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Soft Multifunctional Composites and Emulsions

with Liquid Metals

Navid Kazem, Tess Hellebrekers, and Carmel Majidi*

Binary mixtures of liquid metal (LM) or low-melting-point alloy (LMPA) in

an elastomeric or fluidic carrier medium can exhibit unique combinations of
electrical, thermal, and mechanical properties. This emerging class of soft
multifunctional composites have potential applications in wearable com-
puting, bio-inspired robotics, and shape-programmable architectures. The
dispersion phase can range from dilute droplets to connected networks that
support electrical conductivity. In contrast to deterministically patterned

LM microfluidics, LMPA- and LM-embedded elastomer (LMEE) composites
are statistically homogenous and exhibit effective bulk properties. Eutectic
Ga-In (EGaln) and Ga-In-Sn (Galinstan) alloys are typically used due to their
high conductivity, low viscosity, negligible nontoxicity, and ability to wet to
nonmetallic materials. Because they are liquid-phase, these alloys can alter
the electrical and thermal properties of the composite while preserving the
mechanics of the surrounding medium. For composites with LMPA inclu-
sions (e.g., Field’s metal, Pb-based solder), mechanical rigidity can be actively
tuned with external heating or electrical activation. This progress report,
reviews recent experimental and theoretical studies of this emerging class
of soft material architectures and identifies current technical challenges and

opportunities for further advancement.

1. Introduction

Progress in emerging domains like wearable computing, soft
robotics, and biohybrid engineering depends on new classes of
soft multifunctional materials that match the mechanical prop-
erties of natural biological tissue. Efforts to combine thermal
and electrical functionality with mechanical compliance and
elasticity have largely focused on elastomer composites,!? graft
copolymers,P’l and a variety of deterministic architectures.*’]
The latter includes soft microfluidic/®”! and microsolidicl® sys-
tems in which an elastomer is embedded with microchannels
of a fluid or low-melting-point material.

In recent years, there have been attempts to merge these
various approaches to create hybrid material architectures
that exhibit novel combinations of mechanical, thermal, and
electrical properties. Of particular interest has been the use
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of liquid metal (LM) and low-melting-
point alloys (LMPAs). Referring to
Figure 1, LM systems span a wide range
of length scales and architectures: mm-
scale channels embedded in elastomer(®*]
(Figure 1A,B), traces deposited on a
substrate with a pressurized syringel!®
(Figure 1C), microscale traces printed
with soft lithography!'!l (Figure 1D), LM
droplets'>13] (Figure 1E,F), microscale
droplets embedded in a polysiloxanel'
(Figure 1G), and LM nanospheres synthe-
sized with ultrasonication (Figure 1H).[""]
Composites composed of droplets sus-
pended in a continuous elastic phase
can be tailored to exhibit a unique and
extraordinary combination of mechan-
ical, electrical, and thermal properties.
Although still in its nascent stages, these
LMPA- and LM-embedded elastomer
(LMEE) composites have the potential
for transformative impact in applica-
tion domains that require multifunc-
tional materials that are soft and highly
deformable.

Here we present an overview of recent studies on binary mix-
tures of an LM or LMPA dispersion phase in an elastomeric or
fluidic carrier medium. This includes special focus on LMEEs
and the interplay of composition, microstructure, deformation,
and mesoscale material properties for this emerging materials
class. Following a brief background (Section 1.1) and materials
overview (Section 1.2), we report on progress in the following
subdomains:

« Ga-based LM dispersions: mechanical, dielectric, and ther-
mal properties (Section 2);

« Connected LM networks: electrical conductivity and electro-
mechanical coupling (Section 3);

« Connected LMPA networks: rigidity tuning and shape chang-
ing (Section 4).

Such work relates to a rich body of research on the synthesis,
characterization, and theory of statistically uniform dispersions
in a continuous phase.'*1 It also builds on efforts from the
last decade to combine LM or LMPAs with soft microfluidics
to create mechanically robust electronics®?% and elastomers
capable of changing mechanical rigidity.?!! Whenever relevant,
we will highlight the connection between recent advancements
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in LM-based compositions and these more established
domains.

1.1. Background

Since the early 2000s, there has been remarkable progress in
new classes of soft and stretchable electronics that are mechani-
cally robust and compatible with human tissue.! Many of these
technologies incorporate metalized textiles,??! conductive con-
jugated polymers,?3>-2"l and rubbery nanocomposites composed
of a percolating network of metal nanoparticles or carbon allo-
tropes embedded in an elastomer.l'”-3% There has also been rap-
idly growing interest in the use of 1D and 2D nanomaterials for
flexible and stretchable electronics.!=*% This includes 3D aero-
gels with carbon nanotubes® and Ag nanowires*’] (Figure 2A)
and related efforts to perform Brownian dynamic simulations
on generalized “patchy rods” networks (Figure 2B).3¥l Other
approaches to stretchable functionality are based on patterning
thin metal films into wavy or serpentine shapes that can stretch
through elastic bending or torsion.! A key advantage of this
approach is that it can be extended to thin semiconductor films
for stretchable np junctions and logic arrays.*? Using novel
lithography techniques, such materials can be integrated with
conventional microelectronics for creating fully functional cir-
cuits on a stretchable carrier medium.[#0-#

