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Liquid Metal + x: A Review of Multiphase Composites
Containing Liquid Metal and Other (x) Fillers

Sophia Eristoff, Amir Mohammadi Nasab, Xiaonan Huang,
and Rebecca Kramer-Bottiglio*

Multiphase mixtures containing both liquid metal and solid inclusions in a
soft polymeric matrix can exhibit unique combinations of mechanical,
electrical, magnetic, and thermal properties. Gallium-based liquid metals have
excellent electrical and thermal properties, and incorporating additional
conductive, magnetic, or other solid fillers into liquid metal-embedded
elastomers can yield heightened electrical and thermal conductivities,
enhanced elasticity due to lowered percolation thresholds, and positive
piezoconductivity. This emerging class of liquid metal + x composites, where
x denotes any solid filler type, has applications in stretchable electronics,
wearables, soft robotics, and energy harvesting and storage. In this review,
the recent literature is consolidated on liquid metal + x composites and their
potential to offer uniquely amplified or multiplied bulk properties is
highlighted. The literature related to the materials and processing of liquid
metal + x composites is reviewed, through which it is found that the
properties of the resulting multiphase composites are sensitive to the
sequence in which the distinct liquid metal and solid inclusions are
incorporated into the continuous phase. This review further includes a
summary of relevant predictive modeling approaches, as well as identifies
grand challenges and opportunities to advance liquid metal + x composites.

1. Introduction

Gallium-based alloys that are liquid at room temperature, or liq-
uid metals (LM), are a fascinating class of materials with highly
unique properties.[1] Most commonly, liquid metals refer to eu-
tectic gallium indium (eGaIn; 75% Ga and 25% In by weight) or
Galinstan (68.5% Ga, 21.5% In, and 10% Sn by weight). Along
with their sub-room temperature melting point—nominally
Tm = 15 °C and -19°C for eGaIn and Galinstan, respectively,
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although there exists a Tm range depending
on processing and formulation[2,3]—liquid
metals boast low toxicity,[4] low viscosity,
exceptional electrical, and thermal con-
ductivity, high deformability, self-healing
capability, near-zero vapor pressure, and
voltage-responsive interfacial energy.[5–7]

The interfacial energy of liquid metals is
dominated by surface gallium oxidation,[8]

which forms a stable amorphous oxide
film that has presented both processing
challenges and incredible shape stability.[9]

Given such properties, it is unsurprising
that liquid metals have emerged as a leading
candidate material for applications includ-
ing stretchable conductors,[10] electrodes
and batteries,[11] sensors,[12–16] antennas,[17]

transistors,[18,19] memristors,[20] en-
ergy harvesting devices,[21–23] soft
actuators,[24] and integrated circuits.[25,26]

Incorporating liquid metal inclusions
into solid-phase materials generates liquid
metal composites, which have been shown
to impart many of the unique and ad-
vantageous properties of liquid metal to
bulk solids. For example, Ford et al.[27]

reported liquid metal inclusions in liquid crystal elastomer
(LCE) actuators, which imparted conductivity without degrad-
ing the mechanical and shape-morphing properties of the LCE.
Markvicka et al.[28] proposed liquid metal droplets suspended
in soft elastomer, which, when coalesced via strain or pressure,
formed stretchable elastomer conductors. Similarly, Thrasher
et al.[29] presented core–shell particles of liquid metal with
surface-bound acrylate ligands that polymerized together to cre-
ate cross-linked particle networks, which when stretched, form
stretchable conductors with a suppressed electromechanical re-
sponse. Bartlett et al.[30] showed the enhancement of thermal
conductivity in elastomers via liquid metal inclusions.

Recently, researchers have proposed increasingly complex liq-
uid metal composites, often adding additional fillers to either
amplify or multiply the functional properties. In this class of
composites, liquid metal can bridge between solid fillers to re-
duce percolation thresholds,[31] forge inclusion alignments for
anisotropy,[32] or mitigate the compliance mismatch between
rigid fillers and soft polymers to reduce stress concentration
points that impact the extensibility of the matrix and longevity of
the composite.[33] The emergent benefits of composites contain-
ing liquid and solid inclusions have summarily shown integrated
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Figure 1. Liquid metal + x composites, which are multiphase compos-
ites containing both liquid metal inclusions and other solid (x) fillers. The
outer rings indicate which integrated properties are enhanced or enabled
in the liquid metal + x composites based on their solid filler. CNF and CNT
denote carbon nanofibers and carbon nanotubes, respectively.

mechanical,[34–36] electrical,[37–39] magnetic,[40,41] thermal,[42,43]

self-healing,[44–47] rheological,[48] or tribological[49] properties in
synergy with their liquid-solid-reinforced structures.[50]

The purpose of this review is to highlight the immense po-
tential for liquid metal (LM) + x multiphase composites, where
“x” denotes any solid filler (Figure 1). We note that the term
‘multiphase composite’ has been used in the literature to refer
to polymer composites containing two or more types of liquid
inclusions[51] or solid fillers,[52] as well as inclusions of different
sizes or shapes of the same material.[53] Here, we identify mul-
tiphase composites containing both liquid and solid inclusions
and further narrow our focus to those containing liquid metals.
This review complements other recent reviews that focus on com-
posites containing liquid inclusions other than liquid metal,[54,55]

composites containing only liquid metal inclusions,[56–59] liq-
uid metal particles,[60–63] and liquid metal fibers.[64] We exclude
complex-phase capsules as composites on their own unless they
are embedded into host matrices. Thus, our aim is to report the
collective literature on “liquid metal + x” composites to elucidate
the potential to amplify or multiply bulk properties by adding liq-
uid metal to existing filler-matrix composite materials, as shown
in Table 1. We further review the materials, processing, and mod-
eling challenges associated with such multi-inclusion compos-
ites.

2. Integrated Properties

There are two ways to consider a LM+ x multiphase composite: 1)
a solid filler-matrix composite with added liquid metal, or 2) a liq-
uid metal-matrix composite with added solid filler. In Table 1, we
consider the literature based on the latter approach, thus group-
ing composites by x and listing their increased or added proper-

ties relative to liquid metal-only composites of the same liquid
metal loading percentage. In the following sections, we group
LM + x composites in the literature by their enhanced or added
mechanical, electrical, thermal, and magnetic properties. As a
versatile material with excellent electrical and thermal proper-
ties, adding liquid metal inclusions to existing composites has
been shown to enhance or enable electrical and/or thermal con-
ductivity, often while also introducing favorable or maintained
mechanical and/or magnetic properties.

2.1. Mechanical Properties

The mechanical properties of polymers are generally impacted
by adding solid or liquid fillers. For example, the addition of
solid fillers in a polymer network typically reduces the elastic-
ity and embrittles the network, but may increase the strength
of the system.[33,98–100] The addition of liquid fillers can in-
crease the toughness of the network, as well as enhance en-
ergy absorption due to increased energy dissipation via the liquid
inclusions.[5,25,60,101] However, liquid inclusions at high concen-
trations in a polymer network may induce leakiness when sub-
jected to pressure gradients.[68,87]

Together, both liquid and solid inclusions in a polymer net-
work create complex interactions, and the specific composition
determines whether the liquid or solid inclusions are more dom-
inant toward the bulk mechanical properties. Tutika et al.[68] stud-
ied the mechanical and functional tradeoffs in multiphase com-
posites including both liquid and solid inclusions, yielding an
optimized composition of solid conductive particles and eGaIn
liquid metal in a silicone matrix with high compliance and ther-
mal conductivity. In some cases, the unique interactions between
liquid and solid inclusions extend beyond mitigating the effects
of one another and instead create unexpected outcomes. For ex-
ample, in a work by Bury and Koh,[69] Galinstan and BTO parti-
cles were embedded in a polydimethylsiloxane (PDMS) matrix to
yield a stretchable dielectric material, and increasing the Galin-
stan content was found to increase the composite’s modulus and
viscosity—the opposite correlation from what is expected when
typically adding liquid filler to a polymer.

