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1. Introduction

Artificial muscles, mimicking muscles found in biological
organisms, will impact fields such as wearable prosthetics,[1–4]

soft robotics,[5–8] and surgical robotics.[9–11] While many existing
artificial muscles nominally match or exceed biological systems
in traditional assessment metrics—such as power density,
energy density, and peak force/torque[12,13]—their overall perfor-
mance in integrated systems continues to lag behind that of bio-
logical benchmarks. Literature suggests that this performance
gap stems, in part, from artificial muscles often lacking the
non-permanent reference state characteristic of natural muscles,
a crucial feature for preventing work output from being wasted
on internal antagonistic forces.[14,15]

Shape-memory polymers, such as liquid crystal elastomers
(LCEs), offer an intriguing artificial analog to natural muscles.
LCEs undergo a thermoresponsive nematic-to-isotropic

transition at a specific temperature, TNI,
enabling excellent reversible axial actuation
at accessible temperatures.[16–19] This
order-to-disorder transition, akin to a solid-
to-liquid phase transition,[20,21] results in a
strong actuation force but a weak elastic
restoring force with respect to the LCE’s
manufactured length. That is, the contrac-
tion force of an LCE is nearly independent
of its strain at the onset of actuation (e.g.,
an LCE will produce the same force
whether it is actuated at 10% strain or
100% strain). This non-permanent refer-
ence state makes LCEs uniquely matched
with the same attribute in natural muscle.
However, despite their non-permanent ref-
erence state and reportedly high actuation
strains,[22–25] the utility of LCEs as artificial
muscles has been limited by their relatively
low force outputs.[26–29]

Enhancing the actuation stresses of LCEs has been studied,
with most methods limited to chemical modifications such as
introducing larger spacers in the main-chain backbone,[30] mod-
ulating crosslinker density or functionality,[26] or introducing an
interpenetrating network into LCEs.[31] For example, by introduc-
ing larger spacers into the main-chain backbone, Saed et al. were
successful in modulating the mesophase of the LCE from
nematic to smectic. The introduction of larger spacers also
decreased the crosslinking density, which led to an increase in
the work output of LCEs by 2�.[30] The introduction of stretch-
able reinforced fibers has also been shown to enhance the
actuation stress of LCEs, without substantial chemical modifica-
tions.[32,33] Incorporating nanofillers, such as carbon nanotubes
(CNTs) and graphene, has also been shown to enhance actuation
stress. For example, adding 1–2 wt% CNTs in LCEs can increase
the work capacity of LCEs by an order of magnitude, while also
improving actuation speed due to enhanced thermal conductiv-
ity.[34] Similarly, introducing low concentrations of graphene
nanofillers has yielded higher actuation stresses, attributed to
the mechanical hardening and enhanced photothermal effects
within the LCE matrix.[35]

Herein, we report enhanced (up to 5�) LCE actuation stresses
that are achieved by mixing low-melting-point alloy particulates
at varying concentrations into the LCE matrix (Figure 1A). The
particulate used in this work is Field’s metal (FM), a low-melting-
point alloy consisting of bismuth, tin, and indium with a melting
point (Tm) of 62 °C. Prior works have demonstrated the incorpo-
ration of FM particles into inert polymers, such as silicones and
epoxies, to induce variable stiffness via the solid-to-liquid phase-
change of FM.[36–42] Similarly, bulk FM has been integrated into
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Liquid crystal elastomers (LCEs) are promising candidates for artificial muscles due
to their thermo-responsive nematic-to-isotropic transition, which enables high
strains at accessible temperatures and mimics the adaptable resting state of natural
muscle. However, LCEs have lower force outputs than other soft actuators. This
work reports an LCE formulation that achieves a 5� increase in actuation force
throughmechanical intervention. Incorporating low-melting-point alloy Field’s metal
(FM) particles into the LCE matrix both enhances actuation stress and introduces
tunable stiffness. At low FM concentrations (≤10 vol%), actuation stress increases
fivefold due to mechanically enhanced network entropy. At higher concentrations
(�30 vol%), the composite exhibits variable stiffness, behaving metal-like when
below the FM’s melting point and softening once the FMmelts. These formulations
not only enhance actuator performance in terms of stress and strain but also mimic
muscle-like rheological behavior, advancing LCEs toward practical artificial muscle
applications.
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LCE to create shape-programmable materials with tunable stiff-
ness.[43] Here, we extend this concept by mixing FM particles into
LCE, enabling FM-LCE composites that possess both variable
stiffness properties and markedly enhanced actuation stresses
relative to neat LCE, depending on the FM loading. At higher
loadings and below the Tm of FM, the FM-LCE has relatively high
stiffness; above the Tm of FM, the composite softens and holds
properties closer to those of the neat LCE (Figure 1B). At lower
loadings and smaller particle sizes, FM-LCE exhibits enhanced
actuation forces (Figure 1C), which we attribute to increased
changes in network entropy between the anisotropic and isotro-
pic states, driven by mechanically elongated polymer chain
lengths.