In the last decade, there has also been extraordinary progress
in the emerging field of soft-matter electronics with Ga-based
LM alloys such as eutectic gallium-indium (EGaln, Figure 2C)
and gallium-indium-tin (Galinstan).>*%! These alloys form a
surface oxide that enables droplet “moldability”®% (Figure 2D),
electrochemical manipulation,'? elastomer wetting for fluidic
injection/?>°!l (Figure 2E), and the synthesis of nanoscale drop-
lets (Figure 2F).P In addition to LM, soft-matter electronics
have been successfully demonstrated using ionic microflu-
idicsl®*7% and hydrogels.”"7}l More generally, soft-matter
electronics represent the class of electronic materials and cir-
cuits that are composed entirely of soft condensed matter, i.e.,
materials that deform under light mechanical loading. These
heterogeneous systems typically use soft elastomer’# as the
continuous phase and exhibit bulk mechanical properties sim-
ilar to that of soft biological tissue.

There have been several review articles that extensively cover
the emerging field of Ga-based LM microfluidic electronics.
The focus of these articles range from circuit and sensing
applicationsP®7>7% to emerging fabrication methods based on
lithographic, additive, subtractive, and injection-based tech-
niques.[%®+77] More recent developments in LM microfluidics
have been directed towards 3D printing of microfluidic chan-
nels’®7?l and applications of LM in antennas and resona-
tors, 9626580881 electrodes®®U and metamaterials.’”?*4 In
addition, there has been an increased focus on exploring dif-
ferent phenomena like electro-chemistry,[2629-1101 wettability,
and interfaces™ 114 of LMs. Recent developments in stretch-
able electronics with LM is the focus of a companion report!!!’!
and will not be reviewed here. Instead, this report will highlight
progress in the development of soft multifunctional composi-
tions that contain a random dispersion of LM (Figure 2G) or
LMPAB3 (Figure 2H) droplets embedded in a continuous phase.
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1.2. Materials Overview

Ga-based LM alloys such as eutectic gallium-indium (EGaln;
75% Ga and 25% In by weight) and gallium-indium-tin (Gal-
instan; 68% Ga, 22% In, and 10% Sn) are popular LMs for soft
microfluidic electronics.?*>% Both alloys have a volumetric
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Figure 1. Applications of liquid metal alloy at different length scales. A) Microsolidics with LMPA embedded in polydimethylsiloxane (PDMS). Repro-
duced with permission, 8l Copyright 2007, Wiley-VCH. B) Strain and pressure sensing with microfluidic channels of LM in a soft elastomer. Reproduced
with permission,®! Copyright 2012, IEEE. C) EGaln strain gauges produced by direct writing using a pressurized syringe. Reproduced with permis-
sion,"% Copyright 2014, Wiley-VCH. D) Fabrication of microscale EGaln traces with stamp lithography. Reproduced with permission, 'l Copyright 2014,
Wiley-VCH. E) LM droplet manipulation with voltage-controlled wetting and electrochemistry. Reproduced with permission,[' Copyright 2014, National
Academy of Sciences. F) Synthesis of LM microdroplets with microfluidics. Reproduced with permission,['¥l Copyright 2012, Wiley-VCH. G) Poly-
disperse EGaln inclusions in a silicone elastomer. Reproduced with permission,[¥ Copyright 2016, Wiley-VCH. H) Nanoscale LM droplets produced
with ultrasonication. Reproduced with permission,['*l Copyright 2011, American Chemical Society.

electrical conductivity of 3.4 x 10° S m 16 and thermal
conductivity of 26.4 W m™ K at =30 °C."""11%] Compared to
Hg, Fr, Cs, and other metals that are liquid at (or near) room
temperature, Ga-based alloys are especially attractive for their
low viscosity (2 mPa s),[12% low toxicity,?!) and negligible vapor
pressure. Moreover, in an oxygenated environment, they form
a self-passivating Ga,0; oxide skin that dramatically reduces its
surface tension.l'2121122] This oxide layer allows LM droplets to
wet polymer surfaces and also has a role in suspension stabili-
zation of an LM-liquid polymer emulsion. The Ga,0; coating
has a thickness of =0.5-3 nml!'2>124 and behaves like an elastic
membrane that can support a maximum surface stress of
0.5-0.6 N m~.120125l When broken, it reforms almost instanta-
neously — allowing the droplet to be structurally self-stabilizing
and moldable.[50126]

Adv. Mater. 2017, 29, 1605985

1605985 (3 of 14)

Pb-based LMPA has also been used as a conductive material
for creating mechanically deformable electronics.[#127] When
heated, the molten solder is injected into a microfluidic channel
embedded inside an elastomer and then allowed to solidify at
room temperature. These so-called “microsolidic” devices are
soft and flexible and represent an inexpensive method for rapid
fabrication of flexible printed circuit boards. More recently,
interest has extended to microsolidic material architectures
that undergo substantial changes in mechanical rigidity.?53128]
This is accomplished by changing the phase of the embedded
LMPA through internal Joule heating or the application of
external heat. Instead of Pb-based solder, Field’s metal is typi-
cally used due to its low melting point and negligible toxicity.