Other examples of LM + x composites have demonstrated
enhanced or added mechanical properties such as increased
Young’s modulus,[68–70,76,78] shear hardening,[73] increased ulti-
mate strain,[68] enhanced storage moduli,[69,71] and decreased
gauge factor.[87] For example, by mixing both Fe particles and liq-
uid metal into a polymer matrix, the toughness and Young’s mod-
ulus of the bulk composite can be enhanced.[69,70,102] Incorporat-
ing carbon nanotubes (CNT),[73–75] carbon nanofibers (CNF),[76]

and graphene flakes[78–80] with liquid metal into elastomers can
also enhance the toughness of the composite. In a work that
we find particularly interesting, Saborio et al.[80] showed that
the elastic modulus of a graphene-liquid metal composite ini-
tially increases as the loading content of graphene is raised to
1.4 wt.%, then subsequently decreases with further graphene
loading to 3 wt.%. Such non-monotonic dependency between
solid filler content and elastic modulus is attributed to the flow
of liquid metal into cavities, which reduces the friction between
the matrix and solid filler, as depicted in Figure 2A (and further
investigated in other works[56,103]). However, when the graphene
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Table 1. Liquid metal + x composites and their modified or multiplied properties relative to liquid metal-only composites of the same liquid metal loading
percentage.

x Filler type Matrix Investigated properties Reference

NdFeB particles Sylgard 184 Added magnetic properties Zhang et al.[65]

NdFeB particles Metal-coated
particles in liquid
metal

Increased thermal and electrical conductivity; added magnetic properties Lu et al.[66]

NdFeB particles Sylgard 184 Added magnetic properties Guan et al.[67]

Fe particles Gelest PDMS Increased thermal conductivity, Young’s modulus, and ultimate strain Tutika et al.[68]

Fe or BTO particles Gelest PDMS Increased torsion storage modulus, Young’s modulus, and dielectric
permittivity

Bury and Koh[69]

FeHO2 particles Sylgard 184 Added positive piezoconductivity; increased electrical conductivity and Young’s
modulus

Zhang et al.[70]

Carbonyl Fe particles Sylgard 184 Added positive piezoconductivity and magnetic properties; increased thermal
conductivity

Yun et al.[40]

Carbonyl Fe particles Sylgard 184 Increased thermal conductivity and storage modulus; added magnetic
properties

Li et al.[71]

Carbonyl Fe particles Sylgard 184 Added magnetic properties and metallic conductivity Kim et al.[72]

Carbon (CNT)
and Carbonyl
Fe

nanotubes
and
particles

PDMS-polyurethane
blend

Increased electrical conductivity; added electrical self-healing, magnetic
properties, and shear hardening

Ding et al.[73]

Carbon (CNT) nanotubes Sylgard 184 Increased electrical conductivity Guan et al.[74]

Carbon (CNT) nanotubes Sylgard 184 Increased electrical conductivity Li et al.[75]

Carbon (CNF) nanofibers Sylgard 184 Increased Young’s modulus and tensile strength; added strain hardening and
positive piezoconductivity; decreased electrical conductivity

Zhang et al.[76]

Graphite flakes EcoFlex 00-50 Increased electrical and thermal conductivity Bilodeau et al.[31]

Graphite flakes EcoFlex 00-30 Increased electrical and thermal conductivity Li et al.[77]

Graphene nanoplatelets Sylgard 184 Increased thermal conductivity and Young’s modulus Sargolzaeiaval
et al.[78]

Graphene nanoplatelets Sylgard 184 Increased thermal conductivity Sargolzaeiaval
et al.[79]

Graphene flakes Sylgard 184 Increased electrical and thermal conductivity; non-monotonic Young’s modulus Saborio et al.[80]

Polydopamine-
Coated
Graphene
Oxide

flakes Sylgard 184 Increased dielectric permittivity; decreased breakdown strength Hu and Majidi[81]

Ag particles Silicone oil Increased thermal conductivity Uppal et al.[82]

Ag particles Gelest PDMS Increased thermal conductivity Uppal et al.[83]

Ag particles Poly(styrene-b-
butadiene-b-
styrene)
(SBS)

Increased electrical conductivity Liu et al.[84]

Ag particles Gelest PDMS Increased thermal conductivity and Young’s modulus Tutika et al.[68]

Ag flakes and
particles

Ethylene vinyl
acetate (EVA)

Increased electrical conductivity Wang et al.[85]

Ag flakes Styrene-isoprene
block copolymer
(SIS)

Increased electrical conductivity; non-smearing Reis et al.[86]

Ag flakes SIS Increased electrical conductivity; decreased electromechanical gauge factor;
non-smearing

Lopes et al.[87]

Ag flakes SIS Increased electrical conductivity; non-smearing Sgotti et al.[88]

Ag flakes SIS Increased electrical conductivity Hajalilou et al.[89]

Ag-coated Silica
Carbide

particles Silicone oil Increased thermal conductivity Kong et al.[90]

Ag-coated Fe2O3 particles SIS Increased electrical conductivity Hajalilou et al.[89]

(Continued)
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Table 1. (Continued).

x Filler type Matrix Investigated properties Reference

Ag-coated Ni particles SIS Increased electrical conductivity Hajalilou et al.[89]

Ag-coated Ni particles EcoFlex 00-30 Increased electrical conductivity; added magnetic properties Hoang et al.[91]

Ni particles SIS Increased electrical conductivity; decreased electromechanical gauge factor;
non-smearing

Hajalilou et al.[92]

Ni flakes Gelest PDMS Increased thermal conductivity and Young’s modulus Tutika et al.[68]

Ni flakes Carboxylated
polyurethane

Increased electrical conductivity; added electrical self-healing Park et al.[93]

Ni flakes EcoFlex 00-30 Added positive piezoconductivity; increased electrical conductivity and Young’s
modulus

Zhang et al.[70]

Ni particles Sylgard 184 Added positive piezoconductivity, magnetic properties; increased thermal
conductivity

Yun et al.[40]

Ni spike-shaped
particles

Sylgard 184, EcoFlex
00-30

Increased electrical conductivity; added positive piezoconductivity; increased
thermal conductivity

Yun et al.[94]

Cu particles Thermoplastic
elastomer

Increased thermal and electrical conductivity; non-smearing Chen et al.[95]

Cu particles Polymer-coated
particles in liquid
metal

Increased thermal conductivity Zhang et al.[96]

Cu particles EcoFlex 00-30 Increased thermal conductivity and Young’s modulus Zhang et al.[97]

Cu particles Gelest PDMS Increased thermal conductivity and Young’s modulus Tutika et al.[68]

loading is increased beyond 3 wt.%, direct contact between flakes
promotes van der Waals interactions, thus reverting the depen-
dency between solid filler content and elastic modulus back to a
positive correlation.

Another favorable mechanical property in LM + x composites
is non-smearing, which may be useful in scenarios where encap-
sulation of a material is not possible or favorable.[87] Frequently,
liquid metal composites leak as the liquid metal percolates out of
the network. However, the addition of solid metal filler particles
can act as a strong anchor for liquid metal to prevent smearing
on the composite’s surfaces.[86–88] Liquid metals have been shown
to reactively wet or otherwise adhere to solid metals such as Ag,
Au, Cr, Cu, Fe, and Ni, and the inclusion of these filler types in
composites can thus “hold” the liquid metal in place.[84,87,104–106]

For example, in Lopes et al.,[87] Ag nanoparticles were mixed
with eGaIn and styrene-isoprene block copolymer (SIS) to form
a conductive non-smearing composite. The addition of the silver
nanoparticles slightly enhances the electrical conductivity of the
composite, but more favorably imparts a solid-like integrity seen
in just solid-phase composites, which prevents smearing. Such
non-smearing surfaces could lend toward applications in the ac-
tuator space, such as thermo-responsive actuators[88] or dielectric
elastomer actuators (DEAs)[86] (see Figure 2B), where smearing
of conductive traces (as shown for the carbon black and carbon
grease traces in Figure 2B) can often lead to electrical shorting or
other catastrophic failures.

