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Joshipura et al., J. Mater. Chem. C., 2015.Chiechi et al., Angew. Chemie - Int. Ed. 2008Indium Corp. 

• Eutectic Gallium Indium (74.5% Ga, 24.5% In; by weight)

• Low melting point ~ 15.5°C

• Negligible toxicity

• Low viscosity 1.99 mPa.s

• High electrical and thermal conductivity (σ = 3.4×106 S/m, k = 26.4 

W/m·K, at ∼30°C)
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Thubber’s Microstructure
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Pan et al., Adv. Mat., 2019
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In Figure  2 a, the solid curve is the effective relative permit-

tivity, r
*e , as a function of  f  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  f  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  f  = 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  f  = 0% to  f  = 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  = ¥ Þ K *  = ¥ ²  f . 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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  ( 2)  

 Equation  ( 2)   is plotted as a function of  f  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 a / (10 + 9 a )}, where  E  is the modulus of the 

surrounding elastomer,  a  =  g /  ER ,  g  is the surface tension of 

the liquid droplet, and  R  is the droplet radius. For values of 

 g  = 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 

Adv. Mater. 2016, 

DOI: 10.1002/adma.201506243

www.advmat.de
www.MaterialsViews.com

 Figure 3.    Mechanical and electromechanical characterization of LMEEs. a) Stress versus strain plot for LMEEs from  j  = 0% to  j  = 50% tested until 

failure. The image shows the  j  = 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 ( j ); 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  j . Error bars = ±1 s.d. and error bars smaller than symbol size are 

omitted. d) Cyclic loading of a  j  = 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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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  f  = 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
*e  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  e  rm  is the matrix relative permittivity at  f  = 0%,  p  =  r  3 /  r  1  is 

the aspect ratio of the ellipsoids, and  q  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  q > = 1/3 for randomly orientated ellipsoids. 

Adv. Mater. 2016, 
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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  j  = 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 ( j ) 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  j  = 0% and  j  = 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.

Influence of Temperature on elasticity
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 What is the extent of temperature in which LM inclusions remain liquid?

 Does the matrix materials affect the working temperature?

Test Specimen

EGaIn droplets (50%vol.) in Sylgard 184 (50%vol)

Characterization Methods

1. Dynamic Mechanical Analysis (DMA)

Tensile Configuration

1% strain

1 Hz

Specimen Geometry: 10mmX4mmX1mm

Temperature Range (–90C to 35 C )

RSA-G2 - TA Instruments

2. Differential Scanning Calorimetry (DSC)

Specimen weight: 5-15 mg

T-zero aluminum pan

Temperature Range (– 90C to 35 C )

Q20 - TA Instruments
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Differential Scanning Calorimetry (DSC)
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 Significantly reduced melting and freezing (crystallization) temperatures

Freezing Temperature

–82 C

Melting Temperature

–25.5 C

Freezing Temperature

–6 C

Cooling

Heating

Melting Temperature

16.9 C

Bulk EGaIn



Supercooling Effect in Liquid Metals
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The confinement of gallium in micro- to nanometer-sized particles resulted 

in a lowering of the freezing and melting temperatures

Yamaguchi et al. Angew. Chem. Int. Ed. 2015

Gallium Nano-Particles



Effect of Polymer Matrices
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