For applications of interest, LM alloys are typically embedded
within an elastomer matrix. In general, elastomers can be
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Figure 2. A) 3D network of silver nanowire. Reproduced with permission,?’ Copyright 2012, Nature Publishing Group. B) Brownian dynamic simula-
tion of rigid patchy rods showing percolation path at 30% strain. Reproduced with permission, 38 Copyright 2015, Royal Society of Chemistry. C) Eutectic
gallium-indium (EGaln) alloy is liquid at room temperature (Indium Corp.). D) Deposition of EGaln showing “moldability” through formation of Ga,03
skin. Reproduced with permission,% Copyright 2008, Wiley-VCH. E) Stretching an interdigitated capacitor composed of an EGaln channel embedded
in soft silicone elastomer. Reproduced with permission,l Copyright 2013, Institute of Physics. F) SEM image of EGaln nanoparticles produced with
ultrasonication. Reproduced with permission,®? Copyright 2014, Wiley-VCH. G) Nano-CT scan of polydisperse LM inclusions in elastomer. Adapted
from Bartlett et al.' H) Rigidity-tuning foam composed of a connected LMPA network embedded in elastomer. Reproduced with permission, >3]

Copyright 2016, Wiley-VCH.

selected for a range of rigidities — from that of soft fatty tissuel®%7

and skin'?%! (elastic modulus = 1-100 kPa) to ligaments and
tendons!'7921 (>10 MPa; Shore Hardness >20 A). Polysi-
loxanes such as Pt-catalyzed poly(dimethylsiloxane) (PDMS)
are often used as a carrier medium due to their low modulus
(=0.1-1 MPa) and high strain limit (>200%).13% Popular
commercial brands include Sylgard 184 (Dow Corning),
Ecoflex 30 (Smooth-On), and Elastosil (Wacker). There has also
been interest in soft polyurethanes,'* polyacrylates (e.g., 3M
VHB),[13 and block copolymer elastomers like styrene ethylene
butylene styrene.!'3%

2. LM Dispersions

A popular method to tailor the electrical, thermal, and mechan-
ical properties of elastomers is to embed them with rigid parti-
cles that have the desired bulk properties.'7:133134 This results
in a particle-filled composite with mesoscale properties that
typically exhibit some combination of the material properties
of the dispersion phase and medium. In some cases, emergent
properties are observed that are not exhibited by the constituent
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materials, particularly in relation to material anisotropies and
strain-induced couplings. However, while promising for low-
load or moderate-strain applications, introducing rigid filler in
a soft matrix material will lead to a significant decrease in strain
limit and an increase in rigidity and inelastic behavior.33 A
similar change in mechanical properties is also observed with
co-polymers in which polymer groups with desired electrical
or thermal properties are grafted to elastomeric macromol-
ecules.*®l In general, such degradation can arise from the
internal impedance mismatch between the constituents and
becomes more pronounced with higher weight ratios of the
dispersion phase.'3”13] Nonetheless, particle-filled elastomers
and graft copolymers will continue to have a central role in soft-
matter engineering and represent an exciting opportunity for
advancing the field of stretchable electronics.

To preserve the mechanical properties of the elastomer
matrix, EGaln droplets are used in place of rigid filler parti-
cles.14140-142] Because the inclusions are liquid-phase, their
presence does not significantly change the mechanical proper-
ties of the host elastomer. As a result, these LMEE composites
can be engineered to have a unique combination of elastic,
electrical, and thermal properties (Figure 3). More generally,
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Figure 3. Comparison of LMPA and LMEE composites with other material properties (adapted from other sources

LM droplets can be created through a variety of techniques,
including molding!'*! (Figure 4A), use of acoustic waves!'*
(Figure 4B), microfluidic flow-focusing!'*>14%l (Figure 4C),
shear-mixing!'*!*’] (Figure 4D,E), and sonicationl!>¢*148.149]
(Figure 4F,G). As shown in Figure 4, the LM particle size can
range from mm scale (Figure 4A) to tens and hundreds of
nm (Figure 4H). With sonication, the diameter of nanodro-
plets can be controlled by sonication time (Figure 4I), tem-
perature (Figure 4]) and concentration of acid and surfactant
(Figure 4K). For these droplets to be embedded in elastomer,
more study will be required to examine the potential influence
of the oxide skin and use of surfactant in preparing an emul-
sion with liquid polymer.