2.2. Electrical Properties

Imbuing soft polymers with conductive fillers is a common
approach to stretchable conductors, which are essential com-
ponents for emerging wearable and soft robotic technologies.

Either conductive solid or liquid inclusions could be used
to achieve electrical conductivity in a polymer. Solid fillers
such as silver or copper are commonly used due to their
high electrical conductivity, but often require high loading to
achieve percolation.[85] The percolation threshold, or the vol-
ume fraction of conductive filler required to achieve bulk
conductivity, is sensitive to the size and geometry of the
particles.[36] Spherical particles contribute to a very high per-
colation threshold since all of the particulate mass is con-
centrated into isolated spheres of low aspect ratio. Particles
with an amorphous geometry typically enable a lower perco-
lation threshold. Generally, high loading of solid filler leads
to bulk embrittlement, which is often unfavorable for conduc-
tive polymers. Conductive liquid fillers, such as ionic fluids
and liquid metals, can impart electrical conductivity to their
polymer hosts without embrittlement. Liquid inclusions typi-
cally require lower loadings to achieve percolation when com-
pared to their solid counterparts, as they are able to flow
and form conductive pathways.[23,29] However, liquid inclusions
are often leaky, which can result in unreliable conductivity
and mechanical properties with compliance degrading at high
loadings.[68,86–88]

The combination of both conductive liquid and conduc-
tive solid inclusions can reduce percolation thresholds and
mitigate negative properties often seen with single-phase
composites.[40,68,85] While ionic liquids have been used in elec-
trically conductive multiphase composites,[107] the majority of
multiphase electrically conductive polymer composites are man-
ufactured by incorporating liquid metal and small amounts
of conductive rigid inclusions with high aspect ratios such as
silver,[84–89] nickel,[70,91–94] graphite,[31,77] graphene,[80] and car-
bon nanotubes.[73–75] The synergy between both liquid metal
and the conductive solid (x) fillers yields a balanced blend that
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Figure 2. Examples of liquid metal (LM) + x composites and their enhanced or enabled mechanical, electrical, magnetic, and thermal properties.
A) Schematic of effects of compression on a LM + x composite. Under compression, the LM flows into the cavities formed around the graphene
(x), enhancing the mechanical and electrical properties of the composite. Reproduced with permission.[80] Copyright 2019, Wiley-VCH. B) Images of
electrodes used for dielectric elastomer actuators made using a non-smearing LM + x composite, and smearing carbon grease and carbon black.
Reproduced with permission.[86] Copyright 2021, Wiley-VCH. C) Schematic of the positive piezoconductivity achieved under deformation when us-
ing a LM + x composite. Reproduced with permission.[70] Copyright 2021, IOP. D) Images of a LM + x composite and its self-healing properties.
Post-healing, the material exhibits electrical self-healing under strain due to the flow of LM into the healed zone. Reproduced with permission.[93]

Copyright 2018, Wiley-VCH. E) Images of an inchworm-inspired magneto-responsive LM + x composite locomoting in response to a magnetic
field. The x-axis units are mm. Reproduced with permission.[67] Copyright 2023, Elsevier. F) Schematic of the effects of adding magneto-responsive
fillers to a LM-PDMS composite. Cross-sectional optical microscopy images show the composite without and with a magnetic field applied dur-
ing curing on the top and bottom, respectively. Reproduced with permission.[71] Copyright 2023, Elsevier. G) Finite elemental analysis (FEA) im-
ages of a LM + x composite (bottom) and its heat flux transport compared to just pure LM (top). Reproduced with permission.[96] Copyright 2023,
Wiley-VCH.
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co-optimizes the composite’s bulk mechanical and electri-
cal properties.

In LM + x composites, the liquid metal often acts as the sec-
ondary contributor to electrical conductivity. Solid fillers are typi-
cally unable to achieve percolation alone, except at very high load-
ings. However, at high strains, liquid metal can percolate into the
gaps between the solid fillers and bridge an electrical network.
For example, Wang et al.[85] described a superelastic conductor
with an initial conductivity of 8331 S cm-1 and a maximum strain
of 1000%, achieved using both Ag flakes and eGaIn particles in
a polymer matrix. When subject to strain, the eGaIn particles
rupture, maintaining the electrical connections between the Ag
flakes. The eGaIn particles act as electrical anchors for the Ag
flakes, but due to their liquid state, preserve the stretchability of
the composite. In Hajalilou et al.,[89] a variety of LM + x compos-
ites were probed and optimized to combine the best properties
of liquid metal composites with the best properties of solid filler
composites. A mixture of eGaIn and Ag flakes yielded the highest
conductivity with optimized mechanical properties, as compared
to composites containing eGaIn and x = {Fe, Ni, Ag-coated Ni, or
Ag-coated Fe}.

Electrical resistivity usually increases by stretching a conduc-
tive material, as interconnects between electrically conductive
fillers reduce in magnitude.[108–110] However, in certain LM + x
composite cases, added positive piezoconductivity results in elec-
trical resistivity decreasing as tensile strain increases, which is
a fascinating and under-explored phenomenon.[40,70,94] In Yun
et al.,[40] the electrical resistivity of a Fe-eGaIn-PDMS compos-
ite drops by three orders of magnitude during strain, exhibiting
positive piezoconductivity. The unique piezoconductivity proper-
ties of the Fe-eGaIn-PDMS composite are attributed to the defor-
mation of eGaIn particles, and lack thereof of Fe particles, dur-
ing strain. Under strain, the Fe particles may compress against
the PDMS matrix and eGaIn, leading to an overall reduction in
the thickness of the PDMS layer and a potential increase in Fe-
eGaIn contacts, which in turn decreases resistivity, as shown in
Figure 2C. This positive piezoconductivity is also apparent in
Zhang et al.[70] and Yun et al.,[94] where the unusual positive
piezoconductivity property is used for a variety of sensing appli-
cations.

When tuning the electrical conductivity of a polymer compos-
ite, the relative permittivity (dielectric constant) can also be en-
hanced by increasing the volume fraction of liquid metal inclu-
sions, regardless of the size of the inclusions.[22,111] However, en-
hancing the dielectric constant to desirable values often requires
high liquid metal loading (>50 vol.%), which can result in a dras-
tic loss of material integrity and sometimes percolation.[69,81,112]

The combination of both solid and liquid metal fillers can re-
sult in optimized dielectric permittivity with decreased break-
down strength, while still possessing rubber-like compliance and
elasticity. In Hu et al.,[81] eGaIn and polydopamine (PDA)-coated
graphene oxide flakes were used in combination in a PDMS ma-
trix to yield a composite with a high dielectric constant (≈10–57),
a low dissipation factor (≈0.01), and rubber-like compliance and
elasticity. Bury and Koh[69] also found that by combining both
Galinstan and Fe rigid fillers in a PDMS matrix, permittivity, and
loss behavior could be enhanced while maintaining mechanical
integrity. Furthermore, the ratio of Fe and Galinstan could be op-
timized for a specific sensing application, where both mechani-

cal and electrical properties could be precisely adjusted to yield
highly stretchable and responsive dielectric materials for use in
stretchable electronics and soft robotics.

