
Vol. 28 • No. 19 • May 18 • 2016

www.advmat.de

ADMA_28_19_cover.indd   4 27/04/16   11:26 AM



© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3726 wileyonlinelibrary.com

C
O

M
M

U
N

IC
A
TI

O
N  Stretchable, High- k  Dielectric Elastomers through 

Liquid-Metal Inclusions 

   Michael D.    Bartlett     ,        Andrew    Fassler     ,        Navid    Kazem     ,        Eric J.    Markvicka     ,        Pratiti    Mandal     ,    
   and        Carmel    Majidi   *   

  Dr. M. D. Bartlett, Dr. A. Fassler, Prof. C. Majidi 
 Soft Machines Lab 
 Department of Mechanical Engineering 
 Carnegie Mellon University 
  Pittsburgh  ,   PA    15213  ,   USA  
E-mail:   cmajidi@andrew.cmu.edu    
 N. Kazem 
 Soft Machines Lab 
 Department of Civil and Environmental Engineering 
 Carnegie Mellon University 
  Pittsburgh  ,   PA    15213  ,   USA    
 E. J. Markvicka 
 Soft Machines Lab 
 The Robotics Institute 
 Carnegie Mellon University 
  Pittsburgh  ,   PA    15213  ,   USA    
 P. Mandal 
 Laboratory for Transport Phenomena in Energy Systems 
 Department of Mechanical Engineering 
 Carnegie Mellon University 
  Pittsburgh  ,   PA    15213  ,   USA   

DOI: 10.1002/adma.201506243

 Here, we incorporate liquid-metal (LM) microdroplets into 
hyperelastic materials to create all soft matter systems with 
exceptional electro–elasto properties ( Figure    1  a–c). The integra-
tion of LM microdroplets increases the dielectric constant to 
over 400%, displays a low dielectric dissipation factor, and can 
be stretched to many times their original length (Figure  1 d). 
This approach eliminates the internal compliance mismatch of 
rigid fi llers and thus preserves the mechanics of the host mate-
rial, offering a unique combination of low mechanical rigidity 
and a high dielectric constant (Figure  1 e). These liquid-metal 
embedded elastomers (LMEEs) can be tailored to match the 
elastic and rheological properties of soft synthetic materials 
and biological tissue to enable signal transduction, rigidity 
tuning, and a rich set of other functionalities for biocompatible 
machines (artifi cial organs) and electronics (artifi cial skin and 
nervous tissue). 

  Composites are prepared by mixing the LM (eutectic Ga–In 
(EGaIn) alloy (75% Ga/25% In, by weight) with uncured liquid 
silicone (Ecofl ex 00–30, Smooth-On) or polyurethane (Vytafl ex 
30, Smooth-On) at volume loadings ( φ ) of LM from 0% to 50% 
(see the Experimental Section for preparation details). EGaIn is 
selected as the LM due to its low melting point (MP = 15 °C), 
high electrical conductivity ( σ  = 3.4 × 10 6  S m –1 ), low viscosity 
( η  = 2 mPa s), and low toxicity (compared to Hg). [ 20,21 ]  Addi-
tionally, EGaIn oxidizes in air to form a ≈1–3 nm thick Ga 2 O 3  
skin that allows the liquid droplets to be broken apart and dis-
persed in solution without the need for emulsifying agents. 
The microstructure of the EGaIn–silicone composite ( φ  = 50%) 
is investigated with top-down optical microscopy (Figure  1 b) 
and through nondestructive 3D X-ray imaging using a nano-
computed tomographic (CT) scanner (Figure  1 c; Figure S1 and 
Video S1 of the Supporting Information for 3D animation). 
Together, these two levels of imaging show a disordered but 
statistically uniform dispersion of droplets and the absence of 
percolating networks that could result in electrical conductivity 
or shorting. The microdroplets are also generally ellipsoidal 
shaped with dimensions measured through 2D particle analysis 
on the order of ≈4–15 µm (Figure S2 and S3 and Table S1 of 
the Supporting Information). Because the LMEE composite is a 
thermoset with a long working time (≥30 min), multiple fabri-
cation techniques can be used to pattern liquid-metal materials, 
including 3D printing, soft lithography, laser ablation, or stencil 
lithography techniques. [ 22 ]  Thin fi lms can also be prepared and, 
as an example, a stencil patterned EGaIn–silicone specimen 
is presented in Figure  1 d. The electrical polarizability of the 
LMEEs is crucial for their use as soft, stretchable electronic 
components.  Figure    2  a presents a plot of effective relative 
permittivity r