2.1. Mechanical Properties

In contrast to many other elastomer composites with dense
particle dispersions, LMEEs can be soft and highly stretchable
(Figure 5A). In the case of EGaln droplets in silicone, it has
been shown that the strain limit (g,) and elastic modulus (E)
of the composite has only limited dependency on inclusion
volume fraction (¢).'4 Referring to Figure 5B, composites with
a polydisperse suspension of 1-10 um diameter EGaln droplets
in soft polysiloxane (Ecoflex 00-30; Smooth-On) exhibit a strain
limit g, = 600% for all values of ¢. Moreover, E is observed to
increase by a modest amount (from 75 to 90 kPa) as ¢ increases
from 0 to 0.5. Interestingly, this relatively small increase in
stiffness appears to contradict Eshelby’s Theory of Inclusions,
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which suggests that a composite with liquid inclusions should
have an effective modulus of E, = E/(1 + 5¢/3).°%] Recently,
Style et al. have reported an experimentally measured stiffening
effects observed for elastomers embedded with a dilute dis-
persion of fluidic droplets with high surface tension.'**1>% In
those studies, the elastic stiffening is explained with a modified
Eshelby theory that takes surface tension (}) of the liquid drop-
lets into consideration

1+2?5—7;2
E.=F 1)
o (1,59
(1 ¢)ZER+(1+ ! J

where R is the droplet radius. In this modified Eshelby formu-
lation, the stiffness of the composite is influenced by both the
entropic response of the polymeric carrier medium and the
change in free surface/interfacial energy of the fluidic disper-
sion phase. Such a correction has also been extended to model
soft-matter multi-phase composites in the non-dilute limit
using a mean-field Mori-Tanaka homogenization technique,
also referred to as an equivalent inclusion-average stress (EIAS)
method.['>®157] While the surface tension of Ga-based LM is
high, the formation of the Ga,0; skin can cause the effective
surface tension to be quite low.'>122] Nonetheless, elongation
of LM droplets will require the creation of new surfaces and
this can influence mechanical stiffness, at least in the first
loading cycle. For subsequent loading, the skin may crumple
and behave like a wrinkled thin-walled shell. To examine this
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Figure4. Demonstrating different methods of synthesizing LM droplets. A) Soft PDMS mold to create mm scale droplets. Reproduced with permission,[143]
Copyright 2014, MDPI AG. B) Using acoustic wave-induced force to create microscale droplets (10-100 um). Reproduced with permission,l*4l Copyright
2016, Wiley-VCH. C) Using a microfluidic flow-focusing device to synthesize microscale droplets. Reproduced with permission,'*! Copyright 2012,
Royal Society of Chemistry. D) Shear mixing can be used to create polydisperse inclusions in soft elastomer (5-50 um). Reproduced with permission,l'
Copyright 2016, Wiey-VCH. E) Synthesis of micro- and nanoscale LM droplets. Reproduced with permission,['*] Copyright 2014, American Chemical
Society. F) LM droplets can also be synthesized using ultrasonication. Reproduced with permission,'>% Copyright 2016, Wiley-VCH. Nanoscale droplets
G) suspended in solution and have H) droplet diameters that range from tens to hundreds of nanometers. Reproduced with permission,['>' Copyright
2015, Wiley-VCH. 1) Average droplet diameter can be controlled by sonication time (Reproduced with permission,’2 Copyright 2014, Wiley-VCH),

J) temperature,'®2 and K) concentrations of acid or surfactant.'*d Reproduced with permission,l>3 Copyright 2015, Wiley-VCH.

further, it could help to use a core-shell modell"*”] to explore
how the mechanics of the oxide skin may influence the effective
stiffness of the composite. More generally, homogenization the-
ories have the potential to provide predictions and insights for
the mechanics of LM inclusions in elastomer,'-1%0 although
this still remains an area of nascent research.

Another feature of EGaln-silicone composites that distin-
guishes it from other particle-filled compositions is that they
exhibit relatively little mechanical hysteresis. Stress-strain
curves measured during tensile loading and unloading appear
to be in good agreement during cyclical mechanical tests of
up to 300%. However, as with other elastomer composites, an
initial stress-softening (i.e., “Mullins”) effect!!21%3 is meas-
ured in which the material exhibits a distinct elastic response
during its first cycle of loading.'**1 After a virgin sample is
initially loaded to 200% strain, subsequent measurements of
the 10% elastic modulus are in good agreement and similar to
that of an unfilled elastomer. For example, the values reported
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in Figure 5B for the elastic modulus were taken after several
loading cycles in order to eliminate this effect.'*!] In order to
explain the underlying cause of the Mullins effect, several theo-
ries have been postulated: (i) rupture of bonds at rubber-particle
interfaces,'®Y (ii) rupture of chains linking two particles,[®]
(iii) slippage of molecules and bond-reformation at the surface of
inclusions, 16167 (iv) rupture of filler structure at high volume
loading,'%®) and (v) reduction of entanglement density.l1¢>170]
Presently, there is no universally accepted model that provides
quantitative predictions based on known physical quantities.['%!
Nonetheless, these theories can potentially provide qualitative
insights into the Mullins effect and other inelastic responses of
fluid-filled elastomer composites during mechanical loading.
Lastly, it is expected that LMEEs and other elastomer-based
gels can be engineered to exhibit significantly greater frac-
ture toughness than homogenous elastomer. In the case of
hydrogels,!'71-177] fracture energies as high as =10 k] m™ has
been reported.”” This value is on the order of natural latex
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Figure 5. Characterization of LMEE: A) Image showing stretchability of LMEE with the inset of the undeformed material and B) elastic modulus and
strain at break as a function of LM volume ratio. Reproduced with permission,['*1 Copyright 2016, National Academy of Sciences. C) Relative permit-
tivity of LMEE as a function of LM volume ratio: (markers) experimental measurements, (curve) theoretical predictions based on effective medium
theory (EMT) adapted from Nan et al.'®"l Reproduced with permission,l'*] Copyright 2016, Wiley-VCH. D) Thermal conductivity of LMEE as a function
of weight percentage of LM (85% weight ratio is equivalent to 50% volume ratio). Reproduced with permission,l2l Copyright 2015, Nature Publishing
Group. E) Thermal conductivity in the direction of stretch as a function of strain for LMEE composite with 50% LM volume fraction and F) normalized
thermal conductivity as a function of strain for 50% and 30% LM volume fraction: (markers) experimental measurements, (curve) theoretical predic-
tions based on EMT model adapted from the Bruggeman theory. Reproduced with permission,['*!l Copyright 2016, National Academy of Sciences.