2. Results

2.1. Synthesis and Physical Characterization

Figure 2A shows the synthesis process of FM-LCE composites.
Both FM particles and LCE are synthesized using previously
reported methodologies.[42,44] For all samples, the FM particles
are 15 μm in diameter, unless otherwise stated (see Figure S1
and S2, Supporting Information). Overview images of neat
LCE and the FM-LCE composites are shown in Figure 2B.
Cross-sectional optical microscopy images of the composites
at 0, 10, 30, and 50 vol% FM in LCE show settling of the FM
particles in the LCE. Settling of the FM particles is due to the
density differences of LCE and FM, where FM is �5� denser
than LCE. We note that the settling effects are minimized,

but not entirely mitigated, at 50 vol%, due to the FM concentra-
tion being equal to that of the LCE, which is confirmed with
cross-sectional scanning electron microscopy (SEM) images
(Figure S3, Supporting Information).

2.2. Stiffness and Compliance

Figure 3 displays the stiffness and compliance properties of the
FM-LCE composites. Stress–strain curves taken at room temper-
ature (RT; 22 °C) are shown in Figure 3A. The neat LCE samples
exhibit the lowest stiffness, with stiffness directly proportional to
FM content. The stiffness increase can be attributed to the solid
FM inclusions at RT, which dominate the overall stiffness of the
composite. In fact, the 50% FM-LCE sample exhibits such high
stiffness that it cannot be strained further than �10%. Figure 3B
summarizes the strain limits and tensile moduli of all compo-
sites measured. Increasing the FM concentration in the compos-
ite decreases the strain limit and increases the tensile modulus.

Figure 3C shows stress–strain curves taken at 70 °C, which is
slightly above the Tm of FM and is representative of FM-LCE that
hasn’t undergone complete actuation, but consists of melted
liquid inclusions. Comparing the results taken at 70 °C to those
taken at RT, we note a sharp decrease in stresses measured for all
samples at similar strains. Additionally, the stiffness seems to
increase with FM concentration, except in the case of the 10%
and 30% FM-LCE samples, with the 30% FM-LCE sample exhib-
iting lower stresses at higher strains when compared to the 10%
FM-LCE sample.

Figure 1. Field’s metal-liquid crystal elastomer (FM-LCE) composite. A) Schematic of FM-LCE composite and its shape-changing and variable-stiffness
properties. B) An LCE composite with 30 vol% FM can hold a mass under compression, whereas the neat LCE cannot. C) An LCE composite with 10 vol%
FM undergoing nematic to isotropic transition can lift a load of 200 g, whereas the neat LCE cannot. The neat LCE is outlined with a dashed line for visual
purposes.
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The strain limits and tensile moduli of samples tested at 70 °C
are summarized in Figure 3D. We note similar trends to the
experiments taken at RT, where tensile modulus increases
with increasing FM concentration. However, the strain limits

measured at 70 °C exhibit a unique trend, where the 30% sample
exhibits the largest strain limit. This increase, compared to the
10 vol% FM-LCE samples, may be attributed to the high liquid
content in the composites, as all the FM has presumably melted.