Self-healing technologies have been extensively demonstrated
for the recovery of mechanically damaged parts,[44,47] but can also
be applied to maintaining electrical conductivity.[73,93,113,114] Elec-
trical self-healing enables the healing and recovery of electrical
conductivity in a composite structure after damage. Prior works
have shown that liquid metal encapsulated in solid shells can be
incorporated into a matrix, and when damaged, will rupture and
flow to restore the conductive pathways.[113,114] The combination
of both solid and liquid metal inclusions can enable reversible
electrical self-healing. For example, in Park et al.,[93] Ni flakes
and eGaIn were added to a carboxylated polyurethane (CPU)
matrix. CPU polymer is engineered to self-heal, and with just
eGaIn, can restore electrical conductivity post-damage. However,
the eGaIn would eventually leak out of the composite over time,
preventing reversible self-healing. The addition of the Ni flakes
enables reversible self-healing, as the Ni acts as an anchor for
the eGaIn, promoting optimal adhesion between the eGaIn and
CPU to prevent leaking over time (Figure 2D). In Ding et al.,[73]

CNTs and gallium liquid metal were directly mixed into a PDMS-
polyurethane (PU) blend. The PDMS-PU blend possessed natu-
ral self-healing properties, and when coupled with the synergistic
electrical properties of both the CNTs and liquid metal, could re-
cover full electrical conductivity when damaged.

2.3. Magnetic Properties

Magnetorheological elastomers (MREs) are magneto-responsive
due to the inclusion of magnetic particles within the elas-
tomer matrix.[115–118] Typically, MREs are synthesized by dis-
persing solid magneto-responsive fillers, such as ferromagnetic
Fe,[119–121] Ni,[122–124] or NdFeB[125–127] particles, in a polymer ma-
trix prior to curing in the presence or absence of a magnetic field.
Based on the curing conditions, loading concentration, and type
of magnetic particle used, MREs may possess anisotropic phys-
ical properties, which can enable field-dependant mechanical or
physical properties.[115,118,128,129] However, due to the solid nature
of most magnetic fillers, MREs are often very stiff and tough, with
little compliance or stretchability.[130,131]

Integration of liquid inclusions into MREs can yield com-
posites with not only retained magnetic properties but also en-
hanced or introduced mechanical and thermal functionalities.
Most magneto-responsive LM + x composites make use of ei-
ther carbonyl Fe[40,71–73] or NdFeb[65–67] particles due to their op-
timal ferromagnetic properties. Ni particles have been used in
MREs[91] but at a lower frequency because the magnetic perme-
ability of Ni is relatively low compared to Fe and NdFeB.[122]

In one example, Zhang et al.[65] used a NdFeB-liquid metal-
PDMS composite to create a miniature, untethered, magnetic
robot with dual-energy transmission mode capabilities, which lo-
comotes in response to a low-frequency magnetic field waveform.
When subjected to a fast-changing magnetic field, the robot is
able to generate enough current to power an LED light. In an-
other example, Guan et al.[67] used the same materials (NdFeB-
eGaIn-PDMS) to synthesize a biomimetic soft inchworm with
magneto-responsivity (Figure 2E). The inclusion of both rigid
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NdFeB with liquid eGaIn yielded enhanced mechanical proper-
ties often seen in liquid metal composites, such as higher flexibil-
ity and cross-linking density, decreased swelling, and enhanced
tear resistance.[67]

A unique property that arises from liquid metal + ferromag-
netic particle composites is that the electrical conductivity can be
tuned by controlling the direction and strength of a magnetic field
generated by an electromagnet.[40,71,72] The magnetic particles in
a LM + x composite tend to align in the direction of the magnetic
field, which reduces the spacing between the conductive parti-
cles. As a result, when the material is subjected to a magnetic
field perpendicular to the resistance measurement direction, the
electrical resistance decreases. By monitoring the change in resis-
tance, MREs with liquid metal can be used as sensors to measure
magnetic flux density and pressures.[40]

2.4. Thermal Properties

Efficient thermal management is essential for electronic devices,
and in the case of wearable computing devices and soft robots,
stretchability and deformability are demanded as well. Dispers-
ing high contents of rigid inclusions can enhance thermal con-
ductivity in polymer composite materials but also results in re-
duced stretchability.[132–134] Liquid metals exhibit excellent ther-
mal conductivity (relative to other liquid alternatives, such as wa-
ter, ionic liquids, and hydrocarbons[135]), in addition to superior
electrical properties, and can be dispersed into polymer com-
posites to enhance thermal conductivity while maintaining me-
chanical compliance.[30,136] For example, Bartlett et al.[30] reported
a liquid metal elastomer composite with unprecedented metal-
like thermal conductivity in a highly stretchable (𝜖 >600%) state.
However, composites containing only liquid metal inclusions at
high loading concentrations exhibit low compliance and leaki-
ness, thus preventing reliability.

If solid inclusions with high thermal conductivities such as
Fe,[40,68,71] graphite,[31,77] graphene,[78–80] Ag,[68,82,83,90] Ni,[40,68] or
Cu[68,95,97] are also added to the elastomer, in addition to liq-
uid metal, the thermal conductivity of the multiphase compos-
ite will increase relative to the liquid metal-only composite at the
same loading percentage. However, the maximum possible vol-
ume fraction of the inclusions decreases when rigid inclusions
are involved, due to the stiffness of the rigid inclusions, which
prevents mixing and uniform formation of a multiphase com-
posite. Therefore, the addition of solid fillers can also reduce the
highest achievable thermal conductivity.[68,137]

Thermal interface materials (TIMs), which are used for the
thermal management of high heat flux devices, are required to
possess high thermal conductivity with low Young’s modulus.
However, these two properties typically oppose one another.[97,138]

Zhang et al.[97] proposed a LM + x composite mixture, wherein a
co-doped TIM consisting of liquid metal and Cu in a silicone ma-
trix yielded a thermal conductivity of 3.94 WmK-1 and an elastic
modulus of 699 kPa. The performance of this specific TIM was
better in comparison to that of the single-phase TIMs, due to the
synergistic effects of the highly thermally conductive Cu and the
liquid metal fillers, which have very little impact on the mechan-
ical properties of the matrix material. In Sargolzaeiaval et al.,[78]

eGaIn and graphene nanoplatelets (GNPs) in a PDMS matrix

worked together to increase the thermal conductivity of the com-
posite. The affinity between the eGaIn and the GNPs created
more paths for phonon transport without increasing the den-
sity of the barriers. The thermal conductivity correspondingly in-
creased, as conductive paths formed not only through the GNPs
and eGaIn droplets but also through the eGaIn islands that aggre-
gated on the surface of the GNPs. Furthermore, the low loading
of rigid GNP filler (<2.2 wt.%) into the composite made it possi-
ble to possess high thermal conductivities without substantially
impacting the material’s flexibility.

Since liquid metals are often denser than the polymer matrices
they are embedded in, they tend to settle during curing and pre-
vent uniform heat transfer throughout the bulk composite. How-
ever, in some instances, the incorporation of both liquid metal
and magneto-responsive particles can aid in introducing multi-
functionalities and enhancing the thermal conductivity of a ma-
terial, promoting a more uniform distribution of heat. For exam-
ple, in Li et al.,[71] PDMS and carbonyl Fe particles were mixed
with a liquid metal to form a multiphase composite. The ther-
mal conductivity of just the liquid metal-PDMS composite was
0.371 WmK-1, but increased to 0.440 WmK-1 with the addition of
the carbonyl Fe particles. The thermal conductivity is enhanced
by the addition of carbonyl Fe because the particles form dis-
tributed chains in the PDMS matrix when subject to a magnetic
field while curing, as shown in Figure 2F, increasing more uni-
form distribution of thermally conductive particles throughout
the matrix. In Yun et al.,[40] irregularly shaped Ni particles with
surface spikes were integrated into a liquid metal-PDMS matrix.
Due to the irregular surface area of the Ni particles, more con-
tacts were formed between the particles and liquid metal, en-
hancing the thermal conductivity of the composite. Furthermore,
because the Ni particles exhibit ferromagnetic properties, the en-
hanced thermal conductivity could be coupled with the magneto-
active properties to achieve an intelligent magneto-responsive
heating pad.