rubbers!7%l and over 30x greater than that of homogenous sili-
cone. A possible contribution to this enhancement could come
from crack blunting and the associated energy required to
reinitiate tearing with each pore encountered along the direc-
tion of tear propagation. In the case of LMEEs, fracture energy
could also be influenced by the surface tension of the LM inclu-
sions and the resistance of their oxide skin to rupture. This rep-
resents an open topic of research and another opportunity to
compare experimental measurements with theoretical predic-
tions for heterogenous liquid-elastomer systems.

2.2. Electrical Permittivity

Fluids and elastomers embedded with a suspension of LM
droplets can function like an artificial dielectric with an elec-
trical permittivity that can exceed that of the carrier medium by
up to a factor of five. Electrical insulators that have a high dielec-
tric constant are generally attractive because of their enhanced
ability to separate charge and store electrostatic energy.l'**l
These so-called “high-k” dielectrics can be used for transducers
and sensors as well as for capacitors and other passive circuit
elements. For elastomers to exhibit enhanced permittivity,
they typically contain 10-30% by volume of conductive (Ag,
carbon black) or insulating (BaTiOs, TiO,) filler particles.[7%18%
In the case of LMEEs, similar volume fractions can lead to
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enhanced permittivity without causing a significant increase in
elastic modulus or reduction in strain limit. For example, an
EGaln-polyurethane composite with ¢ = 0.5 LM volume frac-
tion exhibits a relative permittivity of &, = 50.141 Moreover, its
dissipation factor (loss tangent) is below 0.01 for frequencies
ranging from 1 to 200 kHz. In contrast, many high-k dielectric
composites with a 50% volume fraction of rigid metallic fillers
become electrically lossy and unable to reliably hold electrical
charge.[133134

Referring to Figure 5C, the experimentally measured
dependency of ¢, on ¢ for an EGaln-silicone LMEE is in good
agreement with predictions based on Effective Medium Theory
(EMT). The EMT model is based on a Nan formulation that
accounts for composites in which inclusions have an ellipsoidal
shape.l11181] Reasonable agreement with experiment can also
be obtained with a Maxwell-Garnett (M-G) formulation in
which the inclusions are treated as spherical particles and ¢, is
approximated by €, = &(1 + 2¢)/(1 — ¢), where g is the permit-
tivity of the carrier medium.'82 These models are based on a
dilute suspension approximation in which the effective elec-
trical permittivity of the binary mixture is assumed to only be
governed by localized interactions between the fluidic inclusion
and matrix material.

In general, effective medium predictions can be obtained by
solving Maxwell's equations for the heterogeneous system. To
simplify analysis, homogenization theories are used in which a
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representative volumetric element of the composite is modeled
as a homogenous solid with uniform bulk properties. Such rep-
resentations are valid at meso- and macroscale lengths, where
the dimensions of the solid are large compared to the character-
istic lengths of the heterogenous features. These homogeniza-
tion theories are approximate models that typically yield either
upper or lower bounds to the exact solutions of the governing
field equations. For problems in electro-elastostatics, such
bounds have been derived by Hashin & Shtrikman['®l using
variational methods.

Recently, Lopez-Pamies et al. has extended these techniques
to examine electromechanical coupling in heterogeneous sys-
tems under small strains, including multi-phase compositions
of fluidic inclusions in an elastic carrier medium.'™® This
approach is based on an iterative homogenization theory!'>%184
specialized to elastic dielectric media and can be used to
recover the classical results of Hashin & Shtrikman in the case
of uniform particle-particle interactions. In refs. [159] and [160],
Leféevre and Lopez-Pamies explicitly examine the mechanics,
permittivity, and electrostriction of soft elastic materials
embedded with liquid-like high-permittivity particles. They find
that composites with larger volume fraction @ exhibit signifi-
cantly greater electrostriction but also show a significant reduc-
tion in the limiting electric field at which electromechanical
instability is expected to occur.

