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gallium-based LM alloys such as EGaIn 
(eutectic gallium–indium) or galinstan 
(eutectic gallium-indium-tin) are typi-
cally selected as the liquid filler due to 
the combination of high electrical and 
thermal conductivity, low viscosity, and 
nontoxic characteristics.[4–7] By dispersing 
LM inclusions into elastomers, functional 
properties—including thermal conduc-
tivity,[8–15] dielectric constant,[16–21] and elec-
trical conductivity,[22–39]—can be improved 
with negligible changes in stiffness and 
extensibility of the host elastomer, even 
at high loading. LM embedded com-
posites exhibit a unique combination of 
functional properties, low stiffness, and 
high strain limit that overcomes funda-
mental limitations of soft and deform-
able materials and offers great promise 
for emerging applications in soft robotics 
and wearable computing that require 
highly functional and elastically deform-
able materials. Despite the improved 
properties, both the density of Ga-based 

LMs (EGaIn: 6.25 g cm−3; galinstan: 6.44 g cm−3) and typically 
high loading (⩾85 wt%, or ⩾50 vol%) required to achieve the 
desired functional properties contribute to the high density of 
LM embedded composites, which can be problematic for large-
area and weight-sensitive applications.

Recently, researchers have shown that the properties of Ga-
based LMs can be enhanced through the addition of solid par-
ticles. Several LM mixtures have been studied to improve the 
thermo-mechanical properties[10,11,40–49], rheology and consist-
ency,[50–58] and density[58,59] of LM. This has resulted in LM mix-
tures with high thermal conductivity >100 W m−1 K−1, a fourfold 
increase as compared to pure LM,[43,44] LM pastes that can be 
easily spread on a surface,[40] and LM mixtures that can float on 
water.[59] However, LM mixtures that include metallic particles 
with fcc crystal structures, such as copper (Cu), silver (Ag), iron 
(Fe with fcc crystal structure), and nickel (Ni), tend to spon-
taneously react with LM and form intermetallics that solidify 
at low loading.[10] For LM mixtures with particles that do not 
form intermetallic species, the rheology and consistency of the 
mixtures are controlled by the fraction of solid particles that are 
added to the mixture, resulting in a transition from a liquid to 
paste-like rheology (⩽50% by volume) or liquid to powder at 
higher volume loading (>50%).[40,44,52,53,59] The viscosity of the 

Lightweight and elastically deformable soft materials that are thermally 
conductive are critical for emerging applications in wearable computing, soft 
robotics, and thermoregulatory garments. To overcome the fundamental heat 
transport limitations in soft materials, room temperature liquid metal (LM) 
has been dispersed in elastomer that results in soft and deformable materials 
with unprecedented thermal conductivity. However, the high density of LMs 
(>6 g cm−3) and the typically high loading (⩾85 wt%) required to achieve the 
desired properties contribute to the high density of these elastomer compos-
ites, which can be problematic for large-area, weight-sensitive applications. 
Here, the relationship between the properties of the LM filler and elastomer 
composite is systematically studied. Experiments reveal that a multiphase LM 
inclusion with a low-density phase can achieve independent control of the 
density and thermal conductivity of the elastomer composite. Quantitative 
design maps of composite density and thermal conductivity are constructed 
to rationally guide the selection of filler properties and material composition. 
This new multiphase material architecture provides a method to fine-tune 
material composition to independently control material and functional prop-
erties of soft materials for large-area and weight-sensitive applications.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202104762.

1. Introduction

Elastomer composites with embedded droplets of gallium-
based liquid metal (LM) have demonstrated great potential 
as a soft, multifunctional composite that can be engineered 
to exhibit a wide range of functional properties.[1–3] Eutectic 
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mixture can also be increased through vigorous or extended 
mixing that results in excessive gallium oxide formation that is 
mixed into the LM.[50,51]

Hybrid mixtures of LM with solid particles can be dispersed 
in an elastomer matrix to create multiphase LM embedded 
composites.[10,11,60] If intermetallic species form that solidify, the 
LM mixture can degrade the mechanical response of the com-
posite.[10] Alternatively, LM hybrid mixtures with particles such 
as tungsten[40] or diamond[44] that do not form intermetallic spe-
cies and result in significant increases in thermal conductivity 
(two to four times) provide a possible alternative to enhance 
the functional properties of soft materials without degrading 
the mechanical response. However, the density of tung-
sten (kp  = 19.25 g cm−3) is significantly higher than pure LM 
(kp < 6.5 g cm−3), which could be problematic for large-area and 
weight-sensitive applications, while diamond’s high cost can be 
prohibitive. Considering these recent LM hybrid mixtures and 

interest in enhancing the properties of LM embedded elasto-
mers, additional insight is required to understand how the LM 
filler properties such as thermal conductivity, viscosity, and den-
sity influence the thermal conductivity, stiffness, and density of 
LM embedded elastomer composites. This new understanding 
into the relationship between filler and composite properties 
can provide new tools for designing soft and elastically deform-
able materials with high thermal conductivity.

Here, we introduce a multiphase, soft-matter composite con-
sisting of a multiphase LM filler with a low-density phase that is 
dispersed in a highly deformable silicone elastomer (Figure 1). 
Through the addition of the low-density phase, we find that the 
thermal conductivity and density of the soft elastomer com-
posite can be independently controlled by tailoring the volume 
loading of the low-density phase and LM multiphase inclusion. 
Specifically, as the volume loading of the low-density filler is 
increased, we observe a significant reduction in the density 