We note that in the vast majority of LM + x composites, a poly-
mer typically serves as the matrix material encasing both the liq-
uid and solid filler. Here, we highlight some inverted instances
that continue to meet our definition of LM + x composites, where
the liquid metal serves as the matrix material and hosts multi-
material fillers. For example, in Lu et al.,[66] NdFeB particles are
coated with Ag before being incorporated into an eGaIn matrix.
Due to the corrosive behavior of gallium-based materials, the Ag
acted as a protective barrier to preserve the NdFeB and its in-
herent magnetic properties. Furthermore, by using a composite
material, rather than pure eGaIn, dynamic leakage-free proper-
ties were achieved via enhanced viscosity, while retaining excel-
lent heat-storage performance, good thermal stability, low ther-
mal resistance, and high thermal conductivity. In Zhang et al.,[96]

polyphenol-coated Cu particles were dispersed in an eGaIn ma-
trix to yield effective thermal management components for CPU
chips, as demonstrated in Figure 2G. Since eGaIn has excellent
thermal dissipation properties but low viscosity, the polyphenol-
coated Cu particles enhanced the flow properties to prevent sur-
face spreading. Furthermore, the polyphenol-based supramolec-
ular networks served as an effective barrier between the Cu and
eGaIn, reducing the alloying interactions and preventing the for-
mation of intermetallic compounds, effectively enhancing the
stability of the composite.

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (7 of 18)
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3. Materials and Processing

In this section, we review a variety of synthesis techniques for
LM + x composites. For completeness, we focus not only on the
synthesis of existing LM + x composites, but also on processing
methods using liquid metals (absent of x) to comment on future
opportunities for the fabrication of LM + x composites.

3.1. Liquid Metal Emulsions

In most cases, the fabrication process of a LM + x composite be-
gins with the preparation of an emulsion, where the uncured
polymer matrix is the continuous phase and the liquid metal
is the dispersed phase. Thereafter, other fillers can be incorpo-
rated prior to polymerization (curing) of the continuous phase
to obtain a solid structure containing the encapsulated liquid
metal and solid components. Several emulsion processes exist to
achieve the mixture of two or more immiscible or partially misci-
ble liquid phases.[139,140] Mechanical shear is utilized in the emul-
sification process to break the large particles of the dispersed
phase into smaller polydispersed particles distributed through-
out the continuous phase. The shear force required for break-
ing up the dispersed phase can be provided by manual stirring,
automated shear homogenization, sonication, or application of
acoustic waves.[141,142] Phase separation is another emulsification
method for creating liquid inclusions in a mixture of two partially
or entirely miscible fluids. In the phase separation method, the
miscibility in a saturated mixture of fluids can be reduced by ap-
plying an external stimulus to form droplets in the mixture.[143]

In the emulsification process, there is a critical capillary num-
ber, Ca = 𝜏

2𝜎∕d
, below which the droplet dispersion is suppressed

with surface tension, where 𝜏, 𝜎, and d are shear stress, sur-
face energy, and droplet diameter, respectively. Shear stress ob-
tained from the mechanical agitation causes spherical to ellip-
soidal shape deformation in the droplets of the distributed phase,
breaking them up into smaller particles, while surface tension
opposes this shape deformation.[144] The emulsification process
also depends on the viscosity of the fluids; the viscosity ratio of
the dispersed phase to the continuous phase controls the ability
of a droplet to split in the continuous phase. At a fixed capillary
number, droplet breakups happen if the viscosity ratio is within a
specific range of low and high bounds.[145] In other words, higher
capillary numbers are required for mixtures with very low or
very high viscosity ratios, which corresponds to higher applied
shear stress.

Using a third component as an emulsifying agent is some-
times necessary or useful to facilitate the emulsification pro-
cess and stability of the emulsion. There are different stabilizing
mechanisms for emulsions depending on the system, however,
two methods are most commonly used: 1) decreasing interfacial
energy, or using surfactants as an emulsifying agent to reduce
the interfacial tension generated between the dispersed phase
and the continuous phase; and 2) mechanical protection (Pick-
ering emulsion; discussed further in Section 3.3), or incorporat-
ing solid particles into the emulsion to be adsorbed and trapped
at the interfaces of the dispersed and continuous phases, creat-
ing a mechanically strong film to prevent droplet coalescence.
When using a surfactant as an emulsifier, the phase in which

the surfactant is more soluble becomes the continuous phase
(Brancroft’s rule).[146] Therefore, if the surfactant is not carefully
chosen, the emulsion could invert and the intended dispersed
phase could emerge as the continuous phase. Surfactants to aid
in the emulsification of liquid metals have been well studied, as
liquid metals possess a notably high surface tension and are thus
difficult to incorporate into different matrix materials. For exam-
ple, Handschuch-Wang et al.[147] investigated the effects of a va-
riety of surfactants, such as Tween-80 and sodium dodecyl sul-
fate, on gallium-based liquid metals, with the goal of preventing
droplet coalescence. Different surfactants were found to success-
fully adsorb onto the surface of the liquid metal droplets based
on the chemical environments, preventing liquid metal droplets
from agglomerating. Sometimes, dispersants can also be added
to aid in the formation of a stable, yet emulsifier or surfactant-
free, emulsion. For example, both Park et al.[93] and Wang et al.[85]

utilized acrylic acid as a dispersant to evenly distribute filler flakes
and eGaIn in a polymer network.

3.2. Sequence of Material Incorporation

The literature on multiphase composites containing distinct solid
and liquid metal inclusions indicates that the sequence in which
the different inclusions are incorporated into the continuous
phase plays a vital role in the formation of inclusions and the bulk
properties of the resulting composite.[137] For example, Bilodeau
et al.[31] developed a composite using silicone elastomer as the
continuous phase, and liquid metal and solid expanded interca-
lated graphite (EIG) flakes as the dispersed phases. The liquid
metal and silicone elastomer were mixed first, thus breaking up
the liquid inclusions into appropriate sizes via shear mixing. Sub-
sequently, EIG suspended in a carrier solvent of cyclohexane was
added to the mixture. However, if the EIG had been added to the
silicone elastomer first, the viscosity of the mixture would have
dropped dramatically due to the incorporation of the solvent, pre-
venting the appropriate breakup of the liquid metal droplets into
microscale inclusions.

In some works, the solid filler is introduced into the exter-
nal matrix prior to liquid metal incorporation.[75,86–88] In Lopes
et al.,[87] styrene-isoprene block copolymer (SIS) dissolved in
toluene was first mixed with Ag flakes to disperse the rigid fillers.
Once evenly dispersed, the eGaIn liquid metal was thoroughly
mixed into the composite to form a biphasic elastomer ink for
stretchable electronics. Interestingly, when the eGaIn was incor-
porated into the SIS-Ag mixture, the composite yielded not only
eGaIn droplets with a gallium oxide shell and Ag flakes in an
SIS matrix, but also AgIn2 microparticles on the surface of the
oxide-coated eGaIn droplets. In another work, Yun et al.[40] placed
PDMS, Fe powder, and eGaIn into a container in the sequence
stated and shear mixed them to fabricate a composite with dis-
tinct dispersed inclusions of Fe particulates and LM inclusions in
the bulk PDMS matrix, as shown in Figure 3A. In Zhang et al.[70]

eGaIn and solid fillers consisting of either iron or nickel were di-
rectly mixed into pre-cure silicones in a one-pot emulsion process
to form a uniform stretchable conductive composite, suggesting
that simultaneous mixing may achieve similar outcomes to pre-
mixing the solid filler and matrix before adding liquid metal in
some cases.

