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Abstract: Integrating nano- to micro-sized dielectric fillers to elastomer matrices to form dielectric
composites is one of the commonly utilized methods to improve the performance of dielectric
elastomer actuators (DEAs). Barium titanate (BaTiO3) is among the widely used ferroelectric fillers for
this purpose; however, calcium copper titanate CaCu3Ti4O12 (CCTO) has the potential to outperform
such conventional fillers. Despite their promising performance, CCTO-based dielectric composites
for DEA application are studied to a relatively lower degree. Particularly, the composites are
characterized for a comparably small particle loading range, while critical DEA properties such as
breakdown strength and nonlinear elasticity are barely addressed in the literature. Thus, in this study,
CCTO was paired with polydimethylsiloxane (CH3)3SiO[Si(CH3)2O]nSi(CH3)3 (PDMS), Sylgard 184,
to gain a comprehensive understanding of the effects of particle loading and size on the dielectric
composite properties important for DEA applications. The dielectric composites’ performance
was described through the figures of merit (FOMs) that consider materials’ Young’s modulus,
dielectric permittivity, and breakdown strength. The optimum amounts of the ferroelectric filler were
determined through the FOMs to maximize composite DEA performance. Lastly, electromechanical
testing of the pre-stretched CCTO-composite DEA validated the improved performance over the plain
elastomer DEA, with deviations from prediction attributed to the studied composites’ nonlinearity.

Keywords: dielectric composites; calcium copper titanate (CCTO); barium titanate (BaTiO3); dielec-
tric elastomer actuator (DEA); figure of merit (FOM); breakdown strength

1. Introduction

Owing to their outstanding electromechanical characteristics, dielectric elastomer
actuators (DEAs) have become one of the most intensively studied and developed elec-
troactive polymers (EAP) [1]. A common DEA can be described as a parallel plate capacitor
with compliant electrodes and a soft dielectric elastomer in between. When voltage is
applied to the electrodes, the pressure generated by electrostatic attraction compresses
the elastomer through the out-of-plane direction and expands the entire actuator in the
in-plane direction. To estimate the performance of DEA, a commonly accepted figure of
merit (FOM) is used [2],

FOM =
3εrε0E2

B
Y

(1)

where εr, ε0, EB, and Y are the dielectric elastomer’s relative permittivity, vacuum permit-
tivity, breakdown strength, and Young’s modulus, respectively. The FOM assumes the
elastomer to be linearly elastic with dielectric properties independent of strain to ease DEA
performance estimation.

As per Equation (1), the FOM entirely depends on DEA elastomer material prop-
erties, with acrylic and silicone elastomers being the most widely used to achieve high
actuation performance. While acrylic DEAs usually provide larger actuation deformation
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due to higher relative permittivity and softness, silicone DEAs possess more stable time-
and temperature-dependent properties, longer lifetime, and often higher specific energy
density. These properties make silicone a more suitable elastomer material for practical
implementation and prospective DEA commercialization [3]. Although currently avail-
able commercial silicones can produce DEAs with reliable and consistent characteristics,
industrial implementation requires elastomers that produce higher actuation forces and
deformations. Thus, several methods, such as adding highly dielectric [4,5] and conductive
fillers [6], blending elastomers with polymers [7], as well as chemically modifying elas-
tomers [8,9] are used to improve silicones’ dielectric and mechanical properties. Although
an increase in permittivity can be attained using these methods, other material properties,
namely higher Young’s modulus and lower breakdown strength, can unfavorably affect the
actuation performance. Nevertheless, in dielectric composites, these negative drawbacks
can be mitigated through an optimized amount of evenly dispersed particles.

