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A B S T R A C T   

With the goal of enabling the design of liquid metal polymer composites (LMPCs) with desired electrical and 
mechanical properties while preventing premature dielectric aging and failure, the dielectric breakdown char
acteristics of LMPCs containing galinstan (GaInSn), barium titanate (BTO), iron (Fe), and mixtures thereof are 
investigated. The dielectric properties including dielectric loss (tan δ), partial discharge inception electric field 
(PDIE), and breakdown electric field (Ebd) are investigated. According to the study, LMPCs with a higher overall 
filler concentration tend to show higher tan δ, lower PDIE, and lower Ebd. The study also demonstrates that these 
dielectric properties vary by the type of filler even with an equally maintained filler concentration. This is due to 
the distinct filler conductivity, permittivity, and geometry that cause differences in the electric field distribution 
within the composites. To provide further insights into the observed experimental results, finite element analysis 
(FEA) models were developed and analyzed.   

1. Introduction 

Stretchable electronics is a vast field that has applications such as 
wearable devices [1], energy storage, actuation, and thermal manage
ment [2]. To fabricate a truly inherently stretchable electronic device, 
the individual components of the device must be capable of with
standing deformation and high mechanical strain, which is commonly 
achieved by utilizing soft and stretchable materials. Previous research 
using soft materials for stretchable electronics has demonstrated 
increased human-device compatibility and decreased mechanical 
mismatch [2–4]. While polymers are often used as the basis of stretch
able electronics, particularly as supports and continuous matrices, 
deformable conductive and dielectric materials are necessary to increase 
the electrical performance of soft devices. Traditional rigid materials 
that are used in electronic devices such as metals and ceramics lead to 
mechanical failure or reduced electrical performance when used in a soft 
system [1,5,6]. Room-temperature gallium-based liquid metal, specif
ically galinstan (GaInSn), has been a recent focus as a deformable 
conductor owing to its high conductivity and low modulus [7–10]. 

While there has been extensive work utilizing liquid metal alone as a 
deformable conductor [11–13], research has taken advantage of com
posites of soft polymeric matrices and conductive liquid metal to create 
soft dielectric materials [14,15]. By dispersing liquid metal into poly
mers, dielectric materials that can be utilized in capacitors, dielectric 
elastomers, actuators, and pressure sensors are created [2,16,17]. 

High dielectric constants (i.e., relative permittivity) have been ach
ieved through dispersing high concentrations of liquid metal in poly
meric matrices [17,18]. While this approach has been successful, it has 
also led to materials with low dielectric breakdown strength [14], which 
must be avoided to ensure the dielectric reliability and to prevent the 
accelerated aging of technologies relying on the deformable dielectric 
materials. High concentrations of liquid metal also result in composites 
that are expensive, further reducing the technological potential of the 
material. Previous work has investigated multi-material blends, partic
ularly solid material dispersions, as a potential method of achieving 
composites with high relative permittivity through functionalization 
[19–21] and fabricated such composites for application in elastomer 
actuators [22]. While research has been conducted to create 
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multi-material blends with rigid materials and liquid metals demon
strating the promise of these materials and their high permittivity and 
low modulus [23–29], little has been researched to fundamentally un
derstand their dielectric aging and failure mechanisms under electrical 
stresses. While including rigid fillers with liquid metal in a polymer 
composite may result in high relative permittivity, it is known that 
increasing rigid filler concentration results in a more brittle and rigid 
medium [5,30]. As such, it is necessary to understand the relationship 
between composite formulation and electrical properties to ensure that 
the deformable materials show high permittivity, low dielectric loss 
(tan δ), high partial discharge inception electric field (PDIE), and high 
breakdown electric field (Ebd) simultaneously. 