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (8 of 18)
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Figure 3. Materials and processing methods for LM + x composites. A) Schematic and scanning electron microscopy (SEM) images with energy dis-
persive X-ray spectroscopy (EDS) elemental mappings of a LM + x composite. Reproduced with permission.[40] Copyright 2019, Springer Nature. B)
Synthesis process of LM nanodroplets using sonication techniques, which are then collected and incorporated into an elastomeric matrix with addi-
tional filler. SEM images with EDS elemental mappings are shown to exhibit the dispersion of the fillers in the elastomer matrix. Reproduced with
permission.[80] Copyright 2019, Wiley-VCH. C) SEM images of LM encapsulated in a polymer shell using an in situ polymerization process. When em-
bedded in an epoxy matrix and fractured, the cross-sectional SEM image shows the location of the damaged area and liquid metal release (denoted
as Ga–In). Additional micro-CT data, with a schematic superimposed, shows the LM-encapsulated microcapsules and their release of liquid metal into
the crack plane of a healed specimen. Reproduced with permission.[113] Copyright 2012, Wiley-VCH. D) Images of an emulsion of LM and a monomer
pre- and post-sonication, with a schematic showing the resultant Pickering emulsion formed post-sonication, where organophilic particles stabilize
the surface of eGaIn particles. Reproduced with permission.[148] Copyright 2019, American Chemical Society. E) Schematic of the synthesis process
of graphene-coated liquid metal droplets. Optical microscopy and SEM images of the particles show the graphene is evenly dispersed throughout the
surface of the eGaIn droplets. Reproduced with permission.[149] Copyright 2018, Wiley-VCH.

Finally, some works demonstrate that mixing liquid metal with
solid fillers (such as metallic particles or flakes) prior to addition
to the matrix can aid in the formation of a more uniform compos-
ite material with enhanced properties. For example, in Li et al.,[77]

graphite flakes and liquid metal were mixed thoroughly prior to
addition into a silicone rubber matrix to yield liquid metal-coated
graphite flakes. Both the liquid metal-coated graphite flakes and
individual liquid metal droplets dispersed throughout the ma-
trix work synergistically to form a thermally conductive pathway,
which is not present in composites of the same composition but
without the pre-mixing step. Uppal et al.[82] showed that when
pre-mixing Ag flakes with liquid metal prior to incorporating in
silicone oil, which is much less viscous than that of the pre-cure
silicone used in Li et al.,[77] thermal properties were not enhanced

because the filler and liquid metal clumped more frequently. Fur-
thermore, they showed that as the viscosity of the silicone oil in-
creased, the clumping between the solid filler and liquid metal
decreased and dispersion increased, which agrees with Li et al.[77]

Tutika et al.[68] also showed that if solid metal particles (such as
Fe or Cu) are mixed with eGaIn prior to shear mixing with sili-
cone elastomer, the liquid metal encapsulates most of the solid
particles. This encapsulation of solid particles is likely due to
the formation of a gallium-oxide coating around them, which
increases the affinity between the particles and eGaIn. Related,
Kanetkar et al.[150] found that pre-mixing solid particles with liq-
uid metal led to air pocket formation, which could negatively im-
pact the bulk composite’s thermal conductivity or positively im-
pact density.[151]

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (9 of 18)
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3.3. Liquid Metal Core or Shell Capsules

While liquid metal and other fillers are often embedded into soft
matrices via simpler mixing and emulsion processes, these fillers
can also be introduced by pre-synthesizing capsules. By fabricat-
ing liquid metal capsules prior to addition into a matrix, one may
prevent the coalescence of liquid metal droplets in the composite,
enable a higher degree of control over the size and morphology
of the droplets, and potentially amplify desirable properties.

Gallium-based liquid metal emulsified in a solvent may it-
self be considered to form core-shell capsules, due to the inher-
ent formation of stabilizing gallium oxide at the surface of each
droplet.[26,152–159] Saborio et al.[80] synthesized liquid metal cap-
sules by sonicating a mixture of bulk eGaIn in chloroform to
break up the liquid metal into droplets, with gallium oxide en-
closing the eGaIn particles. Thereafter, the eGaIn capsules and
graphene were dispersed in a silicone matrix to yield flexible
and stretchable electrically conductive composites (Figure 3B).
For a higher degree of control over the size and morphology
of the liquid metal suspensions, prior works have also em-
ployed stabilizers.[156,157,160] In Lear et al.,[156] thiols were added
to a mixture of eGaIn and ethanol, with the thiolated emulsion
yielding smaller and more monodisperse liquid metal capsules.
Finally, microfluidic techniques can also be used to generate
monodisperse droplets of liquid metal.[161,162] Lin et al.[163] uti-
lized a capillary-based microfluidic approach to synthesize liq-
uid metal microspheres with excellent electrical conductivity and
photothermal properties. By modulating the continuous medium
in which the liquid metal capsules were synthesized, one can
change the size of the synthesized liquid metal spheres. For an
extensive review of the intersection between microfluidic tech-
niques and liquid metals, we refer the reader to Zhu et al.[13]

Other existing processes that can be used to synthe-
size capsules include interfacial polymerization,[164–171] in situ
polymerization,[113,114,172–176] and Pickering emulsions.[177–184] In-
terfacial polymerization and in situ polymerization techniques
are both frequently used to synthesize single core-shell architec-
tures because these methods typically optimize the ratio of core
liquid to shell material to maximize the encapsulation of liquid,
and some reactions involve a hybrid of both techniques.[185] In
a relevant example of in situ polymerization, Blaiszik et al.[113]

encapsulated eGaIn in a polymeric shell using an in-situ urea-
formaldehyde micro-encapsulation technique. The in situ pro-
cess yielded ellipsoidal capsules with major-axis diameters rang-
ing from 3–200 μm. Thereafter, the liquid metal capsules were
incorporated into an epoxy matrix, and upon mechanical dam-
age to the cured matrix, the liquid metal capsules would frac-
ture, enabling the flow of the liquid metal (Figure 3C). While
formaldehyde-based in situ polymerization is frequently em-
ployed in synthesizing microcapsules, we note that safety con-
cerns associated with formaldehyde,[186] especially for wear-
able and biological applications, have motivated the synthesis
of melamine-urea microcapsules via interfacial polymerization
without the use of formaldehyde.[187]

In a work employing Pickering emulsions, liquid metal parti-
cles were utilized as the Pickering stabilizer, where eGaIn parti-
cles self-organized on a porous surface during phase separation
to form conductive pathways when mechanically sintered.[188] Al-
ternatively, the liquid metal can be stabilized by Pickering sta-

bilizers, such as organophilic particles, which can enable stable
liquid metal emulsification in a hydrogel matrix,[148] as shown in
Figure 3D. Finally, while not strictly a Pickering emulsion, Chen
et al.[149] coated liquid metal droplets by dropping them into a
beaker of graphene sheets and rolling them in the beaker un-
til the droplets were sufficiently coated (Figure 3E), which repre-
sents a system of smaller functional particles coating the surface
of liquid metal droplets.