Among traditionally utilized fillers, titanium-based ferroelectric particles have demon-
strated the ability to increase elastomer’s permittivity [3]. Barium titanate (BaTiO3) is a
particularly successful and commonly employed filler in dielectric composites due to its
high relative permittivity, averaging around 6000 [10,11]. However, calcium copper titanate
CaCu3Ti4O12 (CCTO) recently received exceptional attention attributed to its immense
dielectric permittivity, which varies between 10,000 and 100,000 for pure materials and as
high as 400,000 with chemically doped modifications [12]. Unlike BaTiO3, CCTO-based
composites are relatively unexplored for DEA application. Some studies investigated
the effects of filler loading on polymer composites by using single sized CCTO parti-
cles [13–19], while others investigated the effect of particle size by using fixed weight
fraction [20,21]. Furthermore, to the authors’ knowledge, only one study on filler loading,
up to 9 wt.%, in CCTO/polydimethylsiloxane (CH3)3SiO[Si(CH3)2O]nSi(CH3)3 (PDMS)
composites presents the breakdown strength as a critical parameter for DEAs [14]. In
general, consistent results were not observed for filler loading effects in most cases within
the studied range. However, for maximum CCTO/PDMS dielectric composite perfor-
mance, extended range of filler loadings and different particle sizes need to be studied to
identify optimum particle loading. Therefore, this work aims to provide a more comprehen-
sive analysis of CCTO-based composites for DEA applications by meticulously studying
particle loading effects (for a wide range of filler loading before anticipated mechanical
percolation thresholds [22]) for different particle sizes (specific surface area). Composites
are characterized through the FOMs accounting for the main DEA properties, including the
breakdown strength. Additionally, BaTiO3 particles are used as a benchmark for dielectric
composites. To adequately analyze experimental results, properties of bulk BaTiO3 and
CCTO are collected in Table 1. To illustrate the effectiveness of CCTO-based DEAs, the
optimum filler loadings are determined for various DEA applications by the FOMs and
validated through biaxial electromechanical testing. Finally, as DEAs can operate at high
strains (e.g., in pre-stretched configurations), composites’ nonlinear elasticity is addressed
through their tangent moduli to quantify the stiffness reinforcement at various particle
loadings and strains.

Table 1. Properties of bulk BaTiO3 and CCTO ceramics.

Filler Relative Permittivity (−) Young’s Modulus (GPa) Breakdown Strength (V/µm) Electrical
Conductivity (S/cm)

BaTiO3 6000 [3] 67 [23] 2–24 1 [24–26] 1–2.5 × 10−9 [27,28]

CCTO 10,000–100,000 [12,29] 256 [30] 0.05–0.2 1 [31–33] 5 × 10−8 2

1 Values vary based on crystal size, purity, and testing ceramic film porosity. 2 Calculated from the data in [34].
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2. Materials and Methods

Primary materials for dielectric composites are listed below:

• PDMS, Sylgard 184 (Dow Inc., Midland, MI, USA, part #4019862), number average
molecular weight of 27,000 [35], elastomer matrix of dielectric composites. As a widely
used commercial PDMS for DEA application, Sylgard 184 was chosen due to its
moderate dielectric and mechanical properties, low polydispersity and branching,
low pre-cured viscosity (3.5 Pa-s), and fast curing in the presence of temperature. The
latter two properties allow to disperse particles using simple fabrication methods and
prevent particles from settling down during the curing process, respectively.

• BaTiO3 (TPL Inc., Albuquerque, NM, USA, HPB-4000), near-spherical particles with a
mean diameter of 0.42 µm and tightly packed size distribution (Figure 1a), specific
surface area of 4 m2/g, density of 6 g/cm3, purity of 99.5%, and permittivity of 6000.

• CCTO_#1 (Stanford Advanced Materials Corp., Lake Forest, CA, USA, part #19185478),
random morphology, low aspect ratio particles, with a mean effective diameter of
0.72 µm (Figure 1b), specific surface area of 1.74 m2/g, density of 4.7 g/cm3, purity of
99.5%, and permittivity range of 9600–12,000.

• CCTO_#2 (Bonding Chemical, Katy, TX, USA, part #535616), random morphology, low
aspect ratio particles, with a mean effective diameter of 1.8 µm (Figure 1c), specific
surface area of 0.28 m2/g, density of 4.7 g/cm3, purity of 98.2%, and permittivity
range of 9600–12,000.
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Figure 1. SEM images of dielectric particles: (a) BaTiO3 (davg = 0.42 µm), (b) small CCTO (davg = 0.72 µm), (c) large CCTO
(davg = 1.8 µm). A more detailed particle size analysis is presented in Appendix A Figure A1.

Considering the relatively small aspect ratios of the CCTO particles, the significance of
their shape on the investigated composite’s properties was dismissed in the analysis [36,37].