Areas of potential future research include examination of
dielectric properties at higher frequencies (i.e., MHz to THz)
as well as the influence of LM inclusions on electric break-
down strength. In general, the permittivity and loss tangent of
polymer-based artificial dielectrics can have a strong depend-
ency on frequency, especially in the microwave frequency
range.[18>18% The influence of composite heterogeneity and
conductive inclusions on breakdown has also been studied in
polymer-based artificial dielectrics. For example, the breakdown
strength of a high-k Ag-epoxy composite decreases smoothly
from 25 to =1 MV m™! as the volume fraction of Ag nanopar-
ticles increases from 0 to 25.2%.187) Such trends are consistent
with theoretical predictions based on stochastic methods, deter-
ministic lattice models, and continuum approaches.['®® This
includes computational techniques based on Monte Carlo-
based simulation® and analytic modeling with analogies to
Griffith's theory for brittle fracture.[%)

2.3. Thermal Properties

For dielectric materials where thermal transport is governed
by phonons, higher thermal conductivity typically coincides
with greater mechanical stiffness.l'®!! This thermal-mechan-
ical tradeoff can be avoided by using LM for thermal trans-
port and cooling.®2 One approach is to use LMEEs, in which
the LM inclusions function as pathways for thermal trans-
port without introducing mechanical rigidity. As shown in
Figure 5D, Jeong et al. showed that LMEEs composed of EGaln
droplets embedded in PDMS could exhibit an order of mag-
nitude increase in thermal conductivity compared to unfilled
PDMS.[42] Bartlett et al. subsequently showed that composites
with a more uniform LM dispersion could not only achieve
enhanced thermal conductivity but also preserve the strain
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limit and elastic modulus of the base elastomer (Figure 5E).1

Further enhancements in thermal conductivity are achieved
by exploiting thermal-mechanical coupling of highly deform-
able LM inclusions in soft elastomers.!*!l This allows for an
exceptional combination of low modulus (<100 kPa) and a high
thermal conductivity approaching that of metals like stainless
steel and bismuth. Additionally, suspensions of micro-nano
LM droplets inside silicon oil and water through sonication,
have resulted in greases and emulsions with high thermal
conductivity.[193194

The Bruggeman EMT formulation!® can be modified to
predict change in thermal conductivity as a function of uniform
strain. It is assumed that all the particles start as spheres and
then adopt the same mechanical strain field as the host elasto-
mers. In order to take into account inter-particle interactions,
an EMT model based on an iterative techniquel'! is developed
to calculate the composite thermal conductivity. This formula-
tion yields the following implicit relationship

ky —k. k_m L_ _ 2
(kp—ka(kc)_l ) (2)

where k; is the composite thermal conductivity, k, is the LM
thermal conductivity, k,, is the elastomer thermal conductivity,
¢ is the LM volume ratio, and L is the depolarization factor,
which depends on the strain £141l As shown in Figure 5F, the
increase in thermal conductivity is in good agreement with this
adaptation of the Bruggeman formulation.

3. Connected LM Networks

Depending on volume fraction and spatial distribution, the
embedded LM can form a connected network that supports
electrical conductivity. These networks can be ordered, for
example, a 3D grid or periodic lattice, or random. The latter
includes gels or foams with open pores that are filled with LM.

3.1. Ordered Networks

An embedded LM network is “ordered” if the shape of the
inclusions is uniform and their spacing is periodic. When con-
nected, these inclusions form a conductive network that gives
the composite an effective bulk electrical conductivity. One
example is a grid-like open foam that is back-filled with LM.
The mechanical integrity, elasticity, and electrical properties of
such a system is governed by LM-elastomer interfacial wetting
and 3D architecture. The latter is limited by available fabrica-
tion methods, which in general involves either direct elastomer
3D printing or molding techniques in which a sacrificial tem-
plate/scaffold (negative) is used for casting elastomer.

Park et al. introduced a photolithography technique to pro-
duce a 3D polymer template using proximity-field nanopat-
terning (PnP).?l This sacrificial template is used to cast PDMS
and is removed by a water-based developer after the elastomer is
cured. Scanning electron microscope images show a fairly con-
sistent 3D grid-like elastomer microstructure (Figure 6A). Next,
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Figure 6. A) SEM image of PDMS grip produced using a 3D templating technique. B) Method for connecting LM-filled PDMS structure to an LED.
Reproduced with permission,i? Copyright 2012, Nature Publishing Group. C) Facile technique for creating LM-filled PDMS sponge. D) Unfilled PDMS
sponge E) under compression. F) Galinstan-filled PDMS sponge under deformation. Reproduced with permission,'l Copyright 2016, Royal Society of
Chemistry. G) Conductive trace of ruptured EGaln nanoparticles produced with mechanical (Reproduced with permission,'*®l Copyright 2015, Wiley-
VCH) and H) laser (Reproduced with permission,['>! Copyright 2015, Wiley-VCH) sintering. ) Conductive traces in LMEE produced with applied surface

pressure. Reproduced with permission, "%l Copyright 2015, Wiley-VCH.

the PDMS is vacuum injected with EGaln, creating conductive
interconnected 3D channels throughout. This technique has
been shown to support a simple LED circuit (Figure 6B) with a
conductivity of =2.4 x 10° S m™! and minimal degradation over
many loading cycles.