The quality of dielectric materials, including those containing liquid 
metal ultimately depends on the electric field distribution within the 
materials. Depending on the conductivity and permittivity of the fillers 
used, the intensity of the internal electric field varies, leading to local 
hot spots of electric field concentrations. In general, high electric fields 
should be avoided as they energize electrons and cause ionization. 
Depending on the intensity of the electric field, the ionization process 
could either cause partial discharge (PD) or a dielectric breakdown. 
Unlike a dielectric breakdown, PD is a micro electric discharge that 
gradually erodes dielectric materials and reduces the remaining useful 
life of a device. On the other hand, dielectric breakdown indicates a 
destruction of an electrically insulating medium. 

With the goal of improving the dielectric quality of liquid metal 
polymer composites (LMPCs) while achieving high relative permittivity 
and low cost, in this study, we replace portions of liquid metal with 
materials possessing relatively high conductivity and high permittivity – 
iron (Fe) [31] and barium titanate (BaTiO3 or BTO) [32]. Composites 
consisting of GaInSn, BTO, or Fe, alone as well as the mixtures there of 
are interrogated with respect to tan δ, PDIE, and Ebd. A testbed was 
designed and constructed to investigate the dielectric characteristics of 
the composites. The samples were subjected to increasing magnitudes of 
voltage to identify their PD characteristics and dielectric strength. The 
experimental results were validated by finite element analysis (FEA) 
models that qualitatively simulate the electric field distribution within 
the composite samples. The results of this study contribute to the body of 
knowledge required for enabling the tunability of these multi-material 
composites in terms of dielectric properties required for soft elec
tronics and advanced energy storage technologies. 

2. Experiment 

2.1. Material description 

Galinstan, purchased from Rotometals (San Leandro, CA), with a 
concentration of 68.5% Ga, 21.5% In, 10% Sn was used as received. Iron 
(Fe) and barium titanate (BaTiO3, BTO) were purchased from Chemical 
Store Inc. (Clifton, NJ) and Sigma-Aldrich (St. Louis, MO), respectively, 
and used as received. Particles were characterized with scanning elec
tron microscopy (SEM) and x-ray diffraction (XRD) to determine particle 
size, shape, and crystal structure. Iron particles were found to have an 
irregular shape with a cubic crystal structure. BTO particles were 
roughly spherical and found to have a cubic crystalline structure. SEM 
and XRD results of the particles can be found in Figs. S5–S6. Vinyl- 
terminated and tri-methyl terminated polydimethylsiloxane (PDMS, 
Gelest, Inc.- Morrisville, PA) with molecular weights of 62,700 g/mol 
(DMS-V41, 1∙104cSt) and 1250 g/mol (DMS-T11, 10 cSt), respectively, 
were used as the continuous polymer matrix. Plati
num–cyclovinylmethylsiloxane complex catalyst (800 ppm) and tetrakis 
(dimethylsiloxy) silane cross-linker were both purchased from Gelest, 
Inc. 

2.2. LMPC fabrication 

Using a 1:1 vol/vol blend of V41:T11, all composites had filler 

compositions of 0, 10, or 30 vol% of GaInSn and 10, 20, or 30 vol% of 
either rigid filler, BTO, or Fe. To form composites, all components of 
each respective formulation were mixed using a Caframo (Ontario, 
Canada) High Torque Overhead Stirrer at 1800 rpm for 2 h. Subse
quently, the catalyst and crosslinker were added and mixed for an 
additional 30 s, after which the samples were poured into circular pol
ytetrafluoroethylene (PTFE) molds and left to cure at 82 ◦C for 72 h. 
During the formation of the composites in both mixing and curing 
stages, no macroscopic phase separation or aggregation of filler was 
observed. In addition, all cured samples were free-standing and 
exhibited no signs of morphology change during the course of 
characterization. 

2.3. Dielectric loss measurement 

Dielectric loss (tan δ) was measured at frequencies from 500 Hz to 5 
MHz using a Keysight (Santa Rosa, CA) E4990A Impedance Analyzer 
with the 16451B Dielectric Test Fixture. All LMPC samples were free- 
standing and characterized in the cured state with a thickness of 1 
mm and 0.5 mm to ensure there was no error as it related to the relative 
sizes of the fillers to the cured LMPC. No change in dispersion 
morphology was observed over the time span of the experiments. 