Figure 2. Synthesis and physical characterization of FM-LCE. A) Synthesis procedure of FM-LCE, wherein an emulsion of aqueous sodium alginate and
Field’s metal is used to create FM particles. The FM particles are collected and added to pre-cure LCE before mold-casting. B) Top and cross-sectional
views of 0, 10, 30, and 50 vol% FM in LCE.

Figure 3. Stiffness and compliance of FM-LCE. A) Stress–strain curves of all samples at room temperature. B) Averaged strain limits and tensile moduli of
all samples at room temperature. C) Stress–strain curves of all samples at 70 °C. D) Averaged strain limits and tensile moduli of all samples at 70 °C.
E) Stress–strain curves of all samples at 80 °C. F) Averaged strain limits and tensile moduli of all samples at 80 °C. G) Flexural moduli as a function of
temperature for all samples. H) Averaged cold-hot moduli ratios and cold moduli of all samples. Cold modulus indicates the measured modulus at 30 °C;
hot modulus indicates the measured modulus at 70 °C.
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However, the 50% FM-LCE composite does not show a similarly
high strain limit, likely due to embrittlement at high particulate
concentrations. This embrittlement may result from defects or
stress concentrations within the LCE matrix, despite the com-
plete melting of the filler material.[42,45–50]

Stress–strain curves tested at 80 °C, the nematic-to-isotropic
temperature (TNI) of the selected LCE formulation,[25,51] are
shown in Figure 3E. All composites display similar stresses to
those measured at 70 °C, with the 30% and 50% FM-LCE com-
posites exhibiting similar behavior. Unexpectedly, we see that the
10% FM-LCE composite exhibits very low stress at 100% strain,
lower than that of neat LCE. This behavior is also expanded in
Figure 3F, where the strain limits and tensile moduli of all sam-
ples are summarized. In all other experiments, tensile modulus
increases with increasing FM concentration. However, the mea-
sured strain limit of the 10% FM-LCE sample at 80 °C is higher
than any of the other samples, and higher than the strain limit
measured at 70 °C.

We hypothesize that the high maximum tensile strain in
10 vol% FM-LCE samples at 80 °C is due to a near-optimal blend
of elastic LCE and liquid FM. While the liquid state of FM at
80 °C increases the maximum tensile strain compared to neat
LCE, increasing FM concentration beyond 10% likely introduces
defects and stress concentrations at the FM–LCE interface, lim-
iting elongation. Additionally, agglomeration, leakage of liquid
inclusions, and phase separation at high FM concentrations
may further hinder elongation. Future studies could address
these limitations through sample encapsulation to prevent FM
leakage. Complete stress–strain curves are provided in Figure S4,
Supporting Information.

Incorporating FM into LCE enables tunable moduli due to the
accessible solid-to-liquid transition of the FM particles. Unlike
crosslinker-based tuning, which sets stiffness at the time of syn-
thesis, this approach enables dynamic, post-curingmodulation of
LCE stiffness through phase-changing inclusions. Figure 3G
shows flexural modulus measurements of the FM-LCE compo-
sites. All samples undergo a decrease in stiffness between
30 °C and the Tm of FM. We see a higher change in stiffness
as the concentration of FM in LCE increases. Furthermore,
as the temperature of the composites gets closer to the TNI of
LCE, we see an increase in stiffness as the LCE undergoes
a nematic to isotropic transition, which aligns with prior
reports.[52] However, for the 50 vol% sample, we noticed no
increase in stiffness past the Tm of FM; we probed samples
between 30 and 50 vol%, in 5 vol% increments, and it was found
that this behavior onsets at the 35 vol% concentration of FM in
LCE (Figure S5, Supporting Information). The high-volume con-
centration of FM, where the liquid material content is so high
that the surrounding LCE is unable to stiffen past this point,
may explain the measured phenomena.