Figure 1. Lightweight liquid metal elastomer (LLME) composite. a) Material schematic showing the dispersion of multiphase LM inclusions embedded 
in a soft, elastomer matrix. b) Cutaway material schematic showing the dispersion of low-density, hollow glass microspheres dispersed in the LM.  
c) Normalized thermal conductivity and density as a function of low-density microsphere volume loading (n = 3). d) LLME composite material design 
space with lines of constant density and thermal conductivity as a function of low-density glass microsphere and multiphase LM volume loading. 
(inset) Experimentally measured thermal conductivity and density of the selected compositions with marked symbols (n = 3). e,f) Photographs of the 
selected compositions with marked symbols e) submerged in a heavy liquid, and f) the IR thermal response when a constant current is applied to an 
embedded resistive heating element. All error bars represent ±1 SD and are not displayed if smaller than the data point size.
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with only a modest decrease in the thermal conductivity of the 
composite. The thermal conductivity of the composite can be 
increased by increasing the volume loading of the multiphase 
filler. To further understand the relationship between filler and 
composite properties, a quantitative design map of thermal con-
ductivity and density is constructed as a function of filler prop-
erties and volume loading. These design maps can provide new 
insight for tailoring the composition to control the composite 
properties. To guide the rational selection of material composi-
tion and achieve the desired thermal conductivity and density 
of the LM elastomer composite, a quantitative design map is 
constructed as a function of material composition. Using this 
design map, we identify lines of constant thermal conductivity 
and density to achieve independent control of the density and 
thermal conductivity. The ability to tailor material composition 
to control the density of the composite without influencing 
the thermal conductivity is experimentally demonstrated. The 
thermal characteristics of the multiphase elastomer composite 
as a passive heat spreader was evaluated as a function of mate-
rial composition. The incorporation of a low-density filler in 
multiphase LM elastomer composites provides new opportuni-
ties to independently control material and functional properties 
for large-area and weight-sensitive applications.

2. Results and Discussion

2.1. Lightweight Liquid Metal–Elastomer Composite

The lightweight LM-elastomer (LLME) composite is composed 
of multiphase LM inclusions embedded in a soft silicone 
elastomer (ExSil 100, Gelest; Figure  1a). The multiphase-LM 
inclusion consists of hollow glass microspheres suspended 
within a Ga-based LM (Figure  1b). The glass microspheres 
were chosen as the low-density phase due to their chemical 
and mechanical stability when mixed with Ga-based metals, 
relatively uniform diameter (9–13 μm), low cost, and low 
density (1.1 g cm−3) as compared to the density of EGaIn  
(6.25 g cm−3). The multiphase-LM is fabricated by mechani-
cally shear mixing a range of glass microsphere loadings from 

ψ  = 0 to 50% by volume, 
vol(low density filler)

vol(low density filler LM)
ψ =

+






 ,  

with LM in an oxygen-rich environment (e.g., ambient condi-
tions), creating a colloidal suspension. As observed in the 
scanning electron microscopy (SEM) images of the surface 
of the multiphase LM, the majority of the glass microspheres 
are suspended in the LM with the outer surface consisting of 
a thin Ga oxide shell that is formed when exposed to oxygen 
( 50%ψ = , Figure  S1, Supporting Information). During mixing 
in an oxygen-rich environment, the glass microspheres are 
coated with Ga oxide that promotes their affinity to the LM.[40] 
The LLME composite is fabricated by mechanically shear 
mixing the multiphase LM with uncured elastomer, creating a 
dispersion of generally ellipsoidal particles ≈100 μm in diameter 
(Figure S2, Supporting Information). The resulting particle size 
is a function of the mixture viscosity that depends on the LM 
loading[61] and the multiphase LM viscosity, which is a func-
tion of the glass microsphere loading. As expected, the average 
particle diameter decreased with increased volume loading of 

the glass microspheres (ψ). At high volume fractions of glass 
microspheres ( 30%ψ ≥ ), relatively small multiphase LM inclu-
sions were formed as compared to the glass microspheres 
during mixing. As the multiphase LM droplet size decreased 
and approached the mean diameter of the glass microspheres, 
we observed an increase in separation of the glass micro-
spheres from the multiphase LM suspension (Figure S3, Sup-
porting Information). To study the influence of the droplet size 
and subsequent increased separation of the glass microspheres 
from the multiphase LM suspension, hexane was first mixed 
with the uncured elastomer to reduce the mixture viscosity 
and achieve a larger droplet size (D  ≈ 100 μm). Hexane was 
chosen due to its miscibility in polydimethylsiloxane[61,62] and 
its high vapor pressure, which allowed the hexane to be easily 
evaporated from the uncured composite after mechanical shear 
mixing. The mechanical and thermal properties of the LLME 
composite ( 50%φ ψ= = ) with and without the use of hexane is 
shown in Figure S4, Supporting Information. We observe that 
the decrease in droplet size and subsequent increased separa-
tion of the glass microspheres from the multiphase LM suspen-
sion adversely affects the mechanical and thermal properties 
of the bulk composite and resulted in increased modulus, 
reduced maximum elongation, and reduced bulk thermal con-
ductivity. To overcome this issue and systematically control 
droplet size and material composition (φ, ψ), mixing speeds 
and hexane volume were varied for highly concentrated emul-
sions ( 50%φ = ) until the desired multiphase LM particle size 
D ≈ 100 μm was achieved, resulting in negligible separation of 
glass microspheres from the multiphase LM suspension (see 
Experimental Section for details and Figure  S3, Supporting 
Information). The highly concentrated emulsion ( 50%φ = ) 
could then be diluted to achieve the desired LM volume loading. 
The optical micrographs of different combinations of φ and ψ 
are shown in Figure S5, Supporting Information. The fabrica-
tion approach enables control of inclusion size independent of 
inclusion composition and loading, while reducing the separa-
tion of the glass microspheres from the LM suspension during 
mixing, which can have adverse effects on the mechanical and 
functional properties of the LLME composite.