2.4. PDIE and ebd measurement testbed 

Partial discharge (PD) and dielectric strength were measured using a 
custom designed testbed shown in Fig. 1 (a). The testbed consists of a 
high voltage electrode and a small container to hold the sample. The 
container consists of a small piece of PVC pipe sealed to an aluminum 
ground plate using silicone caulk. A brass sphere was connected to the 
top of the electrode to prevent corona discharge from occurring. The 
container was filled with transformer oil to suppress surface discharge 
and surface flashover, and each sample was placed between the high 
voltage electrode and ground plate to ensure that all PD occurs within 
the LMPC samples. For both PD and dielectric strength measurements, 
the top electrode was connected to a high voltage amplifier, while a 
coupling capacitor was also connected in parallel to the testbed for 
measuring PD. The amplifier, which is controlled by the signal generator 
shown in Fig. 1, acts as a high voltage source that triggers PD or 
dielectric breakdown in the LMPC samples. The output of the amplifier 
is monitored using an oscilloscope to validate the waveform and the 
magnitude of the voltage applied. The amplifier was set to generate a 60 
Hz sinusoidal voltage signal, which is also known as the power 
frequency. 

2.5. PDIE and Ebd measurement procedure 

PD measurements were performed using the testbed and equipment 
shown in Fig. 1. Each sample was placed in the testbed submerged in 
transformer oil, the electrode and the ground plate were firmly touching 
the sample, and voltage was slowly increased until PD signals appeared 
in the measurement system (see Fig. S3). The voltage at which PD starts 
to appear, which is known as the partial discharge inception voltage 
(PDIV), was recorded. This process was repeated three times for each 
sample. The three PDIV measurements were then averaged, and the 
value was divided by the thickness of the sample to derive the partial 
discharge inception electric field (PDIE). 

Dielectric strength measurements were conducted using the same 
testbed shown in Fig. 1. However, for the breakdown measurements, the 
coupling capacitor and the PD measurement system were removed. For 
each sample, the voltage was slowly increased until the sinusoidal 
voltage collapsed to zero, which indicates a dielectric breakdown event. 
Subsequently, the breakdown voltage is divided by the thickness of each 
LMPC samples to derive the breakdown electric field Ebd. 
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3. Experimental results 

3.1. Dielectric loss (tan δ) 

Dielectric loss (tan δ) indicates the amount of resistive current 
compared to capacitive current. It is measured by dividing resistive 
current by capacitive current. Dielectric materials with high tan δ lead to 
high leakage current and high Joule heating (i.e., power loss) while 
those with low tan δ result in low leakage current and low Joule heating. 
In general, low tan δ indicates high dielectric quality. The tan δ of the 
BTO composites was found to be largely frequency independent, while 
those of the GaInSn and Fe composites were frequency dependent. This 
relationship between the dielectric loss behavior and frequency has been 
observed previously for neat BTO composites [33] and neat Fe com
posites [34]. Dielectric loss was measured between the frequencies of 
500 Hz to 5 MHz as shown in Figs. S1 and S2. Representative dielectric 
loss data shown in Figs. 2 and 3 were taken at 100.5 kHz, which was 
chosen due to the improved instrument sensitivity at this frequency. As 
shown in Figs. S1 and S2, the trends discussed here are true across fre
quencies, but a single frequency is discussed for clarity. 