2.1. Composites Mixtures and Film Preparation

For each of the three fillers, seven composite films with particle loading of 2, 5, 10,
15, 20, 30, and 40 wt.% were prepared. Initially, particles were mixed and dispersed in the
rubber base of Sylgard 184 (Part A) using a planetary mixer Thinky ARM-310 (Laguna Hills,
CA, USA) for 10 min at 2000 rpm. Then, Sylgard’s curing agent (Part B) was added in a
15:1 (A:B) ratio to Part A to improve the FOM of the plain silicone [7], but mainly to extend
silicone handling time before curing. The latter made it possible to evenly disperse particles
and fabricate high-quality thin composite films by blade casting method according to a
well-developed technique [38]. Additional information on the films’ preparation, thickness
measurements, and supplemental materials is provided in Appendix B.
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2.2. Material Characterization
2.2.1. Permittivity

Characterization was performed utilizing well-polished aluminum electrodes, with
the precision LCR meter GW Instek LCR-6020 (Montclair, CA, USA) on 50 by 50 mm,
320 µm thick square coupons at 10 Hz. The relative dielectric permittivity values of the
coupons were calculated from the experimental values of capacitance as an infinite parallel-
plate capacitor, C = εrε0 A/d, where C is capacitance, A is electrode area, and d is the
distance between electrodes (elastomer thickness). Electrodes and coupon sizes were
chosen such that electrode area and composite film thickness provide

√
A/d ≈ 140 to

minimize field fringe effects [39].

2.2.2. Mechanical Testing

Rectangular coupons of 10 by 70 mm (with 60 mm gauge length) were cut from 320 µm
thick films. A tensile test was performed using a universal test machine AMETEK CS225
(Berwyn, PA, USA) with a 1 kg load cell ANYLOAD 101AH-1kg (Fairfield, NJ, USA) at an
extension rate of 60 mm/min (100% of strain per minute).

2.2.3. Breakdown Strength

Using a custom setup, 100 µm thick composite films were tested. Films were placed
on an aluminum plate that acted as a ground. A 2 mm diameter pin with rounded edges
(positive electrode) was placed vertically and touched the top surface of the elastomer
film with minimum penetration. The dielectric test was performed by the slow rate-of-rise
method via a high-voltage amplifier TREK 20/20CH-S (Denver, CO, USA) according to
ASTM D149. For each new weight fraction of the composite, the voltage was applied in
three steps: quickly increased to 50% of the anticipated breakdown strength, then gradually
increased to 75% of the anticipated breakdown strength at a rate of 100 V/s, and then at a
rate of 20 V/s until breakdown.

2.2.4. Pre-Stretched DEA Testing

Biaxial electromechanical testing was performed on two pre-stretched, expanding-
circle configuration DEAs made of plain silicone and optimum particulate composite. The
test setup preparation is shown and described in Section 3.5. Both material and DEA testing
were conducted according to the DEA standards [39].

3. Results and Discussion

The results of the primary parameters of interest in this study, i.e., material dielectric
permittivity, Young’s modulus, and breakdown strength, are presented and discussed
in Sections 3.1–3.3, respectively. For each particle type, mean experimental values are
shown with their standard deviations (SD) and quadratically interpolated as a function
of the particle weight fraction. In Section 3.4, the data is collected to analyze FOMs
for DEA improved actuation performance, Table 2 represents their discrete values and
measured composites’ properties. The same parameters were interpolated for the optimum
filler fractions. Results of the pre-stretched DEA testing are presented and discussed in
Section 3.5. Lastly, the nonlinear behavior of composites is investigated to reveal the reason
behind the difference in theoretical and experimental FOM results.

3.1. Permittivity

All prepared composites, especially those with CCTO particles, exhibited a near-linear
increase in permittivity, typical for composites with relatively low filler loadings (Figure 2b).
Following the general trend, the small CCTO particles provided higher dielectric perfor-
mance than the large particles. Although BaTiO3 bulk material has lower permittivity
than bulk CCTO, their composites exhibited an inverse behavior. As high-permittivity
particles usually unveil their potential at much higher filler loadings based on Bruggeman’s
model [4] (Figure 2a), particle size (specific surface area) can play a dominant role in the
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final composite properties at lower filler loadings. While BaTiO3
′s effect on permittivity