To study the relationship between filler and composite 
properties, the volume loading of the glass microspheres 
(ψ) in the multiphase LM inclusions was increased from 0% 
to 50%. Here, the density and thermal conductivity of the 
filler decreases with increased loading of the glass micro-
spheres. The multiphase LM inclusion volume loading 

vol(multiphase LM)

vol(multiphase LM elastomer)
φ =

+






  was held constant at 

φ  = 50% for all samples, unless otherwise noted. The density 
of the LLME composite was measured gravimetrically using a 
density determination kit (80253384, Ohaus). We observe an 
≈35% decrease in the density of the LLME composite as the 
volume loading of the glass microspheres (ψ) in the multiphase 
LM is increased from 0% to 50% by volume (Figure  1c). The 
bulk thermal conductivity was then measured using the tran-
sient hot-wire (THW) method, where a platinum wire is placed 
between two pieces of the material. As current is applied, the 
wire acts as a resistive heat source and thermometer that meas-
ures the change in temperature (ΔT) as a function of time (t).[63] 
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The change in temperature is related to thermal conduc-
tivity (k) of the material through the cylindrical heat diffusion 
equation (see Experimental Section for details). As the volume 
loading of the glass microspheres is increased from 0% to 50% 
by volume, we observe an ≈14% decrease in the thermal con-
ductivity of the composite (Figure 1c). Here, we experimentally 
observe that a hybrid LM mixture with a low-density phase with 
negligible thermal conductivity (0.085 W m−1 K−1) results in a 
significant reduction in the density with only a modest decrease 
in the thermal conductivity as compared to the composite with 
pure LM. Due to the nonlinear relationship, the material com-
position can be tailored to achieve independent control of the 
density and thermal conductivity (Figure 1d, red and blue lines, 
respectively). Starting with the pure LM elastomer composite 
we show that through the addition of a low-density phase, we 
can rationally modify the material composition to decrease the 
composite density from 3.2 to 2.3 g cm−3, while maintaining 
a constant thermal conductivity of 1.0 W m−1 K−1 (Figure  1d 
inset, blue line). Alternatively, the thermal conductivity can be 
increased from 0.5 to 0.9 W m−1 K−1, while maintaining a con-
stant density of 2.2 g cm−3 by increasing the loading of the low-
density phase and multiphase LM filler (Figure  1d inset, red  
line). The ability to control the density of the LLME composite, 
while maintaining a constant thermal conductivity was then vis-
ually demonstrated by placing the three samples corresponding 
to the blue symbols in Figure  1d in a heavy liquid (Figure  1e; 
Video S1, Supporting Information). As shown in Figure 1f, the 
samples are observed to have a similar thermal response when 
utilized as a passive heat spreading element and a constant 
current is applied to an embedded resistive heating element 
(NiChrome wire). These results demonstrate the ability to tailor 
the material composition to achieve independent control of the 
density and thermal conductivity of the soft elastomer com-
posite, which is enabled through the addition of a low-density 
filler phase in the LM inclusion.

2.2. Characterization of LLME

To determine the interaction and distribution of the glass 
microspheres in the LM, surface and cross-sectional SEM 
images were captured with energy dispersive X-ray spectros-
copy (EDX) to analyze the location of elements. As observed 
in the SEM image of the surface of the multiphase LM with 

50%ψ = , the majority of the glass microspheres are suspended 
in the LM with the outer surface consisting of a thin Ga oxide 
shell (Figure  S1, Supporting Information). The cross-sectional 
SEM image of the multiphase LM with 20%ψ =  and 50%ψ =  
are shown in Figure 2a,c, respectively. The cross-section of the 
multiphase LM is created by freeze fracturing a capillary tube 
filled with the multiphase LM. We observe that the glass micro-
spheres are well distributed throughout the LM with minimal 
aggregation. Furthermore, negligible pores are formed during 
mechanical shear mixing and are generally associated with 
glass microsphere aggregation. Elemental maps of silicon (Si) 
and oxygen (O) are overlaid on a portion of the original SEM 
image to better highlight the location of the glass microspheres 
(Figure  2b,d). The presence of oxygen elements outside of 
the glass microsphere locations corresponds to the Ga oxide 

film that is spontaneously formed when the Ga-based LM is 
exposed to oxygen.[64] Elemental maps of Ga, In, Si, and O can 
be found in the supporting information (Figure S6, Supporting 
Information).

The rheology and consistency of the multiphase LM is highly 
dependent on the volume loading of the glass microspheres. 
The viscosity of the LM suspension is presented in Figure 2e. 
The pure LM and LM suspension exhibit a non-Newtonian, 
shear thinning behavior with increasing shear rate. The vis-
cosity of the multiphase LM containing ψ  < 30% by volume 
has a similar viscosity to pure LM. As the volume loading is 
increased from ψ = 30% to ψ = 50%, the viscosity of the mixture 
increases and transitions from a liquid to thick paste that can 
be molded into different shapes (Figure 2g). At higher volume 
loadings, ψ ⩾ 59%, the mixture transitions from a thick paste 
to powder. Here, LM mixtures with ψ  > 50% that exhibited 
high viscosity and powder-like consistencies were not consid-
ered as they give rise to detrimental increases in rigidity of the 
final elastomer composite. Due to the large mismatch in den-
sity, phase separation of the LM and glass microspheres occurs 
(e.g., the glass microspheres float to the top of the LM). Before 
testing, the multiphase LM was stirred. The phase separation 
is not surprising and has been observed in other LM mixtures 
with large differences in density between the LM and filler.[40]

The density of the multiphase LM mixture and LLME com-
posite was measured gravimetrically using a density determina-
tion kit (Figure 2f). The density of both the multiphase LM filler 
and LLME composite decreases as the volume loading of the 
glass microspheres is increased; where small differences are 
observed between the experimental data and the predicted den-
sity, ρc = ρp · φ + ρm(1 − φ). Here, ρc is the density of the mixture 
or composite, ρp is the density of the discontinuous phase, φ is 
the volume loading of the discontinuous phase, and ρm is the 
density of the continuous phase. For the LLME composite, the 
volume loading of the multiphase LM filler was held constant 
at φ = 50%. The measured density of the multiphase LM and 
LLME composite show reasonable agreement with the theoret-
ical predictions, indicating that minimal air pockets are formed 
and trapped during the fabrication process as also observed 
in the cross-section SEM images (Figure  2a,c). The difference 
between the experimental measurements and theoretical pre-
diction could also be attributed to the glass microspheres that 
are observed to be outside of the expected 9 − 13 μm diameter 
range (Figure S7, Supporting Information).