*ε  versus  φ  for an EGaIn–silicone composite at a 

  Soft electronic systems capable of sensing, actuating, and 
energy harvesting are key components for emerging applica-
tions in wearable electronics, biocompatible machines, and 
soft robotics. [ 1–5 ]  Traditionally, the electronic properties of 
rubbery polymers like silicones, polyurethanes, or copoly-
mers such as styrene–ethylene–butylene–styrene are tailored 
by adding 10–30% by volume of inorganic fi llers such as Ag 
powder, Ag-coated Ni microspheres, structured carbon black 
(CB), exfoliated graphite, carbon nanotubes, BaTiO 3 , TiO 2 , 
or other metallic, carbon-based, or ceramic micro-/nanopar-
ticles. [ 6–12 ]  Although rigid particles have been incorporated 
into silicones, urethanes, and acrylate-based elastomers to 
increase their dielectric constant, [ 13 ]  the loadings required to 
achieve signifi cant electric property enhancement can degrade 
the mechanical properties of these soft and stretchable 
material systems. [ 10,14–16 ]  The inherently rigid nature of the 
inorganic fi ller particles creates a dramatic compliance mis-
match with the soft, stretchable elastomer matrix that leads 
to internal stress concentrations, delamination, and friction 
that increases bulk rigidity, reduces extensibility, and results 
in inelastic stress–strain responses that can limit long-term 
durability at the mesoscale. [ 16,17 ]  One approach to reduce this 
compliance mismatch is to use fl uid fi llers. This has recently 
been investigated by Style et al. where ionic-liquid inclusions 
modifi ed the mechanical response of soft elastomers, but elec-
trical properties were not investigated. [ 18 ]  
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frequency of 100 kHz and 0% strain. The plot shows that as the 
concentration of LM increases, the effective relative permittivity 
increases nonlinearly. For the silicone system, the effective 
relative permittivity of the sample with  φ  = 50% increases to 
over 400% as compared to the unfi lled system over the entire 
1–200 kHz frequency range (Figure  2 b). In order to evaluate the 
ability of the dielectric to store charge, we measure its dissipa-
tion factor ( D ) for the same range of frequencies (Figure  2 c). 
Also called the loss tangent,  D  corresponds to the ratio of elec-
trostatic energy dissipated to that stored in the dielectric. [ 13 ]  
For LMEEs, the dissipation factor is measured to be similar 
to or less than that of the unfi lled material ( D  < 0.1) and well 
within the threshold for dielectric functionality. In contrast, 
many high- k  composites enhanced with conductive particulates 
(such as Ag, Al, and CB) become lossy and demonstrate large 
 D  values due to non-negligible electrical conductivity at volume 
fractions on the order of 30%. [ 8 ]  

  To quantitatively understand the increase in relative 
permittivity, effective medium theory (EMT) can be used to 
understand the dependency of electro–elasto properties on 
composition and microstructure. We use a general analytic 
theory by Nan  et al.  [ 23 ]  that allows for inclusions with ellipsoidal 

shapes with principal dimensions  r  1  =  r  2  and  r  3 , where the 
effective relative permittivity r

*ε  can be written as:
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 Here  L  11  and  L  33  are geometrical factors dependent on the par-
ticle shape and are given by:
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 where  ε  rm  is the matrix relative permittivity at  φ  = 0%,  p  =  r  3 / r  1  is 
the aspect ratio of the ellipsoids, and  θ  is the angle between the 
axis along which permittivity is being calculated and the prin-
cipal axis corresponding to the dimension  r  3 . For our materials, 
the average aspect ratio of the LM inclusions measured through 
particle analysis is  p  = 1.49 ± 0.36 (Table S1, Supporting Infor-
mation) and <cos 2  θ > = 1/3 for randomly orientated ellipsoids. 
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 Figure 1.    Stretchable, high- k  dielectrics based on LMEEs. a) Material schematic showing the dispersion of liquid-metal drops in a fl exible and stretch-
able elastomer matrix. b) Top-down optical microscopy images of the  ϕ  = 50% silicone LMEEs at different length scales. Scale bar, 100 µm and inset 
25 µm. c) Nano-CT scan showing the 3D microstructure of the LMEE. Scale bar, 25 µm. d) Photographs demonstrating the patterning and stretchability 
of the silicone LMEEs from 0% (top) to 250% (middle) to 500% (bottom) strain. Scale bar, 5 cm. e) Plot of elastic modulus versus dielectric constant 
for a variety of insulating materials, [ 13,19 ]  showing the unique combination of low modulus and high dielectric constant of LMEEs.