in the experiment is congruent with the literature on PDMS/BaTiO3 composites [40,41],
CCTO’s effect is lower than in the known studies [13,14,20]. Mainly, Vudayagiri et al. [14]
investigated four different PDMS composites of similar permittivity mixed with CCTO.
At 9 wt.% of CCTO (particle size was not reported), the improvement in permittivity
was 18–48% relative to the plain silicone based on PDMS type. In the present work, the
improvement of 13% is achieved for the same particle loading of small CCTO particles
when mixed with Sylgard 184. The cause of this variance on the properties of composite
can be multiple, including an interface region between the particles and matrix. Therefore,
the effectiveness of a filler in composites depends on the interaction between filler and
PDMS. This phenomenon and recent models based on it are thoroughly summarized by
Barber et al. [4].
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Figure 2. (a) Effect of particles’ permittivity on the dielectric composite permittivity according to Bruggeman’s model [4]
(for matrix permittivity εm = 2.8). At lower volume filler loading, particles’ permittivity has a minor effect on the final
dielectric composite permittivity (40 wt.% of BaTiO3 and CCTO equates to 10.8 and 12.8 vol.%, respectively). (b) Relative
dielectric permittivity per weight fraction of BaTiO3/PDMS and CCTO/PDMS composites. Tested on 50 by 50 mm, 320 µm
thick coupons. Each data point represents mean value and SD of 8 coupons tested.

3.2. Mechanical Testing of Dielectrics

Figure 3 shows the effects of fillers on the composites’ Young’s moduli. All three curves
display increasing trends as the amounts of fillers increase, validating the elastomer’s
stiffness reinforcement. The gradual stiffening validates that none of the composites have
reached their mechanical percolation, which is advantageous for DEA’s operation. The
upward concavity of the curves agrees with the generalized rule of mixture, often used to
represent Young’s modulus of particulate composites:

Yn = Yn
mνm + Yn

p νp (2)

where Y is the Young’s modulus of a composite, v is the volume fraction, indices m and
p stand for matrix and particles respectively, and n is a coefficient varying from −1 to
1 [42]. When comparing composites with small and large CCTO fillers, a minor difference
in stiffness was observed as the particle loading increased. This also agrees well with
common practice as a number of studies concluded that particle size has no effect on
the Young’s modulus of micro-composites with filler size greater than 100 nm [36]. It
is noteworthy that for both sizes of CCTO, changes in the Young’s modulus are barely
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observed at weight fractions lower than 15 wt.%. Hence, utilization of low particle loadings
of CCTO is possible without penalizing composite softness. This behavior can be observed
in several studies where CCTO showed a minor stiffening effect at low particle loadings
in PDMS [14,20], polyurethane matrices [15], and even a noticeable softening effect in
an epoxy matrix [43]. Lastly, although bulk CCTO has a higher Young’s modulus than
bulk BaTiO3 (Table 1), its composites showed a considerably lower stiffening effect than
composites with BaTiO3. Besides particles’ Young’s modulus, composites’ stiffness can be
affected by an incomplete bonding of particles across their interface area with matrix [44].
In a well-dispersed, degassed particulate composite, such debonding can be caused by
stretching a composite with an insufficient particle–matrix interfacial adhesion. Indeed, the
preparation of thin tensile coupons usually involves peeling them from a substrate, which
applies some stretching to the samples. Additionally, insufficient adhesion can occur when
hydrophilic dielectric particles are dispersed in a hydrophobic matrix, e.g., PDMS.
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Figure 3. Young’s modulus of BaTiO3/PDMS and CCTO/PDMS dielectric composites. Tested on 10
by 70 mm, 320 µm thick coupons. Each data point represents mean value and SD of 5 coupons tested.
Stress-strain curves of the tested composites are presented in Appendix A Figure A2.

3.3. Breakdown Strength

The loss of breakdown strength in dielectric composites occurs due to a locally dis-
torted and enhanced electric field and a path shortening effect of particles. Electric field
is predominantly affected by particles’ agglomeration and size and, in the case of DC
breakdowns, the difference in filler’s and matrix’s electrical conductivities [4]. When
particles are added to the elastomer matrix to form a two-phase dielectric composite, the
breakdown path can be shortened, resulting in a lower breakdown strength. Depending
on the amounts of particles in the composite, the breakdown path can go purely through
the elastomer (Figure 4a) or involve particles in its path (Figure 4b). If particles are con-
ductive or have lower breakdown strength than the matrix, the breakdown path goes
through them, shortening the path through the highly insulating PDMS. Consequently,
particles’ amount, size, aspect ratio, alignment, and breakdown strength can influence the
composites’ breakdown strength [37,45–47].
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Figure 4. (a,b) Potential breakdown paths in dielectric composites illustrated based on the amount of filler particles and
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digital microscope Keyence VHX-7000 Series (Itasca, IL, USA)). In (b), while dotted lines inside the particles do not represent
an authentic path of breakdown, the nature of the breakdown strength loss can be illustrated.