To study the influence of the filler viscosity on the mechan-
ical response of the LLME composite, the volume loading of 
glass microspheres in the LM inclusions was increased from 
0% to 50%, while the volume loading of the multiphase LM 
filler in the soft elastomer was held constant at φ = 50%. The 
mechanical response under tension is shown in Figure 3a. As 
the microsphere glass loading is increased, the strain at break 
decreases and elastic modulus increases (Figure 3a inset). For 
all glass microsphere loadings, the LLME is shown to be soft 
with an elastic modulus less than 160 kPa and exhibit low hys-
teresis elasticity after the first loading cycle (Figure  S8, Sup-
porting Information). The modest increase in elastic modulus 
for the LLME composite can be attributed to the change in the 
viscosity of the multiphase LM that transitions from a liquid 
to thick paste as the loading of glass microspheres is increased 
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from 0% to 50%. Separation of the glass microspheres from the 
multiphase LM can also cause the elastic modulus of the com-
posite to increase.

To study the relationship between LM filler and LLME com-
posite thermal conductivity, the volume loading of glass micro-
spheres in the LM inclusions was increased from 0% to 50%, 
while the volume loading of the multiphase LM filler in the 
soft elastomer was held constant at φ  = 50%. The anisotropic 
thermal conductivity of the LLME composite was measured 
using two orthogonal THW probes (Figure  S9, Supporting 
Information). These measurements can be decomposed into 
three orthotropic thermal conductivity values of the bulk mate-
rial (kx, ky, kz).[9] Here, we observe that the thermal conductivity 
generally decreases with increasing glass microsphere volume 
loading and the orthotropic thermal conductivity values are 
similar in all principal material directions (Figure  3b). The 
similar orthotropic values indicate the multiphase LM inclu-
sions are generally spherical and undergo negligible deforma-
tion during the fabrication process. The thermal conductivity of 

the unstrained LLME composite is predicted by the Bruggeman 
effective medium theory (EMT) model[65] with a two-step 
approach as expressed in Equation (1).

φ−
−

















 = −1

k k

k k

k

k
p c

p m

m

c

L

 (1)

First, the thermal conductivity is predicted for the mul-
tiphase LM inclusion (kc) with the glass microspheres as the 
discontinuous phase (kp  = 0.085 W m−1 K−1)[66,67] and the LM 
as the continuous phase (km  = 26.4 W m−1 K−1)[68]. Here, φ is 
the filler volume fraction of the discontinuous phase and L is 
the depolarization factor, evaluated as 1/3 for spherical parti-
cles, that can be modified to predict the thermal conductivity as 
a function of strain (see Supporting Information for details).[9] 
The predicted thermal conductivity of the multiphase LM inclu-
sion is shown in the Figure  3b inset. Next, the thermal con-
ductivity of the LLME composite (kc) is predicted using the 

Figure 2. Lightweight multiphase liquid metal. a) Cross-sectional SEM image in back scattered electron (BSE) mode of the multiphase LM with  
φ = 20%. b) Overlay of Si and O element maps on the original SEM image to highlight the locations of the glass microspheres. Location of the ele-
ment map is shown in (a). c,d) Corresponding SEM image in BSE and overlay with φ = 50%. e) Viscosity of the multiphase LM versus shear rate with 
lines of different glass volume loadings (n = 3). f) Density of the multiphase LM and (inset) LLME versus glass volume loading (n = 3). The dashed 
line is the predicted density. g) Photographs of the multiphase LM transitioning from a liquid to thick paste with increasing volume fractions of glass 
micropheres from 0% to 50% by volume. All error bars represent ±1 SD and are not displayed if smaller than the data point size.
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calculated thermal conductivity of the multiphase LM filler as 
the discontinuous phase (kp) and the elastomer matrix as the 
continuous phase (km = 0.25 W m−1 K−1, measured experimen-
tally see Experimental Section for details). The experimental 
data shows reasonable agreement with the theoretical predic-
tions found using the Bruggeman EMT model (Figure 3b). The 
relative change in thermal conductivity of the multiphase LM 
mixture (k kp p/( 50%) ( 0%) ≈ψ ψ= =  36%) is significant as compared to 
the LLME composite (k kc c/( 50%) ( 0%) ≈ψ ψ= =  80%).

In contrast to rigid particle fillers, the shape of liquid phase 
fillers can be controlled through the application of strain to 
control the thermal conductivity.[9,15] Here, we observe that the 
unfilled elastomer (φ = 0%) has a constant thermal conductivity 
in the direction of strain (ky = 0.25 W m−1 K−1; Figure 3c). When 
the LLME composite (φ  = 36.5%, ψ  = 40%) is stretched, the 
thermal conductivity in the direction of strain is increased to 
ky = 3.8 W m−1 K−1 at 400% strain (Figure 3c). The thermal con-
ductivity in the orthogonal direction (kx) slightly decreases as the 
composite is stretched, indicating the LLME composite remains 
electrically insulating and no droplet-droplet connections are 
formed during mechanical deformation. This enhancement 

in the direction of stretch can be attributed to the coupling 
between the liquid inclusion and elastomer matrix in which 
the deformable inclusions elongate into needle-like microstruc-
tures along the stretching direction to create enhanced ther-
mally conductive pathways (Figure  S10, Supporting Informa-
tion). This phenomenon can be predicted using the modified 
Bruggeman approach by considering the change in aspect ratio 
of the liquid inclusions during deformation to predict strain-
induced thermal conductivity (see Supporting Information for 
details).[9] To predict the strain-induced thermal conductivity 
of the LLME composite, the depolarization factor (L) was only 
modified when predicting the thermal conductivity of the LLME 
composite as the aspect ratio of the rigid glass fillers remains 
unchanged under droplet deformation. The theoretical predic-
tion captures the observed behavior, where ky increases and kx 
slightly decreases upon stretching. In addition, the material is 
robust to cyclical loading with negligible changes in thermal 
conductivity after the first loading cycle when measured after 
100 cycles of 200% strain (Figure 3d). The increase in thermal 
conductivity of the composite initially increases in the direc-
tion of strain after the first loading cycle due to unrecoverable 

