
prepared in this work are summarized and compared with other research works available in the literature
in Table 5. Sylgard 186 used by Kashani et al. [40], on the one hand, has high dielectric constant but, on
the other hand, has a high elastic modulus and a low failure stretch. The silicone composite prepared by
Bele et al. [39] has a low elastic modulus and a high failure stretch but it has comparatively a low dielectric
constant. Methylvinyl silicone has reasonably a high dielectric constant but it has a high elastic modulus
and a low failure stretch [38]. The silicone composites prepared in this work has comparatively less stiffer
with a high failure stretch and a high dielectric constant as compared to others. Although, it is frequently
mentioned in the literature that an applied electric field will result in an anisotropic composite with a pre-
ferred direction. However, previous study by Kashani et al. [40], Tomer et al [55] and in the current study,
we observed weak anisotropy which is in clear contrast with the magneto-active composites, where particle
alignments are pronounced under an applied magnetic field during the curing process [73, 74]. This type of
anisotropy observed in electro-active composites is frequently mentioned as a dispersion anisotropy/weak
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anisotropy/imperfect anisotropy. Very recently, Hosssain and Steinmann [4] developed an electro-elastic
model for the dispersion type anisotropic composites. Table 6 shows percentage increase of dielectric con-
stant values due to particle alignment under applied electric field in the present work and earlier works. It
can be observed that the increase of dielectric constant is due to filler orientation is less and the maximum
percentage increase in all these works lies in the range of 15-18%. Here the oriented composite direction is
taken as 1-3 parallel composite (parallel to applied field direction) direction as mentioned in Tomer et al [55].
The value of dielectric constant of 0-3 random filled composite is almost equal to that of 1-3 perpendicular
composite (perpendicular to applied electric field) direction [55]. Another reason for weak anisotropy of the
filled elastomer composites can be the spherical shapes of the particles used in these works. The anisotropy
of dielectric properties in the aligned filler in parallel direction of applied electric field can be increased
significantly by increasing the aspect ratio of the filler as shown by Wang et al. [75] through finite element
models. However, experimental verifications of the simulated results are not yet reported.

Figure 13: Dielectric constant of silicone composites filled with BT in, (a) randomly distributed, (b) oriented dipoles of fillers in
silicone polymer matrix

3.6. Actuation strain measurements
In the previous sections, it has been demonstrated that Ecoflex composite with oriented BT filler has superior
electro-mechanical properties. Now we want to conduct actuation experiments to test electro-mechanical
performances of the manufactured Ecoflex-BT composites. For these, a circular-type actuator is prepared.
These tests are conducted at different electric fields till the dielectric breakdown happens. As expected, the
actuation strain of the active zone (electrode coated area) increases under the application of an electric field,
see figure 16. The actuation strain is defined as the ratio of change in actuated area to the initial coated area
which is calculated by measuring the area in terms of pixel using ’Imagej’ image processing software. Figure
16 also shows that the initial coated area of 6132 pixel at 0 V increases to 7239 pixel area when the applied
voltage reaches to 7 kV for the circular actuator made of a 15% oriented filler Ecoflex-BT composite. The
calculated actuation strain in this case is 18%. Figure 17 shows that with an increase in the filler content,
the actuation strain increases because it is directly proportional to the dielectric constant of materials. It was
also observed that for the case of filled elastomer, actuation started at a lower voltage than that of unfilled
Ecoflex samples. As the filler content increases from 10 to 15%, the stiffness of the silicone composites
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Figure 14: Dielectric loss of silicone composites with change in frequency from 1 Hz to 1MHz of: (a) randomly dispersed particles,
(b) oriented filler composites

Figure 15: (a) Dielectric constant, (b) dielectric loss of silicone composites filled with randomly oriented (in the absence of an
electric field) and oriented dipoles (in the presence of an electric field) at 1 Hz frequency.

increased that yielded a decrease in the rate of actuation strains. Furthermore, in the case of randomly filled
composites, agglomeration of particles for 15% filler content occurs. This is also another reason for the
decrease of rate of actuation strain with 15% filler content than that of 10% filler content. Overall, in the
case of samples with oriented fillers, the actuation strain is more as compared to randomly distributed filler
samples and the actuation strain is maximum in the case of Ecoflex composite with a 15% filler content.
The actuation area at a particular electric field is summarized and compared with other works available
in the literature in Table 7. In addition, we present a summary and comparison of dielectric breakdown
strengths of various composites enhanced with BT particles in Table 8. It is vivid from the table 8 that the
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Table 6: Percentage change in dielectric constant of different filled elastomer composites with oriented fillers in present work and
earlier works

Silicone rubber Filler Filler content
% change in dielectric

constant as
result of filler orientation

Sylgard 186 [40] TiO2

2 vol% 9.70
5 vol% 10.70
8 vol% 10.90
11 vol% 15.10

Sylgard 184 [55] BT

5.0 vol% 9.33
7.5 vol% 10.69

10.0 vol% 11.70
12.5 vol% 13.33
15.0 vol% 17.67

Ecoflex 00-30
(This work) BT

5 wt% 8.91
10 wt% 10.47
15 wt% 15.30

Table 7: Summary and comparison of some important parameters available in the literature : Different silicone matrices filled with
BT particles