3.2. Random Networks

An open foam elastomer can also be produced by filling sugar
cubes with a PDMS prepolymer and then dissolving away the
sugar after the elastomer cures. This results in a sponge with
random pores that can then be filled with LM (Figure 6C,D).[!
The presence of LM does not significantly interfere with the
ability to deform the PDMS sponge under light compression
(Figure 6E,F). Depending on the sponge porosity, the effective
volumetric conductivity of the bulk system can be as high as
1.6 x 10° S m™!, similar to that of the ordered network.[”l The
advantage of this facile technique is that it eliminates the need
for PnP-based templating or other specialized techniques for
3D elastomer patterning.

Random LM networks in an open foam matrix can also be
accomplished with “mechanical sintering” techniques that
involve the application of highly localized pressure to an LMEE
composite. In the case of EGaln nanodroplets produced with
ultrasonication, it has been previously shown that high pressure
can rupture the Ga,0; skin and cause droplets to coalesce into
conductive traces (Figure 6G).*8l Alternatively, droplet rupture
and coalescence can be induced through laser-based sintering
using a CO, laser engraver (Figure 6H).'>!l For certain LMEE
compositions, mechanically sintering can be used to perma-
nently transform the composite from an electrical insulator
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into a conductor. It has been shown that stiffer LMEE com-
posites composed of highly cross-linked PDMS (Sylgard 184;
Dow-Corning) with 50% (by vol.) loading EGaln can exhibit
permanent electrical conductivity (10* S m™) when subject to
intense pressure with a roller or ball-point pen (Figure 6I).[14C]
Moreover, electrical resistance of the trace does not change sig-
nificantly when stretched to 125% strain. This apparent depar-
ture from Ohm's law is likely related to the governing role of
contact resistance between LM droplets, which is not expected
to change significantly with stretch.

In general, electrical conductivity can be accomplished with
percolative networks in which the fluid exhibits long-range con-
nectivity throughout the volume of the composite. For a liquid
dispersion with statistically uniform spatial distribution, per-
colation typically requires a high volume fraction ¢ such that
the inclusions are packed sufficiently tight and in physical
contact.l'%! Even in the absence of direct contact, electrical con-
nectivity is still possible through electrical tunneling over inter-
facial gaps of =0.1-1 nm.["”] In the special case of embedded
spherical inclusions with fixed diameter and periodic spatial
distribution, the percolation threshold ¢ can be determined for
a variety of lattice geometries, including cubic, body-centered,
and face-centered.l'%-2%1 However, electrical conductivity may
not be significant even when ¢’ is exceeded. This could be on
account of the insulating Ga,0; skin covering the LM drop-
letslt22124] or conformal wetting of the elastomer.

4. Connected LMPA Networks

As with LM-based composites, connected LMPA networks
embedded in elastomer can also be categorized into ordered
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or random. In both cases, the LMPA-elastomer system can
be engineered to function as a rigidity-tuning composite that
undergoes dramatic change in stiffness when the embedded
alloy melts. Such phase change can be controlled with external
heating or by internal Joule heating with electrical cur-
rent. Stiffness tuning can also be accomplished with shape
memory alloys,?!! shape memory polymers,!'31292 thermo-
plastics,?-2%] and a variety of other techniques.?°¢2%7] How-
ever, LMPAs remain attractive due to the dramatic change in
mechanical compliance — from a rigid solid (modulus =10 GPa)
to fluidic.

4.1. Ordered Networks

Schubert et al.?!l introduced a variable stiffness composite
in which PDMS was embedded with a serpentine channel of
Field’s metal (Figure 7A). As in conventional soft microfluidics,
the channels were cast using a micromachined mold produced
with clean-room lithography. Applying electrical current to
the LMPA trace led to Joule heating and an increase in tem-
perature. When the embedded Field’s metal heated above its
melting point, the flexural rigidity of the composite reduced by
a factor of 25 (Figure 7B,C). As with other approaches to rigidity
tuning with Field’s metal, the activation can be rapid (<1s) but
deactivation is slow (=1 min) since it requires the alloy to cool
to below its melting temperature.

Another architecture for LMPA-based rigidity-tuning was
recently introduced by Tonazzini et al.'?®l In their design, an
LMPA core is embedded inside silicon elastomer along with a
conductive wire, which is used as a heater (Figure 7D). Use of
an embedded heater is also adopted by Shan et al., who dem-
onstrated that a strip of Field’s metal in a soft polyacrylate can
be melted with an embedded LM heater.'*!l The activation rate
(=30s) of the variable stiffness fiber is slower than with direct
Joule heating since it is controlled by thermal convection.[128208]

A
4 mm
T - Conductive
B  rigd C soft wire
Silicone
Low melting point
5mm alloy (LMPA)

Figure 7. A) Rigidity-tuning material composed of a PDMS film
embedded with a serpentine microchannel filled with Field’s metal.2']
B) At room temperature, the material is effectively rigid and load bearing.
C) When electrical current is delivered, the metal trace melts and the flex-
ural rigidity of the composite decreases by a factor of 25. Reproduced with
permission, Copyright 2013, Royal Society of Chemistry. D) Schematic
of variable stiffness fiber (VSF), using LMPA as the core material. The
alloy is encapsulated with a PDMS shell that is wrapped in a conductive
wire for delivering heat. Reproduced with permission,['28] Copyright 2016,
Wiley-VCH.
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However, the rigidity change is significantly large (>700x) and
the composite can exhibit self-healing through a process that
involves cyclical melting and solidification. Fusible low-melting-
point alloys can also be combined with dielectric elastomer
actuators?”] or shape memory alloys?!% to create actuators that
independently tune their shape and stiffness.