Figure 3. Mechanical and thermal characteristics of the LLME composite. a) Stress versus strain under tensile loading to failure for LLME composites 
with increasing glass microsphere volume loading for φ = 50% (ψ = 0%, 10%, 20%, 30%, 40%, 50%). (inset) Tensile modulus as a function of glass 
microsphere volume loading for φ  = 50%. b) Measured composite thermal conductivity as a function of glass microsphere volume loading for  
φ = 50%. Dashed line is theoretical predictions of Bruggeman EMT model. (inset) Predicted thermal conductivity of the multiphase LM inclusion using 
the Bruggeman EMT model (Equation (1) with L = 1/3) as a function of glass microsphere volume loading. c) Measured composite thermal conduc-
tivity versus strain, parallel (ky) and perpendicular (kx) to the direction of stretch for an unfilled elastomer (blue; φ = ψ = 0%) and LLME composite 
(black; φ = 36.5%, ψ = 40%). The dashed lines represent the modified Bruggeman model with strain-dependent L. d) Normalized anisotropic thermal 
conductivity in the stress free state after loading to 200% strain for each loading cycle (φ = 36.5%, ψ = 40%; n = 3). All error bars represent ±1 SD and 
are not displayed if smaller than the data point size.
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plastic strain that is induced. Optical micrographs of the liquid 
inclusion microstructure after cyclical loading are shown in 
Figure S11, Supporting Information.

Together, the mechanical and thermal responses show that 
the addition of a low-density phase with negligible thermal con-
ductivity to the LM inclusions greatly reduces the density of the 
LLME composite without degrading the mechanical or thermal 
response. The ability to independently control the density and 
functional properties of soft elastomer composites is important 
for large-area and weight-sensitive applications such as wear-
able devices and aerospace thermal management.

2.3. Analytical Modeling of LLME

To quantitatively understand the influence of the filler prop-
erties on the bulk properties of the composite, we created a 
contour plot where the color map represents the predicted com-
posite thermal conductivity using the Bruggeman EMT model 
(Equation 1 with L = 1/3, km = 0.25 W m−1 K−1). The y-axis rep-
resents the filler thermal conductivity (kp) and the x-axis repre-
sents the filler volume loading (φ; Figure 4a). Here we see that 
the composite thermal conductivity increases with increasing 
filler loading. However, for any given filler loading, only modest 
increases in composite thermal conductivity is observed with 
increasing filler thermal conductivity. As the filler thermal con-
ductivity (kp) approaches the thermal conductivity of the elas-
tomer, more significant changes are observed. Next, we create a 
contour plot where the color map represents the predicted com-
posite density (ρc = ρp · φ + ρm(1 − φ), ρm = 1.12; Figure 4b). The 
y-axis represents the particle filler density (ρp) and the x-axis 
represents the filler volume loading (φ). Here we see that the 
composite density increases with increasing filler density and 
loading. In summary, increasing the thermal conductivity of 
the LM particle filler has only a modest influence on the com-
posite thermal conductivity, while decreasing the density has a 
more substantial effect.

The quantitative design maps of thermal conductivity and 
density as a function of filler properties demonstrate the 

advantage of a multiphase filler with a low-density phase. 
Metallic particles, such as copper[41], can significantly increase 
the thermal conductivity of the LM mixture with negligible 
changes in density (Figure 4a,b; green dashed line). However, 
when copper particles are mixed with Ga-based LMs, inter-
metallic species of CuGa2 form. These intermetallic species 
cause the LM mixture to solidify, even at small volume load-
ings ≈10%. LM hybrid mixtures with metallic particles that 
don’t form intermetallic species, such as tungsten (LM-W)[40], 
have been shown to enhance the thermal conductivity of Ga-
based LMs, while maintaining liquid or paste-like consist-
ency for volume loadings less than 50% (Figure 4a,b; orange 
dashed line). However, when dispersed in elastomer, the 
LM-W mixture provides only a modest increase in the com-
posite thermal conductivity (kLM-W/kLM  ≈ 109.5%) with a sig-
nificant increase in composite density (ρLM-W/ρLM  ≈ 170.6%), 
as compared to the LLME composite with pure LM and  
φ  = 50% filler loading. Particles with higher thermal con-
ductivity and lower density, such as diamond,[44] can not 
only enhance the thermal conductivity of Ga-based LMs but 
improve the material and functional properties of elastomer 
composites (Figure 4a,b; red dashed line). LM-diamond hybrid 
mixtures result in a 13.3% increase in the composite thermal 
conductivity (kLM-D/kLM ≈ 113.3%) and 17.5% decrease in com-
posite density (ρLM-D/ρLM ≈ 82.5%), as compared to the LLME 
composite with pure LM and φ = 50% filler loading. However, 
diamond’s high cost can be prohibitive. Alternatively, particles 
with lower density and negligible thermal conductivity, such 
as hollow glass microspheres, can be used to decrease the 
density of the LLME composite with modest decreases to the 
thermal conductivity. LM-glass microsphere hybrid mixtures 
result in a 20% decrease in the composite thermal conduc-
tivity (kLM-GM/kLM  ≈ 80.5%) and 35% decrease in composite 
density (ρLM-GM/ρLM  ≈ 65.1%), as compared to the LLME 
composite with pure LM and φ  = 50% filler loading. Hybrid 
mixtures of LM with solid particles provide new opportuni-
ties to achieve desirable combinations of thermal, electrical, 
and mechanical properties. However, the solid particle must 
be carefully selected, while considering trade-offs between 