Figure 3H shows the cold-hot ratio and cold modulus of all
samples. The cold-hot ratio is the ratio of the flexural modulus
of the sample at 30 °C and the Tm of FM. The 50 vol% sample has
the highest cold-hot ratio because it has the highest concentra-
tion of phase-changing material. Interestingly, the cold-hot ratio
of the 0 and 10 vol% samples appears to be similar, indicating the
FM inclusions in the 10 vol% sample do not effectively enhance
its variable stiffness properties. The cold modulus of all compo-
sites increases as FM concentration is increased, which can be

ascribed to the increase in rigid solid particles within the
elastic matrix.

2.3. Actuation Stress and Strain Properties

Figure 4 showcases the actuation properties of FM-LCE compo-
sites. Initially, actuation stress measurements were conducted
on 0, 10, 30, and 50 vol% samples to determine the effects of
FM loading on the actuation performance of the composites.
Surprisingly, the 10 vol% samples exhibited an amplified actu-
ation stress of �3� that of the neat LCE sample under identical
testing conditions. To further investigate this behavior, loading
conditions below 10 vol% were probed. Figure 4A shows that
composites with FM concentrations between 1 and 5 vol% exhibit
relatively high actuation stresses, which maximize at 5 vol%.
Thereafter, the actuation stress decreases with increasing FM
loading, with 30 vol% FM-LCE exhibiting a similar actuation
stress compared to its neat (0%) counterpart. Figures S6 and
S7, Supporting Information, show the actuation stresses of
the samples between 10–30 and 5–10 vol%, respectively.

FM particulate size was modulated to investigate FM-LCE’s
enhanced actuation stress further. Figures S1 and S2, Supporting
Information, show different particle size distributions. Holding
FM loading at 10 vol%, we measured the actuation stress of FM-
LCEs with particles of average diameters 7.5, 10, 15, and 20 μm
(Figure 4A). The results show that increasing the FM particle
diameter leads to a decrease in actuation stress, agreeing with
prior works.[53] Finally, to optimize actuation stress, a sample
with 5 vol% FM loading using particles with an average diameter
of 7.5 μm was tested (denoted as * in Figure 4A). While the aver-
age actuation stress is higher than other samples, it is within the
standard deviations of the 5 vol% sample and the 10 vol% sample
with 7.5 μm diameter particles. This indicates that actuation
stress can be amplified by almost 5�, but reaches a plateau
around this measured stress. We note that the FM-LCE with
15 μm diameter particles at 5 vol% loading displays a larger stan-
dard deviation, which may be due to sample inconsistencies.
Smaller FM particles were not tested due to fabrication
limitations.

Prior literature has established that the actuation stress of
LCEs is positively correlated with network entropy.[26] Network
entropy in LCEs can be influenced by several factors, including
the average molecular weight between crosslinkers, the mean
end-to-end polymer chain distance, and the average molecular
weight of the Kuhn segment. These factors can be adjusted by
modifying the chain extender length of the LCE, altering the
crosslinking density or functionality, or changing the mesogen.
We posit that the net change in network entropy in the FM-LCE
composite can be amplified by increased end-to-end polymer
chain lengths in the anisotropic state, influenced by the chains
routing around the FM inclusions, as conceptually illustrated in
Figure 4B. Although mesogens and polymer chains are an order
of magnitude smaller than the FM inclusions,[26,54] inclusions
can substantially influence the net change in chain length and
network entropy between nematic and isotropic states. This
aligns with prior work showing that LCE imbued with liquid
metal, even at concentrations up to 50 vol%, exhibits actuation
properties comparable to neat LCE.[25]
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The FM inclusion loading percentage and size both greatly
impact the effective polymer chain lengths. For the former, some
inclusions are necessary to facilitate increased end-to-end seg-
ment lengths, but too much filler will displace enough LCE to
offset the amplified actuation stress. For the latter, we suspect
that decreasing particle size increases interactions between
the FM particle surface and surrounding polymer chains.
Although the polymer chains are much smaller than the FM par-
ticles used here, interactions between the FM and LCE structure
increase as particle size approaches the length scale of the meso-
gens and polymer chains. This trend explains the observed rise in
actuation stress with decreasing particle size and is supported by
prior studies showing that LCEs with liquid metal particles
exhibit higher force outputs at smaller particle sizes.[53]