4.2. Random Porosity

Using an approach similar to that by Liang et al. for an LM-
filled PDMS sponge,l! Van Meerbeek et al. created a novel
LMPA-elastomer compositel>?! with random porosity. A porous
elastomer foam (Figure 8A) is filled with melted Field’s metal
(Figure 8B) using vacuum pressure. Next, the alloy is allowed
to cool to room temperature and solidify. As with other
LMPA-elastomer systems, the foam exhibits rigidity tuning
(Figure 8C,D), shape memory, and self healing properties. The
composite shows stiffness change of 18x in tension and 30x in
compression. By deforming the foam and freezing the LMPA,
Van Meerbeek et al.’3 could create elongated and twisted
shapes. After raising the temperature and melting the LMPA,
the elastomer is allowed to release stored elastic energy and the
foam springs back to its natural shape.

Such LMPA-elastomer composites can be used for on-
demand changes in structural load-bearing. In a bioinspired
system, they could potentially function as a tunable skeleton or
exoskeleton that matches some of the properties of catch con-
nective tissuel?'?1?l or a muscular hydrostat.?'3] They could
also be integrated into a soft robotic actuator to produce an

Figure 8. A) Soft silicone foam and B) bicontinuous LMPA foam for tun-
able elastic rigidity. C) LMPA-elastomer composite under a 500 g load
near room temperature and D) when heated above the melting point
of the alloy. Reproduced with permission,®3 Copyright 2016, Wiley-VCH.
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artificial muscle capable of independent control of stiffness
and shape. Additionally, the range of stiffness change can be
tailored by modifying the foam microstructure or varying the
choice of LMPA. 214216 Van Meerbeek et al.’3l used an external
heater to initiate the melting process, however embedding soft
heating elements or running electrical current directly through
the alloy can improve portability and reduce activation time.

5. Conclusions and Outlook

In this progress report, we presented an overview of efforts
to engineer soft multifunctional systems with LM or LMPAs.
When incorporated into an elastomer, these alloys can either
preserve the elasticity of the surrounding medium or be used
to actively tune its mechanical properties. In most cases, the
LM or LMPA dispersion has a random but statistically uniform
spatial distribution that results in a heterogenous composite
with effective bulk properties. This is distinct from LM micro-
fluidics, printed circuits, and other deterministically patterned
implementations.

The micro- or mesoscale structure of these LMPA and LM-
embedded elastomer (LMEE) composites can be engineered
using a variety of synthesis techniques. Depending on their
structure and composition, they can exhibit combinations of
electrical, thermal, and mechanical properties that are not
typically observed in other soft material systems. This includes
rubber-like elasticity combined with metal-like thermal or
electrical conductivity and the ability to rapidly and reversibly
change rigidity through thermal or electrical stimulation. Some
of the bulk properties of these composites can be understood
using effective medium approximations and modifications to
classical homogenization theories. Both theory and experiment
suggest that certain emergent properties can arise in which
the composite exhibits features that are not observed with the
bulk constituents. This includes electrical and thermal anisotro-
pies and the possibility for dramatic enhancements in fracture
toughness. In the case of LMEE composites that become con-
ductive through mechanical sintering, another emergent fea-
ture is the ability to maintain a fixed electrical resistance during
stretch.

Further progress with this novel class of soft multifunctional
materials will continue to build on practices and fundamental
insights from interface and colloid science, microfluidics, and
condensed soft-matter physics. There is still much to learn
about materials integration, including the synthesis of LM and
LMPA nanoparticles and their dispersion in elastic materials.
While effective medium approximations have been useful for
modeling some bulk composite properties (e.g., dielectric con-
stant, thermal conductivity), additional work is required to
establish theories that can fully explain the mechanical, elec-
trical, and thermal features of these systems and their stress-
induced responses. This is particularly true for understanding
variations in fracture energy and electric breakdown, which
have yet to be adequately studied. Progress in analytic and
computational modeling will help inform materials design and
could lead to further enhancements or new functionalities.
Such improvements have the potential to advance emerging
fields like soft robotics and wearable computing by enabling
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soft materials to exhibit an even greater range of properties
without sacrificing their natural mechanical compliance.
Note: When initially published online, the graphic for Figure 3
had been set as Figure 4 and the graphic for Figure 4 set as
Figure 3. This was corrected on July 13, 2017.
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