Figure 4. Quantitative design maps for thermal conductivity and density in soft composite materials. a) Contour plot of composite thermal conductivity 
(kc) as a function of filler thermal conductivity (kp) and filler volume loading (φ) based on the Bruggeman EMT model. b) Contour plot of composite 
density (ρc) as a function of filler density (ρp) and filler volume loading (φ). a,c) Gray scale dashed lines indicate this work (φ = 50% and ψ = 0% to 
50%). The other dashed lines indicate prior work: red) LM-diamond mixture[44], orange) LM-W mixture[40], and green) LM-Cu mixture[41]. We note the 
LM-Cu mixture form intermetallic species and solidify at low volume loadings. c) Contour plot of LLME composite thermal conductivity normalized 
by the density (kc/ρc) as a function of low-density volume loading (ψ) and multiphase LM volume loading (φ). Contour lines indicate lines of constant 
density (white) and constant thermal conductivity (black).
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chemical and mechanical stability, functional properties, den-
sity, and stiffness of the filler. The quantitative design maps 
provide new insight into the relationship between LM filler 
and LM embedded elastomer composite properties and can 
be used as a tool for designing soft and elastically deformable 
materials with high thermal conductivity.

To quantitatively guide the rational selection of the LLME 
material composition and achieve the desired density and 
thermal conductivity, we created a contour plot where the color 
map represents the predicted composite thermal conductivity 
normalized by the density (Figure  4c). The y-axis represents 
the volume loading of the low-density filler in the multiphase 
LM filler (ψ) and the x-axis represents the multiphase LM filler 
volume loading (φ). Contour lines indicating constant density 
(white) and constant thermal conductivity (black) are over-
laid on the contour plot. By following a contour line, the den-
sity or thermal conductivity of the composite can be adjusted 
while maintaining the other material property. Contour plots 
of composite density and thermal conductivity can be found in 
the supporting information (Figure  S12). We note that the x-
axis ( 0%ψ = ) of the contour plot represents the pure LM elas-
tomer composite. From the quantitative map, we observe two 
general trends to achieve the independent control of material 
properties: 1) To reduce the density of the composite without 
modifying the thermal conductivity, the volume loading of the 
low-density filler is increased with minimal changes to the 
loading of the multiphase LM; 2) To increase the thermal con-
ductivity of the composite without modifying the density, both 
the volume loading of the low-density filler and multiphase LM 
are increased simultaneously.

3. Passive Thermal Management Demonstration

The ability to independently control the density and thermal 
conductivity in a predictable manner enables us to pro-
duce soft elastomer composites that can be utilized as a pas-
sive thermal management solution. Here, we demonstrate 
the LLME composite as a passive heat spreader to efficiently 
transfer and dissipate heat. The passive heat spreader could 
be utilized in emerging weight-sensitive and large-area appli-
cations such as wearable electronics, thermoregulatory gar-
ments, and thermally powered soft robotics. To evaluate the 
thermal management performance of the LLME composite as 
a passive heat spreader, a resistive heating element (Nichrome 
wire) was embedded in the composite before curing. The pas-
sive transferring of heat from the resistive heating element 
through the LLME heat spreader was visually captured using 
an infrared (IR) camera. Here, we fabricate three samples with 
varying material composition and density that have the same 
thermal conductivity of kc = 1 W m−1 K−1 (Figure 5a). We start 
with the pure LM elastomer composite (iii; Figure  5a) that 
has no glass microsphere loading 0%ψ =  with a LM volume 
loading of 38.9%φ =  and a measured density of 3.21 g cm−3. 
Following the contour line of constant thermal conductivity 
(Figure 4c), the density of the composite is reduced by primarily 
increasing the volume fraction of the low-density filler in the 
multiphase LM inclusions ii) ρc  = 2.73 g cm−3 ( 22%ψ =  with 

39.6%φ = ) and i) ρc  = 2.34 g cm−3 ( 40%ψ =  with 40.9%φ = ).  

For both samples, to maintain a constant thermal conduc-
tivity, the volume fraction of the multiphase LM is slightly 
increased. The material composition in terms of volume frac-
tion and the measured thermal conductivity (kc) as a function 
of the density (ρc) is shown in Figure 5b (top, bottom, respec-
tively). Two additional samples (iv, 0%φ =  and v, 50%φ =  
with 0%ψ = ) were included to illustrate the effect of material 
composition. The composite thermal conductivity (kc) was 
measured using the two probe THW method and the density 
was measured gravimetrically using a density determination 
kit, as previously described. An IR camera was used to visu-
ally monitor the passive transferring of heat from the resistive 
heating element through the LLME heat spreader. All resis-
tive heating elements were connected in series to a power 
supply to maintain a constant current. The entire LLME heat 
spreader was monitored to calculate the maximum tempera-
ture, mean temperature, and temperature deviation for each 
configuration of the LLME heat spreader, which can be found 
in the supporting information (Figures S13). The samples were 
monitored for 30 min (Video S2, Supporting Information) and 
IR snapshots at 2, 10, 20, and 30 min are shown in Figure 5c. 
The mean and maximum temperature data recorded from 
the infrared camera at 2, 10, 20, and 30 min for each sample 
is plotted in Figure 5d. The maximum temperature as a func-
tion of time is plotted in Figure 5e. As expected, the pure elas-
tomer iv) with the lowest thermal conductivity quickly heated 
up around the resistive heating element and had the highest 
maximum temperature (58.9 °C), highest mean temperature  
(45.8 °C), and largest temperature deviation (±7.0 °C) due to poor 
heat transfer. These results are expected as the pure elastomer 
sample with low thermal conductivity was unable to effectively 
transfer heat from the resistive heating element to the outer 
edge of the heat spreader. The three samples with the same 
thermal conductivity but different densities (i, ii, iii) are shown 
to have a similar response. The difference in the maximum and 
mean temperature between samples was less than 1.5 °C with 
an average temperature deviation of ±3.4 °C. These results indi-
cate that the passive LLME heat spreader was able to efficiently 
transfer heat from the resistive heating element, even as the 
volume loading of the glass microspheres was increased to 40%. 
The pure LM elastomer sample v) with the highest thermal 
conductivity and density had the lowest maximum temperature 
(47.5 °C), mean temperature (42.3 °C), and temperature deviation 
(±3.1 °C). The maximum temperature, mean temperature, and 
temperature deviation for each sample are shown in Table S1, 
Supporting Information. This demonstration illustrates that by 
rationally selecting the material composition, multiphase com-
posites with low-density fillers offer new opportunities to inde-
pendently control the mechanical and functional properties of 
soft, multifunctional materials, which can be utilized as passive 
thermal management solutions for emerging weight-sensitive 
applications that demand mechanical compliance.