 Figure 2.    Design and evaluation of silicone LMEE dielectric properties. a) Plot of relative permittivity at 100 kHz frequency versus volume fraction 
loading of liquid metal ( ϕ ) in the elastomer, the line is the theoretical prediction of Equation  ( 1)   with  p  = 1.49 ± 0.36 and the shaded region is ±1 s.d. 
in  p . b) Plot of dielectric constant as a function of testing frequency for  ϕ  = 0% and  ϕ  = 50% showing an increase of over 400% for the fi lled system 
relative to the unfi lled system. c) Plot of dielectric dissipation factor as a function of testing frequency showing the low dissipation of the LMEEs. Error 
bars = ±1 s.d. and error bars smaller than the symbol size are omitted.
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tivity, r
*ε , as a function of  φ  as predicted by Equation  ( 1)   and the 

shaded region represents ±1 s.d. to capture the polydispersity 
in particle aspect ratio. Although Nan  et al.  is based on multi-
scattering theory and neglect interparticle interactions, the 
theoretical prediction is still in very good agreement with the 
experimental data using only experimentally measured parame-
ters. Other potential EMT models for a two-phase material with 
a dilute suspension of spherical particles include the Maxwell–
Garnett (MG) and Bruggeman formulations. [ 24–26 ]  In particular, 
we also fi nd good agreement between our data and the MG 
model (Figure S4, Supporting Information), even though the 
MG model assumes spherical particles. This suggests that the 
relatively low aspect ratio ( p  = 1.49 ± 0.36) of the LM inclusions 
does not have a large infl uence on the dielectric response. 

 The mechanical behavior of the LMEEs is studied under 
tensile loading for  φ  ranging from 0% to 50%. Three samples 
were evaluated at each concentration of LM.  Figure    3  a presents 
representative stress–strain curves for silicone composites 
with images of a  φ  = 50% LMEE sample stretching to 600% 
strain. From these data, the infl uence of stiffness of the liquid 
inclusions is studied by measuring the elastic modulus in the 
low-strain regime (0–10% strain). Figure  3 b shows that as the 
amount of liquid metal increases from  φ  = 0% to  φ  = 50%, 
the measured elastic modulus increases from 85 to 235 kPa. 
As the elastomer and LM are virtually incompressible, the 
composite is expected to maintain an infi nite bulk modulus, 
i.e.,  K  e  =  K  LM  = ∞ ⇒ K * = ∞ ∀ φ . Utilizing Eshelby’s theory of 
composites and assuming incompressible elastic inclusions of 