The tan δ of neat GaInSn, BTO, and Fe composites are shown in 
Fig. 2. For the neat GaInSn and BTO composites, increasing concentra
tion has minimal impact on the dielectric loss. For the neat BTO com
posites, this is due to BTO having intrinsically low tan δ [35,36]. For the 

neat GaInSn composites, the tan δ may be largely unaffected by 
increasing concentration due to the oxide layer of the GaInSn droplets. 
The GaInSn oxide layer is primarily composed of gallium oxide which is 
known to lead to low losses in electrical applications [37,38]. The oxide 
of GaInSn likely results in shielding and mitigation of the lossy behavior 
(i.e., resistive current flow) of composite conductive material. Further 
demonstrating their low-loss performance, the tan δ values of the neat 
GaInSn and BTO composites are similar to that of PDMS (7.31 × 10−4 

see Fig. S1). For the neat Fe composites, on the other hand, increasing Fe 
concentration increases tan δ due to an increase in conductive pathways 
formed by the Fe, allowing resistive current to flow more easily through 
these pathways. This results in the greater leakage current of the neat Fe 
composites leading to a decrease in the ability of the material to form an 
ideal capacitor. 

The tan δ of the LMPCs and neat rigid filler composites were 
measured at varying concentrations of GaInSn, Fe, and BTO as shown in 
Fig. 3. As the amount of GaInSn is increased in the 10 and 20 vol% Fe 
containing LMPCs, the tan δ decreases, which may be due to the 
morphology of the composite (See Fig. S2). LMPCs of GaInSn and Fe 
show particle aggregation when observed through SEM imaging, spe
cifically the GaInSn droplets “coat” the Fe particles (See Fig. S4). Due to 
this, the oxide layer of GaInSn droplets that coat the Fe particles are 
likely disrupting the Fe conductive pathways leading to a decrease in 
dielectric loss with increasing GaInSn concentration. However, upon 

Fig. 1. Testbed used in this study. (a) Testbed for partial discharge (PD) and dielectric strength (Ebd) measurements, (b) circuit diagram of the testbed. (Note: the 
coupling capacitor and PD measurement device are not used for breakdown measurements.) 
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further increasing to 30 vol% Fe concentration, increasing the GaInSn 
concentration has little impact on the tan δ. This suggests that increasing 
Fe concentration results in less effective disruption of the Fe conductive 
pathways due to incomplete Fe particle coating. Alternatively, for the 
BTO containing LMPCs, increasing GaInSn concentration has little effect 
on the tan δ of the composites, which agrees with the observation that 
increasing GaInSn concentration on its own has little effect on tan δ, as 
seen in Fig. 2 (a). Comparatively, the tan δ of the BTO containing LMPCs 
is significantly smaller than that of the Fe containing LMPCs. This is due 
in part to Fe being a conductive material while BTO is an insulator which 
allows for less leakage of current, leading to a better performing 
dielectric material. 

3.2. Partial discharge inception electric field (PDIE) 

The PDIE of LMPCs was measured to identify the level of electric field 
that initiates the aging of the materials. BTO-GaInSn and Fe-GaInSn 
LMPCs were interrogated and reported in the following subsections. 

3.2.1. PDIE of BTO-GaInSn composites 
The PDIE measurements of BTO-GaInSn LMPCs are shown in Fig. 4. 

At a fixed concentration of 10 vol% BTO, PDIE drops steeply as the 
concentration of GaInSn increases. The composite containing 10 vol% 
GaInSn has a PDIE 74.6% lower than the neat BTO composite. As the 
GaInSn concentration is increased to 30 vol%, the PDIE further drops by 
78.9%. At 20 vol% BTO, PDIE also decreases sharply as GaInSn con
centration is increased with a 65.1% drop in PDIE between neat BTO and 
10 vol% GaInSn and another 47.9% drop in PDIE as GaInSn concen
tration is increased to 30 vol%. A similar decreasing trend is observed in 
the 30 vol% BTO composites, where a drop in the PDIE of 66.3% occurs 
between neat BTO and 10 vol% GaInSn, and a drop in the PDIE of 63.6% 
occurs between 10 vol% GaInSn and 30 vol% GaInSn. Overall, it is 
observed that at any fixed concentration of BTO, increasing the con
centration of GaInSn decreases PDIE. This is likely because GaInSn 
droplets in these composites have significantly large electrical conduc
tivity and large average particle size compared to the BTO fillers. These 
factors cause larger areas of electric field enhancement within the LMPC 
sample leading to lower PDIE. Despite having a much higher conduc
tivity and permittivity than PDMS, increasing BTO concentration has 
little effect on PDIE. 