Liquid particle deformation during sample stretching may fur-
ther contribute to polymer chain elongation (Figure 4B, S8,
Supporting Information), which increases the change in network
entropy between the anisotropic and isotropic states and enhan-
ces actuation stress. We, therefore, posit that the melting point of
FM (62 °C), which is below the TNI of the LCE (80 °C), is crucial to
enable the enhanced actuation stress observed in FM-LCE com-
posites. To investigate this, we created LCE composite samples
with solid inclusions of copper and tin. The Cu-LCE and Sn-LCE
composites were formulated with 10 vol% loading for compari-
son to the FM-LCE (Figure S9, Supporting Information). The
solid particle composites did not yield enhanced actuation

stresses. In fact, compared to neat LCE, the Cu-LCE composite
exhibited reduced actuation stress. Furthermore, the Cu-LCE and
Sn-LCE composites never strained to failure in an iso-strain test
(Figure S10, Supporting Information), instead exhibiting plastic
deformation. This result suggests that the LCE polymer chains
are damaged as they attempt to contract around solid particles.

With the knowledge that enhanced actuation stress is only
observed when incorporating liquid inclusions, we investigated
additional low-melting-point alloys with melting temperatures
below that of FM. We created samples using eutectic gallium-
indium (eGaIn) and gallium inclusions. eGaIn has a Tm of
15.5 °C and gallium has a Tm of �30 °C, both of which are below
the TNI of LCE and the Tm of FM. At the same concentration and
particle size, FM-LCE exhibits the highest actuation stress,
followed by Ga-LCE, and finally eGaIn-LCE, all of which
have higher actuation stresses compared to the neat sample
(Figure 4C and S9, Supporting Information). We note that there
appears to be a trend where amplified actuation stress is propor-
tional to increasing Tm of the inclusions. However, the standard
deviations overlap for the Ga-LCE and FM-LCE samples, indicat-
ing the difference in results may not be statistically significant.
The trend may be explained by the difference in Tm of the incor-
porated fillers relative to the TNI of LCE. As the LCE matrix
approaches its TNI, the polymer chains are gradually undergoing
reconfiguration to reach an isotropic state. However, when recon-
figuration is hindered by solid fillers, and the filler Tm is close to

Figure 4. Actuation stress and strain properties of FM-LCE. A) Actuation stress measurements of different FM-LCE composites. Variables changed
include vol% loading of FM in LCE and FM particle size diameter. B) Schematic illustrating the proposed mechanistic basis for enhanced actuation
stresses in specific FM-LCE composites. Not to scale, the diagram highlights the segment lengthening effect driven by particle–elastomer interactions.
C) Actuation stress measurements of different low-melting-point LCE composites with 10 vol% loading, graphed with an exponential plateau fit. All
inclusions have a particle size of�15 μm in diameter. D) Representative temperature–dependent strain curves of all FM-LCE samples over a temperature
range. E) Averaged maximum strain and temperature at maximum strain of all FM-LCE samples. F) Storage moduli of all FM-LCE samples over a
temperature range.
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Figure 5. Demonstrations of variable-stiffness, enhanced actuation stress, and use-cases of FM-LCE actuators: A) 0, 10, and 30 vol% FM-LCE samples are
subject to forced hot air past the Tm of FM (62 °C) and molded to a specified shape. After cooling, a 10 g weight is placed on top of the shape to determine
shape-holding and load-bearing characteristics. Then, the samples are heated past the actuation temperature (TNI) of the LCE (80 °C) to restore their
original shapes. B) 0 and 10 vol% FM-LCE samples with adhered copper heaters (see Figure S16, Supporting Information) are first connected to a 200 g
weight. Then, all samples are subject to 12 V, 1 A of current until the Tm of FM, �62 °C, is reached. After cooling the samples, the samples are all heated
past the clearing temperature of LCE, �80 °C, to restore the original unstrained shapes. Only the 10 vol% sample is able to undergo actuation, despite
both samples reaching the clearing temperature (as indicated in the thermal camera images). C) A 10 vol% FM-LCE sample acts as an effective linear
actuator when attached to two separate linkages, connected via a pin joint. When subject to current (12 V, 1 A), the FM-LCE sample contracts and lifts the
linkage and a 50 g payload. When the sample is cooled below the TNI of FM-LCE, the sample restores a strained configuration.
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the TNI, the chains are forced to reconfigure in a narrower tem-
perature range. We thus suspect that utilizing particulate fillers
with a Tm higher than that of FM but lower than TNI may further
enhance the actuation stress of LCEs.