modulus  E  i  dispersed in a solid of modulus  E , the composite 
modulus  E*  is: [ 18,27 ] 
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 Equation  ( 2)   is plotted as a function of  φ  in Figure  3 b for dif-
ferent regimes of inclusion stiffness. Three regimes are 
represented: stiff inclusions (1 MPa <  E  i  < 1 TPa), soft inclu-
sions (129 kPa <  E  i  < 1 MPa), and liquid inclusions with sur-
face tension (0 kPa <  E  i  < 129 kPa). The limit  E  i  = 129 kPa 
is based on recent observations by Style et al. [ 18 ]  that liquid 
inclusions can stiffen solids and exhibit an effective mod-
ulus  E  i  =  E {24 α /(10 + 9 α )}, where  E  is the modulus of the 
surrounding elastomer,  α  =  γ / ER ,  γ  is the surface tension of 
the liquid droplet, and  R  is the droplet radius. For values of 
 γ  = 620 mJ m –2 ,  E  = 85 kPa, and  R  = 5.0 µm, it follows that sur-
face tension and surface stress can effectively make the liquid 
act as an elastic inclusion with modulus  E  i  = 129 kPa. However, 
as observed in Figure  3 b, the LMEE composites have stiffnesses 
above those predicted by this estimate and are instead well 
within the soft inclusion regime. Specifi cally, good agreement 
between the experimental data and Equation  ( 2)   is found with 
an inclusion modulus value of 320 kPa. The larger inclusion 
modulus value used for fi tting could be attributed to both the 
theory assuming that the particles are noninteracting, which 
is likely violated at higher volume fractions, and that the oxide 
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 Figure 3.    Mechanical and electromechanical characterization of LMEEs. a) Stress versus strain plot for LMEEs from  ϕ  = 0% to  ϕ  = 50% tested until 
failure. The image shows the  ϕ  = 50% at 0% and 600% strain, scale bar, 25 mm. b) Plot of tensile modulus (measured to 10% strain) as a function of 
the volume fraction loading of liquid metal ( ϕ ); the dashed line is the prediction of Equation  ( 2)   showing the increase in modulus due to the liquid-
metal inclusions ( E  i  = 320 kPa). c) Strain at break for the LMEEs as a function of  ϕ . Error bars = ±1 s.d. and error bars smaller than symbol size are 
omitted. d) Cyclic loading of a  ϕ  = 50% LMEE with three cycles at each strain. The materials display a Mullins effect where the initial loading cycle at 
each strain shows signifi cant hysteresis but subsequent loading cycles show a greatly reduced hysteresis. e) Electromechanical coupling strain to break 
curve showing the (left axis, blue circles) increase of capacitance ( C ) relative to the initial capacitance ( C  0 ) and (right axis, black squares) dielectric 
constant calculated from Equation  ( 3)   as a function of stretch. f) Cyclic testing of the LMEE to 100% strain over 100 cycles.
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skin on the LM drops can also act to stiffen the inclusions. [ 28 ]  
Despite the stiffening effect, the composites are similar in 
modulus to soft synthetic materials and biological tissue. [ 1,29 ]  

  These LMEE composites are also able to undergo signifi -
cant deformations. Figure  3 c shows that the LMEEs compos-
ites are able to stretch to strains on the order of 600%, similar 
to that of the unfi lled elastomer. The composite also exhibits 
very little hysteresis (Figure  3 d) when comparing the loading 
and unloading curves. This suggests negligible internal friction 
and losses due to viscoelasticity. The only exception is for the 
initial load of a freshly prepared (virgin) sample, during which 
a signifi cant Mullin’s effect is observed. [ 30,31 ]  Such a response 
to initial loading is typical in elastomer composites and, in 
the case of LMEEs, vanishes with subsequent loading (unless 
the sample is stretched beyond its previous maximum strain). 
The LMEEs were also loaded in compression with a rigid 
cylindrical indenter of  R  = 0.75 mm and  R  = 1.50 mm up to 
6250 N m –1  on a rigid glass substrate and continued to be insu-
lating even though the material underwent signifi cant perma-
nent deformation (Figure S5, Supporting Information). These 
mechanical characteristics highlight the robustness of the 
LMEEs to extreme deformations which could be expected for 
stretchable electronics applications. 

 The electrical response to mechanical deformation is a signif-
icant parameter for stretchable dielectrics. Figure  3 e,f presents 
results for the electrical permittivity and electromechanical 
coup ling of EGaIn–silicone composites ( φ  = 50%). Measure-
ments are performed on a stretchable parallel-plate capacitor 
composed of an LMEE dielectric and EGaIn electrodes sealed 
in an additional layer of silicone (Figure  3 e, inset). The nor-
malized capacitance,  C/C  0 , where  C  0  is measured at 0% strain, 
increases under tensile loading until the dielectric fails at over 
700% strain. For a parallel-plate capacitor the initial capacitance 
can be calculated by  C  0  = ε r  ε  0  A  0 / t  0 , where  ε  0  = 8.85 × 10 −12  F m –1  
is the vacuum permittivity, and  A  0  and  t  0  are the initial planar 
area and thicknesses, respectively. Under the assumption of 
incompressibility the dielectric constant of the LMEEs during 
stretching from an initial length  L  0  to the instantaneous length 
 L  can be calculated as:

 

1
r
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0 0
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ε

ε λ
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  ( 3)  

 where  λ  =  L / L  0  is the extension ratio. Using Equation  ( 3)   the 
dielectric constant is plotted in Figure  3 e. It is observed that 
as the sample is loaded in tension, the capacitance increases 
by a factor of over 4.5, while the dielectric constant decreases 
from 18 to 9 when stretched from 0% to 700% strain. To fur-
ther study the durability of the LMEEs as dielectric mate-
rials, we performed cyclic testing experiments to 100% strain 
under tensile loading over 100 cycles (Figure  3 f). During the 
experiments, the capacitance increased slightly at both 0% and 
100% strain during the fi rst 10 cycles, but then remained con-
stant until the test is completed at 100 cycles. The ability to 
undergo signifi cant strain over 100 cycles without degradation 
of the electrical or mechanical properties further demonstrates 
LMEEs as stretchable dielectric materials. 

 In addition to exploring LMEEs in silicone elastomers, we 
also investigated their behavior in polyurethane elastomer 
matrices at high volume loadings ( φ  = 50%) (Figure S6 and 
S7 of the Supporting Information for particle analysis). Com-
pared to the silicone, the polyurethane-based LMEEs have 
a higher elastic modulus ( E  = 780 kPa) and a lower average 
strain to break of 182%. However, the dielectric constant of 
the polyurethane elastomers is found to be greater. Therefore, 
if extreme strains and moduli on the order of 100–200 kPa 
are not required, the general strategy developed for silicone 
LMEEs can be extended to polyurethane elastomers. As seen 
in  Figure    4  a, the dielectric constant across the frequency 
range from 1 to 200 kHz for the polyurethane LMEEs at  φ  = 
50% is above 42. Additionally, the dissipation factor is below 
0.1 (Figure  4 b). To connect the measurements from the sili-
cone elastomers and the polyurethane elastomers, and provide 
a general understanding of LMEEs as dielectric materials we 
revisit Equation  ( 1)  . When plotting the silicone and urethane 
LMEEs on a plot of effective normalized permittivity /r

*
rmε ε  

versus  φ  at 0% strain we see that the results collapse on a single 
line described by the theory (Figure  4 c). This clearly shows the 
applicability of LM inclusions for increasing the dielectric con-
stant in hyperelastic media. 

  Because of their robust mechanical properties and ease 
of fabrication, the LMEE composites introduced here are an 
excellent model system for examining the electro-elasticity of 
more general classes of soft-matter heterogeneous materials. 
Future efforts will focus on the derivation and experimental 
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 Figure 4.    Connecting polyurethane and silicone LMEEs. a) Plot of effective relative permittivity versus testing frequency for polyurethane LMEEs at 
 ϕ  = 0% and  ϕ  = 50%. b) Plot of dielectric dissipation factor ( D ) as a function of frequency for the polyurethane LMEEs, showing low dissipation. 
c) The dielectric performance of the LMEES is generalized by plotting effective normalized permittivity for both the silicone and polyurethane LMEEs, 
where the data collapse onto a single line described by Equation  ( 1)   with  p  = 1.49 ± 0.36. Error bars = ±1 s.d. and error bars smaller than the symbol 
size are omitted.
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neous representations of elastomers embedded with randomly 
shaped and distributed liquid-metal inclusions. These models 
can then be utilized to better understand the electro mechanical 
coupling behavior for the deformable inclusions presented 
in this work. Moreover, such theories could potentially be 
extended to examine the mechanics of other multiphase com-
positions, e.g., ionic gels, densely packed colloidal suspensions, 
and soft microfl uidic systems with ordered microchannel net-
works. From an applications’ perspective, these materials pro-
vide opportunities for integration into soft electronics including 
sensors and soft energy harvesting devices. In particular, 
hyperelastic capacitive strain sensors would be able to measure 
stretches well above double their initial length with signifi cantly 
improved sensitivity.  