3.2.2. PDIE of PDMS-Fe-GaInSn composites 
PDIE measurements in Fe-GaInSn LMPCs are shown in Fig. 5. These 

results indicate that PDIE decreases with increasing iron concentration. 
It should be noted that PDIE could not be measured for LMPCs con
taining more than 10 vol% iron as the sample broke down at a low 
enough voltage level such that our device could not accurately control 
nor measure PD. For 10 vol% iron, PDIE decreases with increasing 
GaInSn concentration from 0 vol% to 30 vol%. The decreasing trend is 
caused by increasing concentrations of GaInSn and Fe displacing the less 
conductive PDMS. Higher concentrations of Fe and GaInSn, which are 
both highly conductive, cause the electric field to become further 
concentrated in the remaining volume of PDMS. Also, the results show 
that Fe causes a much more dramatic decrease in PDIE than BTO. This is 
because the Fe particles not only have irregular shape with pointy edges, 
but also are larger in size than the BTO particles, causing larger areas of 
electric field enhancement like in the case of the GaInSn containing 
samples. The irregular, sharp, and jagged geometry of the Fe particles 
exacerbates this effect, with strong electric field enhancements occur
ring around the sharp edges. 

3.3. Breakdown electric field (ebd) 

The dielectric strength of the LMPCs was measured in terms of 
breakdown electric field (Ebd). BTO-GaInSn and Fe-GaInSn LMPCs were 
interrogated and reported in the following subsections. 

Fig. 2. Dielectric loss of neat dispersions of (a) GaInSn, (b) BTO, and (c) Fe at 
100.5 kHz. 
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3.3.1. Ebd of BTO-GaInSn composites 
Dielectric breakdown measurements were conducted using the test

bed and equipment shown in Fig. 1. Fig. 6 details the Ebd measurements 
obtained from BTO-GaInSn composites. In composites containing 10 vol 
% BTO, a steep decreasing trend in Ebd is observed as the concentration 
of GaInSn is increased. The Ebd of the 10 vol%-10 vol% BTO-GaInSn 
composite is 73.2% lower than that of the neat 10 vol% BTO compos
ite. As the concentration of GaInSn increases further to 30 vol%, the Ebd 
drops by an additional 73.9%. In the 20 vol% BTO composites, a 45% 
drop in Ebd occurs between neat BTO and 10 vol% GaInSn, and a 66.8% 
drop occurs between 10 vol% and 30 vol% GaInSn. At 30 vol% BTO, the 
Ebd of the 10 vol% GaInSn composite is 52.7% lower than that of the 
neat BTO composite, and the Ebd of the 30 vol% GaInSn composite is 
57.2% lower than that of the 10 vol% GaInSn composite. At any fixed 

concentration of BTO, the Ebd decreases with increasing GaInSn con
centration. This decreasing trend in Ebd with increasing GaInSn con
centration is caused by the significantly high conductivity of GaInSn as 
compared to PDMS. The addition of fillers with a high conductivity or 
permittivity causes an increase in average electric field magnitude in the 
PDMS. This is mainly because the voltage drop is much smaller in the 
fillers with a high conductivity and permittivity compared to the sub
strate (i.e., PDMS), causing higher voltage drop (i.e., higher electric 
field) in the PDMS. As such, GaInSn has a more profound effect on Ebd 
than BTO primarily due to its much greater conductivity and larger 
particle size, which causes larger areas of electric field enhancement 
within the PDMS. 

Fig. 3. Dielectric loss at 100.5 kHz for (a) BTO and (b) Fe dispersions of 10 vol%, 20 vol%, and 30 vol% with varying concentrations of GaInSn of 0 vol%, 10 vol%, 
and 30 vol%. 