Figure 5 shows how dielectric strength decreased for all micro-composites with an
increase in particle loading. Following the common trend, the composite with small CCTO
particles maintained its breakdown strength better than that with large CCTO particles.
Due to the small aspect ratio of CCTO particles, the morphology effect on the breakdown
strength is neglected. Thus, the difference between the two CCTO-based composites’
breakdown strengths is mainly due to the particle size difference. BaTiO3-based composites
showed the highest breakdown strength for most of the particle loading range due to the
smaller size, lower conductivity, and higher breakdown strength of the particles (Table 1).
Towards the highest filler loading, small CCTO particles showed comparable performance
to BaTiO3 particles. Interestingly, CCTO-based composites in the present work maintained
breakdown strength noticeably better than those in the referenced study [14]. The absence
of particle size and morphology in the original study restricts a comprehensive deduction
of the reason behind this difference. However, some variations in the testing procedure,
specifically applied voltage increase rate and electrode shape, might have contributed to
the result’s difference.
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Table 2. Material characterization of prepared dielectric composites.

Material
Composition

εr
(−) @10Hz Y (MPa) EB (V/µm)

FOM
(DEA)

Normalized

FOM
(Strain)

Normalized

Tensile
Strength

σmax (MPa)

Maximum
Strain

δmax (%)

Maximum
Actuaction
Thickness

Strain εt (%)1

Sylgard 184
(15:1 mix ratio) 2.82 0.673 90.3 1 1 0.984 174 30.8

BaTiO3
0.42 µm

2% 2.91 0.676 90.0 0.986 0.992 1.18 172 30.3
5% 3.03 0.746 89.4 0.961 0.977 1.04 156 29.6
10% 3.29 0.749 87.8 0.912 0.951 0.999 147 28
15% 3.35 0.815 85.7 0.857 0.926 1.06 139 26.3
20% 3.61 1.03 84.9 0.798 0.903 1.06 133 24.5
30% 4.49 1.17 80.7 0.673 0.862 1.32 134 20.7
40% 5.07 1.44 72.4 0.543 0.829 1.43 125 16.7

CCTO
0.72 µm

2% 2.95 0.656 89.5 1.01 1.02 1.06 152 31.1
5% 2.89 0.655 88.5 1.02 1.05 1.06 154 31.3
10% 3.2 0.671 86.8 1.02 1.09 1.09 154 31.3
15% 3.29 0.666 85.2 0.998 1.12 1.16 149 30.7
20% 3.49 0.720 83.0 0.964 1.14 1.18 141 29.6
30% 3.94 0.823 77.3 0.86 1.15 1.58 140 26.4
40% 4.52 0.935 72.9 0.728 1.12 1.49 131 22.4

CCTO
1.8 µm

2% 2.94 0.661 89.8 0.995 1.01 0.628 132 30.6
5% 2.98 0.667 87.6 0.987 1.03 0.676 133 30.3
10% 3.03 0.686 85.8 0.962 1.06 1.06 154 29.6
15% 3.18 0.711 83.8 0.922 1.08 1.04 147 28.3
20% 3.38 0.716 79.6 0.87 1.09 1.16 148 26.7
30% 3.78 0.795 75.1 0.736 1.09 1.31 143 22.6
40% 3.98 0.881 66.1 0.582 1.07 1.42 138 17.9

1 Calculated assuming linear elasticity of the silicone and composite [48].

3.4. Figure of Merit (FOM)

Using the measured composites’ properties, DEA FOMs were calculated and normal-
ized with respect to Sylgard 184 (15:1 A to B part ratio). Figure 6a shows DEA FOM calcu-
lated according to Equation (1), which is based on maximum actuation strain. Figure 6b
shows a FOM that evaluates actuation strain per unit voltage applied, calculated according
to Equation (3):

FOM (strain per unit voltage) =
εrε0

Y
(3)
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As Figure 6a shows, only a marginal improvement in maximum actuation strain can
be achieved for a DEA with a small amount of selected CCTO particles. However, as per
Figure 6b, considerable improvement in DEA actuation efficiency (strain per unit of applied
voltage) can be achieved for both composites with CCTO particles. For the determined
optimum composites, the main properties are interpolated in Table 3.