  Experimental Section 
  Fabrication : Ecofl ex 00–30 and Vytafl ex 30 were prepared at a 1:1 

weight ratio of part A to part B using an AR-100 THINKY planetary 
centrifugal mixer. Gallium and indium purchased from Gallium Source, 
LLC were combined at 75% Ga:25% In by weight to produce EGaIn. 
The LMEE was then fabricated via shear mixing of the polymer and 
EGaIn with a mortar and pestle until a viscous emulsion was formed 
and the droplets appeared to be less than 30 µm under the microscope 
(≈10 min). For materials with low volume percent EGaIn, a higher 
concentration sample was prepared fi rst and diluted with the addition of 
further polymer. The emulsion could then be deposited onto a substrate 
using a thin fi lm applicator (ZUA 2000.150, Zehntner). Patterning was 
done using stencil lithography, cutting masks from LaserTape (IKONICS 
Imaging) with a VLS 3.50 laser cutter (Universal Laser Systems, Inc.). 
Ease Release 200 was used as a releasing agent for Ecofl ex 00–30 based 
samples, while a 50 µm layer of Sylgard 184 (Dow Corning Corporation) 
was used for the Vytafl ex 30 composite. Once deposited, the material 
was cured for 16 h at 50 °C. 

  Nano-CT Scan : 3D imaging on an EGaIn–silicone composite 
( φ  = 50%) was performed with a Zeiss Xradia UltraXRM-L200 nano-CT 
scanner. The instrument settings provided a resolution of 150 nm on a 
cylindrical sample with a diameter of 62 µm and a scan height of 65 µm. 
Sample preparation was accomplished by placing a plastic capillary 
tube with an inner and an outer diameter of 62 and 87 µm, respectively, 
on top of a needle in a syringe. The capillary tube was then fi lled with 
uncured composite material by retracting the syringe plunger. The 
composite was cured in the capillary tube for 16 h. 

  Dielectric Measurements : Measurements were performed at room 
temperature, which was above the melting point of EGaIn (15 °C), by 
creating a thin fi lm of the LMEEs with a thin fi lm applicator on a metal plate. 
1 cm × 1 cm EGaIn contact pads were then applied to the surface of the 
LMEEs to act as the top plate of the capacitor. Leads were then connected 
to the supporting metal plate and a wire probe was placed into the EGaIn 
contact. A benchtop LCR meter (889B; BK Precision) was connected to a PC 
using the remote interface mode and used to collect data. The capacitance 
was measured and the permittivity was calculated from these values based 
on the parallel plate sample geometry. The dissipation factor ( D ) was 
calculated by the LCR meter and recorded. Three samples were prepared 
of each specimen and ten measurements were made on each sample. The 
data were then averaged together to get a representative data set. 

  Mechanical Measurements : Mechanical samples were prepared in a 
dogbone geometry and tested on an Instron 5969 mechanical testing 
machine with a 10 N load cell. Three samples were tested for each 
volume percent of LM. The experiments were run at an extension rate 
of 10 mm min –1  and data were collected continuously throughout the 
experiment until failure for the strain to break samples or when the test 
was complete for the cyclic testing. 

  Electromechanical Coupling Measurements : Electromechanical coupling 
samples were fabricated in layers, using EGaIn to form a stretchable 
parallel plate capacitor which was encapsulated in polymer. LMEE was 
fi rst deposited in a dogbone geometry onto a substrate and cured. 
The EGaIn electrode was then painted onto the LMEE using a stencil, 
overlapping with a strip of 3M Fabric Tape CN-3490 cut and adhered to 
an end of the sample. This conductive fabric tape was used to interface 
the capacitor to external circuits and collect measurements. An acrylic 
scaffold was placed around the sample and polymer (matching that of 
the LMEE sample) was poured over the sample to encapsulate the LM 
electrode. Once cured, the sample was removed from the substrate; 
another EGaIn electrode was painted onto the bottom side, again 
overlapping a strip of fabric tape and encapsulated with more polymer. 

 The samples were clamped into grips with integrated electrical leads 
on an Instron 5969 mechanical testing machine with a 1 kN load cell 
and capacitance data were collected with the benchtop LCR meter. The 
electromechanical coupling data till failure were run at an extension rate 
of 100 mm min –1  and the cyclic testing was conducted at an extension 
rate of 10 mm min –1 .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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