Fig. 4. PDIE of PDMS composed of BTO at 10 vol%, 20 vol%, and 30 vol% with 
varying concentrations of GaInSn of 0 vol%, 10 vol%, and 30 vol%. 

Fig. 5. PDIE of PDMS composed of Fe at 10 vol%, 20 vol%, and 30 vol% with 
varying concentrations of GaInSn of 0 vol%, 10 vol%, and 30 vol%. 
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3.3.2. Ebd of Fe-GaInSn composites 
Fig. 7 shows the Ebd measurements of Fe-GaInSn composites. In 

composites containing 10 vol% Fe, the Ebd is 52.6% lower in the 10 vol% 
GaInSn composite than in the neat Fe composite, and the Ebd of the 30 
vol% GaInSn composite is 33.9% lower than in the 10 vol% GaInSn 

composite. In composites containing 20 vol% Fe, the Ebd of the 10 vol% 
GaInSn composite is 73.1% lower than that of the neat Fe composite. 
However, the Ebd of the 30 vol% GaInSn composite is 37.7% higher than 
that of the 10 vol% GaInSn composite. This trend points to a more 
complex relationship between GaInSn and BTO, something that is 
evident throughout the electrical interrogation of these materials and is 
a focus for future work. In composites containing 30 vol% Fe, the Ebd 
decreased by 64.9% between neat Fe and 10 vol% GaInSn, and another 
25.9% decrease occurred between 10 vol% GaInSn and 30 vol% GaInSn. 
At any fixed concentration of GaInSn, Ebd decreases as Fe concentration 
increases, and at any fixed Fe concentration, Ebd tends to decrease as 
GaInSn concentration increases. Overall, Fe containing LMPCs have a 
much lower Ebd than BTO containing LMPCs. The decreasing trend in 
Ebd and comparatively low Ebd in Fe containing LMPCs are caused by the 
high conductivity and permittivity of both GaInSn and Fe along with the 
irregular and sharp geometry of the Fe particles further increasing the 
local electric field. As both GaInSn and Fe have a much higher con
ductivity and permittivity than PDMS, the voltage drop occurs almost 
entirely in the PDMS. Also, higher filler concentration decreases the 
effective thickness of the PDMS, which leads to higher electric field in 
the PDMS. Furthermore, the sharp edges of the Fe particles cause local 
electric field enhancements, contributing to an increase in the average 
electric field in the PDMS. 

4. Discussion 

The PDIE and Ebd of each LMPC are dependent on the overall filler 
concentration as well as the filler type. The filler properties that influ
ence the dielectric properties of the LMPCs include conductivity, 
permittivity, filler particle size and shape. Fig. 8 shows the effects of 
filler type on Ebd and the simulated average electric field for single-filler 
LMPCs of 10 vol% and 30 vol% concentration. As shown in Fig. 8 (a), the 
neat BTO composite samples have the highest Ebd followed by neat 
GaInSn composites. Neat Fe composites show the lowest Ebd of any 
single filler composite. These differences in Ebd are caused by the com
bined effects of filler conductivity, permittivity, and geometry. 

4.1. Effects of filler conductivity and permittivity 

To determine the effects of conductivity and permittivity on the 
electric field distribution of a two-material composite while ignoring the 
effects of geometry, the LMPC composite is simplified to a two-layer 
stacked dielectric sandwiched between two thin conductors as shown 
in Fig. 9. The top conductor is energized to an arbitrary voltage vsys, and 
the bottom conductor is connected to ground potential (i.e., 0 V). In this 
simplified model, the electric field in the second layer, which is assumed 
to have a lower conductivity and permittivity than the first layer, under 
steady state AC conditions is given by the formula E2 = (vsys − E1d1)/d2. 
As electric field is lower in materials with a higher conductivity or 

Fig. 6. Breakdown electric field of composites containing barium titanate of 10 
vol%, 20 vol%, and 30 vol% with varying concentrations of galinstan of 0 vol%, 
10 vol%, and 30 vol%. 