Table 3. Interpolated material properties of dielectric composites with the optimum particle loading.

Material
Composition εr (−) @10Hz Y (MPa) EB (V/µm)

FOM
(DEA)

Normalized

FOM
(Strain)

Normalized

Tensile
Strength

σmax (MPa)

Maximum
Strain

δmax (%)

Maximum
Actuaction
Thickness

Strain εt (%)

Sylgard 184
(15:1 mix ratio) 2.82 0.673 90.3 1 1 0.984 174 30.8

CCTO
0.72 µm
6.8 wt.%

3.02 0.666 88.0 1.015 1.07 1.07 154 31.4

CCTO
0.72 µm

25.7 wt.%
3.75 0.761 80.2 0.905 1.15 1.41 146 28

CCTO 1.8 µm
25.1 wt.% 3.53 0.756 77.5 0.802 1.09 1.23 145 24.8

3.5. Pre-Stretched DEA Testing

The composite with 25.7 wt.% of small CCTO particles was actuated and compared to
the plain silicone DEA to validate its higher actuation efficiency (Figure 7b–d). Figure 7d
shows that the actuation strain per unit of electric field (voltage in case of equally thick
films) is higher for the optimized CCTO composite, which validates that FOM was im-
proved. Experimental improvement varies from approximately 15% at lower electric fields
to the decreased performance of 8% towards the breakdown. Theoretical improvement
should be 15% according to calculated FOM (Table 3). This trend can be explained by the
nonlinear elasticity of the materials, which is intentionally neglected in FOMs calculations
for uncomplicated material comparisons. The tested composites’ nonlinear material behav-
ior can be conveniently presented in terms of the tangent moduli (Figure 8). According to
Figure 8b, at 45% of strain (equivalent to 22.5% of biaxial film pre-stretch), actuation of DEA
leads to softening of plain silicone but stiffening of the optimized 25.7 wt.% small-CCTO
composite (an imaginary curve could be drawn between the 20 and 30 wt.% curves). This
behavior of the materials led to the difference between the predicted optimum FOM and
the experimental result.

In addition, the tangent moduli allow for further analysis of the CCTO and BaTiO3
stiffening effects. Similar to the Young’s modulus, the CCTO particle size does not con-
siderably affect stiffening at all strains. It is seen that as the particle loading increases, the
tangent moduli vary in relatively smaller ranges, causing BaTiO3 composites to behave
more linearly. On the other hand, CCTO composites maintain their nonlinearity. While
higher strain results in tangent moduli similar to that observed at lower values for BaTiO3
composites, tangent moduli of CCTO composites are relatively higher at high strains com-
pared to initial values (Young’s moduli). However, the higher stiffness of CCTO composites
towards its stretchability limit can hardly be considered a significant drawback, as DEAs
typically operate at strains far from the maximum elongation of the elastomer material. In
fact, this behavior contributes towards the DEA’s electromechanical stability. Therefore,
the tangent modulus can be used not only for correcting performance prediction using
conventional FOMs, but also for choosing the optimum degree of pre-stretch so that DEA
operates in its lowest stiffness range.
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Figure 7. Pre-stretched DEA testing. (a1) A circle (sized according to the desired pre-stretch) was marked on a silicone or
dielectric composite film, (a2) the film was manually pre-stretched until the pre-marked circle matched the circular frame,
(a3) pre-stretched film was fixed on the frame, (a4) carbon grease electrodes were brushed on both sides of the pre-stretched
film, (a5) voltage was applied to electrodes while monitoring the actuation. Plain silicone and optimized CCTO/PDMS
dielectric composite DEAs (b1,c1) at 0 V and (b2,c2) at maximum voltage applied, respectively. (d) Experiment results for
thickness actuation of both DEAs and improved FOM (strain) of optimized CCTO/PDMS over plain PDMS. Thickness
strain and electric field are calculated from the observed electrode radial expansion vs. applied voltage (Appendix A
Figure A3 and Table A1), assuming incompressibility and linear elasticity of the silicone and composite [48].
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Figure 8. Tangent moduli as functions of strain of dielectric composites with different particle loadings (as shown in the
legends) of (a) BaTiO3, (b) small CCTO, and (c) large CCTO particles.