In the context of LM + x composites, some works synthe-
size capsules with solid ‘x’ filler cores that are coated with liq-
uid metal shells before mixing into a matrix.[91,95] For exam-
ple, in He et al.,[189] polypropylene foam particles were coated
with liquid metal by stirring both materials together. The pro-
cess yielded foam particles with a liquid metal coating of approx-
imately 50 μm. In Hoang et al.,[91] Ni particles were first coated
with eGaIn by mixing both components. Thereafter, the eGaIn-
coated Ni particles were dispersed into a silicone matrix. Some-
times, to enhance the wettability between the liquid metal and
the solid filler material, the filler can be surface-functionalized.
In Chen et al.,[95] Cu particles were first surface-functionalized
with silanes prior to coating with eGaIn to promote wetting and
uniform coating. In other cases, the rigid fillers can be coated
with a polymer prior to being mixed into a liquid metal matrix.
For example, in Zhang et al.,[96] Cu particles were coated with tan-
nic acid, which is a polyphenol polymer, prior to mixing into an
eGaIn matrix. The polyphenol polymer coating prevented alloy-
ing interactions between the eGaIn and Cu particles and delayed
the formation of intermetallic compounds, which proved favor-
able for thermal applications.

3.4. Inclusion Settling and Composite Homogeneity

Settling of the inclusions may impact the homogeneity of all
LM + x composite formulations. Liquid metals typically possess
a high density, on the order of seven times that of the elastomers
they are frequently encapsulated in [190]. Because of the large
difference in densities between the liquid metal and the matrix,
settling of the dense liquid metals during curing often occurs,
leading to non-uniform samples. The settling phenomena found
in liquid metal composites can often have detrimental effects,
causing a lowered dielectric constant along with lowered electri-
cal and thermal conductivity. Several works have aimed to mit-
igate the segregation and settling of liquid metals in elastomer
composites.[190,191] One approach is to mix low-density materials,
such as hollow glass microspheres, with the liquid metal prior to
its addition into an elastomer matrix.[191] Mixing up to 50 vol.%
of the low-density microspheres into the liquid metal can reduce
the density to almost half of the neat liquid metal, which pre-
vents settling during curing. In another approach, Xue et al.[190]

mixed pre-synthesized PDMS beads with liquid metal and pre-
cure PDMS to prevent settling and segregation. The PDMS beads
and liquid metal inclusions work synergistically to jam and pre-
vent the inclusions from settling.

4. Theory and Modeling

In this section, we review relevant literature that contributes
to the predictive modeling of LM + x composites. As LM + x

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (10 of 18)
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multiphase composites contain both liquid and solid inclusions,
we begin by discussing modeling approaches for composites con-
taining each distinct filler phase before reviewing combinato-
rial approaches.

4.1. Composites with Solid Inclusions

There are several theoretical models to estimate the effect of
solid inclusions on the mechanical properties of composites.
Mechanical properties of the inclusions and their volume frac-
tion are the governing parameters in most of these models,
however, the geometry of the fillers and their packing frac-
tion have also been considered in some advanced models. The
simplest way to predict the mechanical properties of a com-
posite such as elastic modulus, density, Poisson’s ratio, and
strength is through series and parallel models based on the rule
of mixtures. For elastic modulus, the series and parallel mod-
els consider that the fillers and the matrix are under uniform
tension and deformation, which is a simplification. In contin-
uum mechanics, Eshelby’s theory[192] of solid composites ex-
presses the responses of ellipsoidal inclusions in composites
to applied stresses, and the stiffness of solid composites with
low concentrations of inclusions can be predicted. Eshelby’s
theory has also been extended to higher concentrations of in-
clusions when the strain fields of neighboring inclusions af-
fect each other.[193,194] On the other hand, the Halpin-Tsai em-
pirical model equations have been used extensively to predict
the properties of composites reinforced with short fibers con-
sidering the aspect ratio of the fillers. The Halpin-Tsai model
reduces to the parallel and series models when the empiri-
cal parameter defined in it becomes very large or very small,
respectively. The Halpin-Tsai equations take a more intricate
form when the fibers are randomly oriented in the composite
matrix.[195]

4.2. Composites with Liquid Metal Inclusions

For composites with liquid inclusions, as predicted by Eshelby’s
classic theory, the stiffness of a composite should decrease by
incorporating liquid inclusions, as the elastic modulus of liq-
uid inclusions is zero. This theory has been shown to be ef-
fective for composites containing inclusions with radius R >

𝛾/E, where 𝛾 is the surface tension and E is the elastic modu-
lus of the matrix.[196] Eshelby’s theory further predicts that the
elastic modulus of the composite Ec with volume fraction ϕ

of liquid inclusions is Ec =
E

1+5𝜙∕3
. However, this conventional

composite theory does not account for surface tension at the
liquid–solid interface. L ≡ 𝛾/E is the elastocapillary length be-
low which the surface tension at the liquid–solid interface can
significantly oppose the deformation of the bulk composite, and
the conventional composite theories fail to predict the elastic
moduli of the composites with liquid inclusions at that scale
(Figure 4A).[197] The reinforcing effect of the liquid–solid inter-
face has been shown for single liquid-filled microcapsules[35]

and also dispersed liquid inclusions in elastomers.[198–203] Style
et al.[196] postulated that to include the surface tension effect in
the Eshelby equation for predicting composite elastic modulus

Ec, the liquid inclusions can be considered as soft elastic inclu-
sions:

Ec = E
1 + 2

3

Ei

E

( 2
3
− 5𝜙

3
) Ei

E
+ (1 + 5𝜙

3
)

(1)

where Ei is the effective elastic modulus obtained from the prop-
erties of the dispersed and continuous phases as follows:

Ei = E
24 𝛾

ER

10 + 9 𝛾

ER

(2)

This equivalent elastic modulus can also be replaced in
other established composite theories such as the Mori-Tanaka
method[194] to account for surface tension forces in structures
with higher contents of liquid inclusions since the Eshelby theory
just covers dilute composites.

Other force interactions at the liquid–solid interfaces in com-
posites, such as cross-linking at the interface of silicone-ionic
liquid[196] or oxide skin at the interface of eGaIn drops encapsu-
lated in elastomer,[198] can also increase the effective elastic mod-
ulus of the soft inclusions beyond the limit predicted by Equa-
tion (2). Bartlett et al.[198] reported that by dispersing eGaIn in
silicone elastomer, the value obtained from Equation (2) was Ei =
129 kPa, but they found agreement between their experimental
data and Equation (1) when Ei = 320 kPa (Figure 4B). The dif-
ference in the elastic modulus of inclusions could be attributed
to the presence of stiff oxide skin around the liquid metal inclu-
sions, as studied by Lear et al.[156] and Buckner et al.,[202] and also
the interaction between adjacent inclusions, which was not pre-
dicted in Eshelby’s theory.

4.3. Composites with Liquid Metal + x Inclusions

To model the mechanical properties of composites containing
both solid and liquid inclusions, Mohammadi Nasab et al.[205]

proposed that one can compute the composite property con-
sidering just one of the inclusions in the continuous phase
first, and then use that as the property of the continuous phase
when considering the second filler. Tutika et al.[68] proposed a
related approach to predict the thermal conductivity in multi-
phase composites using a variation of the Cheng-Vachon[206] and
Bruggeman[207] models, wherein the LM suspension in an elas-
tomer is considered to be the continuous phase and Fe particles
are the discontinuous phase. Thus, the authors predict the multi-
phase composite’s thermal conductivity using a two-phase model
(Figure 4C). Phan-Thien et al.[208] took the approach of a “differ-
ential scheme,” where the multiphase composite is sequentially
built up through a series of incremental additions until the final
volume fractions are reached. During each sequential modeling
step, the intermediate composite properties are used as the con-
tinuous phase and the incrementally added compounds as the
dispersed phase, thus achieving a discretized implementation of
the two-phase model. In general, such sequential, embedded, or
discretized two-phase models offer enough simplicity and explic-
itness to make them an attractive approach for the thermal and
mechanical modeling of LM + x composites.