4. Conclusion

In summary, we have introduced a soft-matter composite 
with lightweight multiphase LM inclusions consisting of a 
low-density phase suspended in a Ga-based LM to achieve 
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independent control of the density and thermal conductivity. 
SEM imaging revealed that a majority of the hollow glass 
microspheres are suspended in the LM and are well distrib-
uted with minimal aggregation. We experimentally studied 
the viscosity and density of the multiphase LM as a function 

of glass microsphere loading. The multiphase LM exhibited 
a non-Newtonian, shear thinning behavior with increasing 
shear rate and transitioned from a liquid to thick paste as the 
volume loading of glass microspheres was increased ( 30%ψ ≥ ).  
The addition of the low-density phase filler resulted in a 

Figure 5. Passive LLME heat spreader for emerging weight-sensitive and large-area applications. a) Array of passive LLME heat spreaders embedded 
with Nichrome wires that act as resistive heaters. Samples (i), (ii), (iii) all have the same thermal conductivity (kc = 1 W m−1 K−1), but increase in density 
from left to right. The bottom samples are included for comparison. b) Material volume fraction (top) and thermal conductivity (bottom) versus com-
posite density for the samples in (a). c) IR snapshots of the passive heat spreaders at 2, 10, 20, and 30 min. A constant current of 5 amps was applied 
for 30 min to observe the transferring of heat from the resistive heating element through the LLME heat spreader. d) Mean (teal) and maximum (red) 
temperature versus density for each LLME heat spreader at 2, 10, 20, and 30 min. The error bars represent the temperature distribution across each 
LLME heat spreader within one standard deviation. e) Maximum temperature versus time for each LLME heat spreaders.
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significant decrease in the density (35%), modest decrease to 
the thermal conductivity (14%), and slight increase to the elastic 
modulus of the soft, elastomer composite as measured experi-
mentally. Similar to composites with pure LM inclusions, the 
LLME composite exhibited a significant increase (ky/ko ≈ 4 × at 
400% strain) in composite thermal conductivity in the direction 
of stretch as the LM particles transitioned from spheres to 
needle-like microstructures along the stretching direction to 
create enhanced thermally conductive pathways. Based on the 
experimental validation of the density and thermal conductivity 
using the Bruggeman EMT model, we constructed quantita-
tive design maps of the density and thermal conductivity of the 
composite as a function of the filler properties. These design 
maps provide new insight into the relationship between the LM 
filler and the LM embedded elastomer composite properties. To 
guide the rational selection of material composition, a quantita-
tive design map is constructed as a function of material compo-
sition. The ability to tailor material composition to control the 
density and thermal conductivity of the composite was experi-
mentally demonstrated for passive thermal management. This 
new strategy for controlling functional properties, independent 
of density, will be broadly applicable and impactful for diverse 
weight-sensitive applications including aerospace thermal man-
agement, soft actuators, and wearable thermal management 
that demand mechanical compliance.

5. Experimental Section
Multiphase Liquid Metal Fabrication: Gallium and indium were 

purchased from Luciteria Science and combined at 75% Ga, 25% In 
by weight to produce EGaIn (LM). The multiphase LM was prepared 
by shear mixing and degassing 9–13 μm diameter hollow silica 
microspheres (440345, Sigma-Aldrich) with LM to form a colloidal 
suspension using a planetary mixer.

LLME Composite Fabrication: The LLME composites were 
fabricated by dispersing multiphase LM microdroplets in a two-part 
polydimethylsiloxane (PDMS; ExSil 100; Gelest Inc.). The PDMS was 
first prepared by combining part A and part B at a 125:1 mass ratio and 
mixing/degassing in a planetary mixer (SpeedMixer DAC 400.2 VAC, 
FlackTek Inc). The PDMS was then shear mixed with the multiphase LM 
suspension at a high concentration ( 50%φ = ). A planetary mixer was 
used for lower volume loadings 30%ψ < . For higher glass microsphere 
volume loadings 30%ψ ≥ , the two-part silicone elastomer was first 
thinned using hexane and combined at a 10:1, 6:1, and 5:1 mass ratio for 
ψ = 30%, 40%, and 50%, respectively. The thinned PDMS was then mixed 
with the multiphase LM using a handheld immersion blender (Ultra-
Stick, Mueller) and placed under vacuum for 3 h to evaporate the hexane 
before curing. The highly concentrated emulsion ( 50%φ = ) could then 
be diluted to achieve the desired LM volume loading without influencing 
the LM droplet size. All emulsions were then cast into molds and cured 
at 120 °C for 4 h in a convection oven. For convenience, the different 

material composition criteria were vol(low density filler)
vol(low density filler LM)

ψ = +  and 

vol(multiphase LM)
vol(multiphase LM elastomer)

φ = +
.