4. Conclusions

This work studied the effects of particle loading and size on CCTO/PDMS dielectric
composites for DEA applications and compared them to conventionally used BaTiO3
particles. Relative dielectric permittivity, Young’s modulus, and breakdown strength were
experimentally determined to characterize the tested composites. Compared to other
studies on CCTO/PDMS composites, current results with Sylgard 184 showed lower
permittivity values but higher breakdown strength, emphasizing the importance of the
compatibility of matrix and particles. The CCTO composites’ Young’s moduli started
increasing at about 15 wt.% of filler loading and, overall, showed lower stiffening effects
than BaTiO3. It allowed CCTO-based DEA to achieve significantly better performance, as
shown by FOMs, even though the BaTiO3/PDMS composite possessed higher permittivity
and breakdown strength. It was shown that for CCTO, even moderately smaller particles
(with the six times larger specific surface area) achieved considerably greater performance
in permittivity and breakdown strength, while having minor effects on Young’s modulus.
FOMs were used to determine the optimum filler loading for dielectric composites with
CCTO and BaTiO3 particles. While no optimum filler loading was found for BaTiO3, both
types of CCTO composites maximized their performance at filler loadings outside the
previously studied range (9 wt.%). Particularly, in this study, the optimum filler loading for
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CCTO was found to be 25.1–25.7 wt.% depending on the particle size. Electromechanical
testing of the DEA made of the optimized composite with small CCTO particles solidified
the improved material performance, while highlighting differences between theoretical
FOM and actual DEA performance. Finally, composites’ elasticity was further studied
through tangent moduli, which revealed the reasons behind the differences in theoretical
FOM and results of electromechanical testing.
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Figure A2. Stress-strain curves of the tested PDMS composites with: (a) BaTiO3, (b) small CCTO, and (c) large CCTO.
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Figure A3. Pre-stretched DEA test results as observed.
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Table A1. Experimental results of biaxial electromechanical testing.

Material
Composition

Thickness t
(µm)

Applied E (V/µm) and
(its % of the Material EB)

Max Thickness Actuation
Strain Reached εt (%)

Sylgard 184
(15:1 mix ratio) 78.6 80.2 (88.8%) −17.3

CCTO 0.72 µm
25.7 wt.% 89.6 66.3 (83.0%) −13.5

Appendix B

Supplemental materials for film preparation and actuation test:

• Poly(acrylic acid) (MilliporeSigma, Burlington, MA, USA, part #523925) aqueous
35 wt.% solution of poly(acrylic acid) used for a sacrificial layer in the film
preparation procedure.

• Isopropanol (M.G. Chemicals Ltd., Burlington, ON, Canada, part #824) used for
dissolving poly(acrylic acid).

• Carbon conductive grease (M.G. Chemicals Ltd., part #846) used as pre-stretched DEA
electrode material with a resistivity of 117 Ω·cm.

Thin films of dielectric composites with three ceramic fillers were prepared according
to an existing well-developed technique [38], whose procedure was adopted as follows:

1. 125 µm PET films were placed on a vacuum plate to ensure their flatness.
2. A sacrificial layer was applied using an applicator Zehntner ZUA2000 (Zurich,

Switzerland) on each PET film. A 35 wt.% aqueous solution of poly(acrylic acid) was
mixed with isopropanol in a 1:6 ratio to reach a 5 wt.% concentration of poly(acrylic
acid) in the sacrificial solution.

3. As the sacrificial layer dried out, material compositions were applied by manually
operating the applicator. By setting the applicator to 500 µm, films with thicknesses
of about 320 µm (thick film) were produced for mechanical and dielectric permittivity
testing. For breakdown strength and biaxial electromechanical tests, 100 µm thick
films (thin film) were produced by setting the applicator to 200 µm. It was noticed
that higher application speed for the manually operated applicator provided better
thickness evenness of the film.

4. Finally, samples were cured in a Grieve SA-550 air furnace (Round Lake, IL, USA) at
100 ◦C for 45 min and cut into testing coupons.

Prepared nanocomposite films lost almost all their transparency at particle loading
of 2–5 wt.%. Thus, both MTI-Instruments DTS-120-40 laser displacement sensor (Albany,
NY, USA) and Fowler IP54 disk micrometer (Newton, MA, USA) measured each sample’s
final thicknesses. When the micrometer was used for nanocomposite films, thickness
values were analytically corrected by considering the measured Young’s moduli and the
compressive force of 5 N.
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