Fig. 7. Ebd of composites containing Fe of 10 vol%, 20 vol%, and 30 vol% with 
varying concentrations of GaInSn of 0 vol%, 10 vol%, and 30 vol%. 

Fig. 8. Effects of filler type on (a) breakdown electric field measured via experiment, (b) electric field in PDMS calculated based on a simplified two-layer dielectric 
model shown in Fig. 9, and (c) average electric field derived from FEA models shown in Fig. 10. 
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permittivity, the voltage drop E1d1 is comparatively small. This causes a 
larger voltage drop and higher electric field (E2) in the second layer that 
has a lower conductivity and permittivity. As filler concentration in
creases, the total thickness of PDMS (d2) in the LMPC decreases, causing 
a stronger electric field in the PDMS (E2). 

4.2. Effects of filler geometry 

In addition to studying the effects of conductivity and permittivity, 
an FEA environment is used to qualitatively explain the effects of filler 
geometry. In Fig. 10, a simplified 2D model with each sample repre
sented by a rectangle is shown. The fillers are represented by circles for 
the BTO and GaInSn particles and ellipses for the Fe particles in an effort 
to emulate the true shape of the filler particles (see Figs. S5–S6 for SEM 
and digital microscopy images of the particles) while the spaces between 
the fillers in each sample are composed of PDMS. As the BTO used in the 
LMPCs tends to have a smaller particle size than GaInSn or Fe, the BTO 
particles were modeled at 0.1 times the cross-sectional area of the 
GaInSn and Fe particles. The conductivity and permittivity of each 
material used are shown in Table 1 [39,40]. The precise permittivity of 
the BTO filler is unknown as it depends on a variety of factors including 
the crystal structure and production method of the BTO [41]. For nu
merical electric field distribution analysis, a relative permittivity of 500 
was assumed for BTO, which is a value reported in Ref. [39], while 1 was 

assumed for GaInSn and Fe. Fig. 10 shows the numerically analyzed 
electric field distribution of neat dispersions of BTO, GaInSn, and Fe at 
volume concentrations of 10% while an 18 kV, 60 Hz sinusoidal voltage 
stress is applied to the top edge of each sample. In the neat 10 vol% BTO 
LMPC, the simulated average electric field in the PDMS is 18.88 kV/mm. 
A higher average electric field of 19.02 kV/mm is observed in the 10 vol 
% GaInSn LMPC. The highest average electric field across the 10 vol% 
models occurred in the Fe LMPC at 20.90 kV/mm. A higher average 
electric field being formed at the same applied voltage coincides with a 
lower PDIE and lower breakdown electric field Ebd. This model provides 
insights into the experimental results by showing that PDMS-BTO 
composites have the lowest average electric fields, followed by 
PDMS-GaInSn and PDMS-Fe composites. These numerical results 
correspond to the fact that PDMS-BTO composites have the highest PDIE 
and Ebd, followed by PDMS-GaInSn and PDMS-Fe composites. 

Results shown in Fig. 8 indicate that Fe increases tan δ and lowers 
PDIE and Ebd more significantly than any other fillers investigated due to 
the sharpness and irregular shape of the Fe particles. At a fixed voltage, 
the electric field magnitude surrounding a conductor is given by E =