Thermal Characterization: Samples were prepared as described in the 
Composite Fabrication Section and cast into acrylic molds with dimensions 
40 mm × 25 mm × 3 mm. The surfaces of the samples were cleaned 
with IPA to remove any exposed LM. A THW probe consisting of two 
perpendicular 25.4 μm diameter platinum wires (A-M systems) was placed 
between two samples and a 1 kg mass was placed on top of the samples to 
ensure good contact between the probe and samples. A source measure 

unit (Keithley 2461) with a four-wire configuration applied a 100 mA 
current to either the axial or transverse wire depending on the direction 
of thermal conductivity being measured. Three samples were tested for 
each glass volume loading and the thermal conductivity of each sample 
was measured five times with a 1 min cool-down period between each 
measurement. All measurements were conducted at room temperature.

For thermo-mechanical characterization, samples were prepared as 
described in the Composite Fabrication Section and cast into acrylic 
molds with dimensions 40 mm × 60 mm × 3 mm. The samples were 
glued (Sil-Poxy, Smooth-On) to 6-mm-thick acrylic grips and allowed to 
cure overnight. The samples were attached to two linear actuators to 
control the sample strain. The samples were stretched from 0% to 400% 
strain and thermal conductivity in axial and orthogonal directions was 
measured at 100% strain increments.

For thermo-mechanical characterization after cyclic loading, samples 
were prepared as described in the Composite Fabrication Section and 
cast into acrylic molds with dimensions 30 mm × 60 mm × 3 mm. The 
anisotropic thermal conductivity of each unstrained sample was first 
measured using the THW method. The samples were then strained to 
200% and relaxed at a rate of 20 mm min−1 using a materials testing 
machine (5966; Instron). The anisotropic thermal conductivity was then 
measured in the stress-free state. The loading rate was increased to  
40 mm min−1 after cycle 10.

Mechanical Characterization: Samples were prepared in a dog bone 
geometry (Die C, ASTM D412A) and tested on a materials testing 
machine (5966; Instron) with a 100 N load cell at a loading rate of  
10 mm min−1, unless otherwise noted. Three tests were conducted for 
each glass volume loading. The mechanical strain of each sample was 
corrected using image analysis. A series of horizontal red lines were 
spray painted onto each sample in 10 mm intervals. The strain test was 
recorded with a high-definition camcorder (NXCAM; Sony) at 1 frame s−1. 
The recording of each sample was then analyzed with a custom MATLAB 
image processing script. The gauge strain calculated from the custom 
script was plotted against the tensile stress data output from the 
Instron test.

The tensile elastic modulus was found via cyclic strain testing of 
the dog bone samples. Each sample was conditioned through three 
strain and relaxation cycles each at 50%, 100%, 150%, and 200% 
strain to account for the Mullins effect on the elastic modulus. The 
modulus was calculated from the slope of the linear region of the 200% 
stress–strain curve.

Density measurements of both the multiphase LM and lightweight 
LM composites were conducted using a density determination kit 
(80253384, Ohaus). Three samples of each volume loading were 
measured to determine the material density. The mass of each sample 
was initially measured in air. The sample was then placed in DI water 
and the mass of the sample was recorded. The temperature of the DI 
water was then recorded and the water density was determined via 
tables provided in the user manual of the density determination kit.

Viscosity Measurement: The viscosity of the multiphase LM  
( 0%ψ = , 10%, 20%, 30%, 40%, 50%) was measured for the shear rate 
range of 1–100 s−1 using a rheometer (AR1500ex, TA Instruments) with 
an 8 mm-diameter parallel plate geometry at 22 °C. The gap of the 
parallel plate was set to be 1 mm to include a sufficient number of glass 
microspheres in the sample under test. Before testing, the multiphase 
LM sample was stirred and then immediately loaded to fill the gap 
perfectly. The top plate of the geometry was slowly rotated to spread out 
the sample uniformly before measurement. For each volume loading, 
the measurement was conducted three times by using a fresh sample 
for each measurement (n = 3).

SEM Imaging and EDX Analysis: The microstructural and elemental 
characterizations were conducted using an FEI Helios NanoLab 660 
equipped with an EDAX Octane Super EDX spectroscopy system. The 
multiphase LM specimens with 20%ψ =  and 50%ψ =  were manually 
fractured after being submerged in liquid nitrogen and immediately 
placed in the SEM. Images of the fractured surfaces were obtained 
at voltages of 5 and 10 kV for 20%ψ =  and 50%ψ = , respectively, 
in back-scattered mode to reflect the atomic contrast and elucidate 
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the glass microspheres embedded in the pits generated during the 
cryogenic fracture of the specimens. A lower voltage of 5 kV was used 
for the 20%ψ =  specimen to reduce the drifting during EDX mapping. 
EDX was used to generate the quantitative elemental maps for both 

20%ψ =  and 50%ψ =  specimens to corroborate the presence of 
glass microspheres in the EGaIn matrix. The glass microspheres were 
distributed on double-sided carbon tape and imaged at 2 kV using 
secondary electrons. Surface imaging of LM with 50%ψ =  on double-
sided carbon tape was performed at 2 kV using secondary electrons.

Heavy Liquid Demonstration: For the visual density demonstration, 
the “N”-shaped samples were suspended in a heavy liquid (LVP-3; 
TC-Tungsten Compounds). The density of the heavy liquid (2.90 g cm−3) 
was adjusted by adding DI water to match the density of the sample with 
the intermediate density of ρ = 2.73 g cm−3.

Thermal Imaging Demonstration: Five samples were prepared 
as described in the Composite Fabrication Section and cast in an 
“N”-shaped acrylic mold with a suspended resistive heating element 
(26 gauge Nichrome wire). The final thickness of the sample was 
≈4.5 mm. The resistive heating elements were wired in series and a 
constant current was applied using the Keithly 2461 source measure 
unit. The transient and steady-state thermal responses were measured 
using an infrared camera (FLIR A655sc). Data recorded by the camera 
was used to determine the temperature distribution across each sample 
with software from FLIR.

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