Silicone rubber Filler Filler content Electric field (MV/m) Actuated strain (planar area %) Actuation improved %
Curing method Random Oriented Random Oriented

Methylvinyl Silicone [38]
(100-2) BT

0 pph 30 3.8 - - -
10 pph 30 4.9 - - -
20 pph 30 5.3 - - -
30 pph 30 4.7 - - -

Ecoflex 00-30 (This work) BT

0 wt% 27.5 6.0±0.572 - - -
5 wt% 27.5 7.5±0.657 7.8±0.572 25.0±0.88 30.0±2.61
10 wt% 27.5 10.0±0.525 11.5±0.530 48.0±12.17 91.7±8.65
15 wt% 27.5 5.5±0.326 18.0±0.524 -8.3⌥3.05 200.0±18.13
20 wt% 27.5 - 12.0±0.513 - 100.0±9.60

addition of BT filler to Ecoflex does not reduce the breakdown field significantly in compared to PDMS-BT
composites. When we compare actuation results available in the literature for BT-filled elastomers, it was
clear that the actuation area was more in the case of oriented filler silicone composites at a particular electric
field as compared to the randomly distributed samples, see for example the works of Yang et al. [38]. In
general, dielectric elastomers actuate at high voltages, i.e., in terms of several kilovolt (kV). Compared to
other elastomers (VHB/acrylics, polyurethanes etc.) silicone elastomers actuate at high voltages because of
their higher stiffness and very low dielectric permittivity. For instance, Opris et al. [76] observed actuation
after 10 MV/m electric field. Another issue is that we did not prestretch the samples. Pre-stretching, on the
one hand, enhances actuation. On the other hand, it reduces service life of a dielectric elastomer. Hence,
our aim here is to observe actuation behaviour of Ecoflex-BT composites with any sort of pre-stretching.

4. Conclusion

In this contribution, our aim was to present a complete experimental characterization of two different types
of Ecoflex-barium titanate composites to demonstrate which one is better in terms of electrical, mechani-
cal, and electro-mechanical performances; one prepared by random fillers and another prepared by oriented
fillers that are being prepared under an electric during the curing process. In order to quantify the influences
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Table 8: Summary and comparison of dielectric breakdown strengths

Silicone rubber BT Filler content Dielectric breakdown strength (MV/m)
Random Oriented

PDMS [77]
0 wt% 102.28 -
5 wt% 5.76 -
5 wt% 21.78 -

In house prepared [39]

0 pph - -
1 pph 55.55 -
2 pph 44.76 -
5 pph 13.21 -

Ecoflex 00-30 (This work)

0 wt% 45.39±0.49 -
5 wt% 38.79±0.62 40.62±0.32

10 wt% 35.66±0.76 38.81±0.51
15 wt% 31.48±0.59 34.57±0.72
20 wt% 27.38±0.81 28.87±0.78

Figure 16: Oriented filler composite actuator sample with 15% filler content (unstretchered) for actuation experiments, (a) voltage
off, (b) voltage on (7 kV)

of an electric field-induced curing, we have conducted a wide range of experiments, e.g., mechanical, di-
electric, and electro-mechanical tests. With the help of various tests, we conclude that silicone composites
cured in the presence of an electric field demonstrate better mechanical, dielectric, and electro-mechanical
properties as compared to composite cured in the absence of an electric field. Furthermore, aligned filler
particles due to an applied electric field during the curing process hinder agglomeration of particles near
the percolation threshold. For example, the silicone composites filled with 15% filler content and cured in
the presence of an electric field had a higher dielectric constant as compared to one cured in the absence of
an electric field. In comparison to randomly filled composites, the elongation at break for aligned particles
composite increases which is a desirable property for dielectric elastomer applications. When we prepare
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Figure 17: Actuation strain Vs applied electric field (a) random samples, (b) oriented samples, (c) maximum actuation and compar-
ison between random and oriented samples

a circular actuator, it is observed that the actuation strain area is improved from 5.5% to 18% at a 15%
filler loading for randomly filled and oriented dipole filled composites, respectively. These results indicate
that silicone composites prepared by an electric field during the curing process have significant improved
of various important properties. Note that barium titanate filler does not greatly improve dielectric permit-
tivity of prepared composites. Recent literature [30, 31] demonstrate that carbon nanotube-based (CNTs)
fillers massively improve dielectric permittivities. Therefore, experimental procedures established in this
manuscript will be applied to carbon nanotube filled composites where materials will be cured under an
electric field in a forthcoming contribution. This comprehensive experimental characterization technique
provides a framework that will guide future dielectric composite preparations and electrical, mechanical,
and electro-mechanical experiments especially for the oriented dipole fillers prepared under an electric field.
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