V/r. Sharp edges, which are expressed in terms of small r values, of the 
Fe particles cause a local electric field enhancement. Hence, a high 
concentration of sharp conductive particles in PDMS causes a significant 
increase in the average electric field, which explains the more pro
nounced effect of Fe on tan δ, PDIE, and Ebd compared to GaInSn. As an 
illustration of the effects of sharp edges, Fig. 11 shows a numerical 
model of a spherical GaInSn particle and an ellipsoidal Fe particle in a 
PDMS matrix with the top electrode energized at 18 kV. The electric 
field around the sharp edges of the Fe particle (ellipsoidal) is much 
greater in intensity than that around the GaInSn particle (spherical). The 
FEA simulation results suggest that the distinct geometry of Fe and 
GaInSn is one the reasons behind the substantially lower Ebd of the neat 
Fe LMPCs compared to that of the net GaInSn LMPCs. In general, an 
increase in the loading of a filler reduces Ebd because BTO, Fe, and 
GaInSn all have a much higher conductivity and permittivity than PDMS 
[40]. When relatively more conductive impurities or fillers are intro
duced into an electrically insulating medium, the electric field increase 
in magnitude in the bulk of the insulating medium and near the surface 
of the fillers due to their relatively small radii [42]. This means that a 
higher quantity of fillers increases the average electric field in the 
dielectric medium and, therefore, lowers the PDIE and Ebd. 

According to the simplified model shown in Fig. 9, the calculated 

Fig. 9. Simplified two-layer dielectric model.  

Fig. 10. Electric field distribution under 18 kV 60 Hz AC voltage stress. (a) 10% 
BTO, (b) 10% GaInSn, (c) 10% Fe. 

Table 1 
Material properties used in the FEA modeling shown in Fig. 10.  

Material Conductivity (S/m) Relative Permittivity 

PDMS 1 × 10−13 2.86 
GaInSn 3.46 × 106 1 
Fe 1 × 107 1 
BTO 2.5 × 10−6 500  

Fig. 11. The effects of filler geometry on electric field.  
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electric field in the PDMS, shown in Fig. 8 (b), electric field does not 
significantly depend on differences among the conductivity and 
permittivity of the fillers. This is because all of the three fillers studied 
have a conductivity many times higher than PDMS, causing differences 
in conductivity and permittivity between each filler to have a trivial 
effect on electric field distribution. This implies that the differences in 
particle size and shape are the primary contributors to the effects each of 
these fillers have on PDIE and Ebd. GaInSn and Fe each reduce PDIE and 
Ebd more dramatically than BTO because their larger particle size 
causing larger areas of electric field enhancement within the PDMS. 
Despite being slightly less than one order of magnitude more conductive 
than GaInSn, the Fe containing LMPCs broke down at a much lower 
electric field than the GaInSn LMPCs of the same concentration. This is 
most likely because while BTO and GaInSn particles are nearly spherical 
in shape, while Fe particles have an irregular shape with sharper edges 
(i.e., smaller radii). As discussed previously, it is well known that ge
ometry has a profound effect on electric field due to Gauss’s Law, where 
sharp edges cause local increases in electric field magnitude [42]. 

5. Conclusion 

LMPC samples containing various concentrations of GaInSn along 
with a rigid filler, BTO or Fe of various concentrations, were fabricated 
and characterized. No clear trend in tan δ was found as GaInSn con
centration increases, while increasing BTO and Fe concentration caused 
an increasing trend in tan δ. It was concluded that the PDIE of all 
samples tends to decrease with increasing BTO, GaInSn, or Fe concen
tration due to the higher conductivity and permittivity of these fillers 
compared to PDMS. In all composites, Ebd showed a trend similar to that 
of PDIE. Compared to other fillers, BTO tends to compromise dielectric 
integrity most weakly and Fe tends to compromise dielectric integrity 
most strongly by inducing the highest tan δ, lowest PDIE, and lowest Ebd. 
This conclusion was reinforced by FEA models that show strong spikes in 
electric field intensity near the sharp edges of the Fe particles along with 
a much higher average electric field in the bulk of the PDMS in neat Fe 
dispersions compared to the neat dispersions of GaInSn or BTO. The 
results suggest that incorporating BTO is a potential solution for fabri
cating LMPCs with improved dielectric reliability. With the results dis
cussed in this work, it will be possible to strategically fabricate reliable 
and durable stretchable electronics and soft robotic devices with desired 
electrical properties by tuning filler composition and concentration. 
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