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (11 of 18)
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Figure 4. Predictive modeling of LM + x composites. A) Images of ionic-liquid droplets with different radii in a soft matrix with E = 1.7 kPa, under
different uniaxial stress in the x direction. Smaller droplets show less deformation under the same applied strain. Reproduced with permission.[196]

Copyright 2015, Springer Nature. B) Tensile modulus versus volume fraction (ϕ) of liquid metal particles in a silicone elastomer. Different regimes
of inclusion stiffness are found using Equation (1), and the dashed line is the prediction from Equation (1) for liquid metal inclusions. Reproduced
with permission.[198] Copyright 2016, Wiley-VCH. C) Thermal conductivity as a function of Fe mass fraction in a LM + Fe composite, in comparison
to Bruggeman and Cheng-Vachon model predictions. The loading of LM is 30 vol.%. Reproduced with permission.[68] Copyright 2018, Wiley-VCH. D)
Effective elastic modulus predicted by two-level double inclusion (DI) model for different volume fractions and shell thickness to diameter ratio (t/D)
of LM inclusions in an elastomer. Comparisons to Eshelby’s model are shown using the properties of gallium-oxide and neat LM. Reproduced with
permission.[204] Copyright 2021, Elsevier.

Other approaches in the literature include a double inclusion
model capable of predicting the properties of polymer compos-
ites with core-shell liquid metal droplets, proposed by Chiew and
Malakooti.[204] In this double inclusion model (Figure 4D), the
elasticity of the LM inclusions is actively tuned according to the
relative shell thickness of gallium oxide surrounding each inclu-
sion, where it is known that as the size of droplets decreases the
oxide shell becomes more mechanically dominant.[156,202] Bury
and Koh[69] employed a microcapacitor model in their work to
study the electrical behavior of multiphase composites. Therein,
the composite is modeled as a network of randomly distributed
microcapacitors in the host matrix. Finally, Chen et al.[95] mod-
eled the thermal properties of multiphase composites using an
augmented Agari’s model,[209] which outputs a composite’s ther-
mal conductivity as a function of the filler properties. To conclude
this section, we note that theoretical approaches to predicting the
behavior of multiphase composites appear limited in the litera-
ture, thus positioning the derivation of models for composites
containing distinct solid and liquid inclusions as an opportunity
for future advancement.

5. Conclusion and Outlook

In this review, we consolidated the literature on multiphase com-
posites containing liquid metal inclusions and other solid (x)

fillers. We view this sub-class of liquid metal-inclusive multi-
phase composites as increasingly important. Liquid metals have
proven to be exciting, intriguing, and useful materials, as evi-
denced by the number of papers published annually using “liq-
uid metal” as a keyword doubling over the last 10 years (Clari-
vate, Web of Science). With this explosion of findings on liquid
metal properties and potential applications, it is expected that we
might seek to improve or otherwise expand the capabilities of
other materials and composites by simply adding liquid metal.
This is how we arrived at our characterization of multiphase com-
posites containing liquid metal as ‘liquid metal + x,’ which we
view as analogous to the common approach of wrapping artifi-
cial intelligence (AI) around arbitrary models or simulations in
associated areas (e.g., x = healthcare, medicine, biology, cyberse-
curity, finance, business, manufacturing, and transportation) to
yield previously undiscovered solutions (AI + x). Similarly, here
we propose that liquid metal can be integrated into many com-
posite materials with functional fillers (e.g., x = Ag, Cu, Fe, Ni,
graphite, graphene, etc.) to yield previously untapped, unparal-
leled, or multiplied functional properties.

We identify two grand challenges that should be addressed to
enable future progress in LM + x composites, pertaining to 1)
fabrication and 2) modeling. As discussed herein, the fabrication
of LM + x composites, and multiphase composites overall, can
be either straightforward or highly complex, depending on the

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (12 of 18)
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Figure 5. Applications of LM + x composites. A) A stretchable and printable superelastic conductor based on a LM + silver composite. Images show
the composite in relaxed and stretched (up to 800%) states. Reproduced with permission.[85] Copyright 2018, Wiley-VCH. B) Schematic and images
of a liquid metal coil for wireless charging via inductive coupling. Images show the flexibility and charging capabilities of the coil. Reproduced with
permission.[212] Copyright 2019, Royal Society of Chemistry. C) Schematic and images of remotely assembled microwires using an external magnetic
field. Gallium-coated iron particles align in response to a magnetic field, effectively electrically coupling the two copper tapes together. Reproduced with
permission.[72] Copyright 2022, American Chemical Society. D) Images of an untethered miniature magnetic soft robot locomoting in a tissue-covered
chamber. The robot can move to a target region and heat the area, performing localized ablation, in response to a magnetic field. Reproduced with
permission.[65] Copyright 2022, Wiley-VCH.

specific material compatibilities. The literature indicates that suc-
cessful sample fabrication is sensitive to the sequence in which
components are incorporated. Correspondingly, we found works
in which i) the liquid metal and matrix should be first mixed be-
fore adding a solid filler, ii) the solid filler and matrix should be
first mixed before adding the liquid metal inclusions, and iii) the
liquid metal and solid fillers should be first mixed before incor-
poration into the matrix material. Furthermore, while the proper-
ties of LM are mostly constant, the properties of x and the matrix
may vary, making synthesis processes sensitive to specific ma-
terial compatibilities and thus difficult to generalize. The study
and discovery of guidelines to synthesize LM + x composites will
aid the community in the identification of appropriate fabrication
processes for increasingly complex and multifunctional compos-
ites.

We also found in our literature review that the derivation of
accessible predictive models for LM + x composites represents
a substantial challenge for the field, and the few models that ex-
ist tend to be highly complex and bespoke. This is unsurprising
and coupled to the variability in fabrication approaches discussed
above. For example, Mohammadi Nasab et al.[205] proposed a se-
quential approach—that one could model a single-inclusion com-
posite, and the resulting properties could be input as the contin-

uous phase in the model again with a new dispersed phase—
which demands a certain processing order. It is unclear if such a
sequential modeling approach would apply to LM + x composites
fabricated using simultaneous mixing of all components or other-
wise inverted sequencing. Deriving the underpinning mechanis-
tic principles of multiphase composites will enable generalized,
predictive models of bulk thermal and mechanical material prop-
erties.

Overall, LM + x composites are becoming increasingly com-
mon in the literature, and their potential impact spans broad
applications including stretchable electronics, wearables, soft
robotics, thermal management, and energy harvesting and stor-
age. Many technological advancements toward these applica-
tions can still be attained through fabrication and model-
ing breakthroughs. For example, although highly stretchable
conductors have already been achieved by filling elastomers
with conductive LM + x inclusions, secure, and effective in-
tegration of rigid microelectronics with multilayer flexible cir-
cuitry remains a challenge. Such integration challenges could
be solved via precise control of the sizes, shapes, and dis-
tribution patterns of the LM + x inclusions.[210] Maturation
and generalization of the manufacturing processes used for
LM + x composites will enable translation to commercialization.

Adv. Funct. Mater. 2023, 2309529 © 2023 Wiley-VCH GmbH2309529 (13 of 18)
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Exciting products have already been proposed, including ultra-
stretchable conductive interconnects[85,107] (Figure 5A), wearable
wireless power transmitters[211,212] (Figure 5B), remotely assem-
bled circuits[72] (Figure 5C), and sensors and actuators for soft
robots[65,86] (Figure 5D), and we foresee the continued prolifera-
tion of LM + x composites due to their uniquely enhanced, en-
abled, and multiplied properties.
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