Figure 4D shows representative plots of the temperature-
dependent strain of FM-LCE composites when subject to a
constant stress. With increasing FM concentration, we note a
decrease in maximum temperature-dependent strain, perhaps
due to the reduced volumetric concentration of elastic LCE.
Additionally, the maximum temperature-dependent strain of
the neat sample is achieved at �30 °C, whereas the three FM-
LCE composites achieve maximum temperature-dependent
strain at temperatures between 70 and 80 °C. This difference
can be attributed to the phase transition of the encapsulated
FM: at lower temperatures, FM remains solid and restricts strain
under applied stress. However, as the sample approaches the FM
melting temperature (Tm), the FM particles begin transitioning
from solid to liquid, thereby enabling strain. In contrast, the 0%
FM-LCE sample immediately stretches when stressed, as it lacks
any solid fillers that might inhibit deformation.

The results of the temperature-dependent strain measure-
ments are summarized in Figure 4E, where maximum strain
and corresponding temperatures at measurement are displayed
for each sample composition. While the average maximum strain
of the neat LCE sample is higher than that of all the FM-LCE
composites, the temperature-dependent strain at �80 °C is the
same (around 100%) for the 0, 10, and 30 vol% samples.

Tensile storage modulus measurements of FM-LCE compo-
sites are displayed in Figure 4F. The 0% FM-LCE sample exhibits
a lower storage modulus relative to the FM-LCE composites,
which is expected due to the absence of inclusions. However,
the distinct minimums for all samples correspond to the TNI
of LCE, confirming the actuation potential of the LCE is present
in all samples. Furthermore, the storage moduli of the 10, 30,
and 50% FM-LCE samples exhibit a sharp decrease at the onset
of the Tm of the FM inclusions due to the solid-to-liquid phase
change of FM. Finally, the storage modulus for all samples
increases as the temperature reaches the TNI of LCE, as the
sample undergoes stiffening during the nematic to isotropic
transition.

Tensile loss modulus and tan delta measurements of the FM-
LCE composites are shown in Figures S11 and S12, Supporting
Information, respectively. Composites with FM exhibit an initial
increase in tan delta as the FM melts, enhancing damping.
However, once the LCE temperature exceeds TNI, the tan delta
decreases as the material stores more elastic energy, following
the same trend as the 0% FM-LCE sample and aligning with
prior works.[55]

We note that additional hypotheses to explain the enhanced
actuation stress of FM-LCE, such as enhanced thermal conduc-
tivities or settling effects found in FM-LCE composites, were
investigated and invalidated, as detailed in the Supplementary
Note and Figures S13, S14, and S15, Supporting Information.

2.4. Applications and Demonstrations

FM-LCE retains the benefits of neat LCE (non-permanent
reference state, high temperature-dependent strains) while

introducing stiffness modulation and enhanced actuation
stresses. In Figure 5, three LCE samples are visualized: pristine
LCE, 10 vol% FM-LCE, and 30 vol% FM-LCE. The 10 vol% FM-
LCE sample exhibits enhanced actuation stress, and the 30 vol%
FM-LCE sample exhibits excellent variable-stiffness properties
without negatively impacting actuation stress properties.

Figure 5A demonstrates the variable-stiffness properties of
FM-LCE actuators (Supplementary Movie). LCE samples contain-
ing 0%, 10%, and 30% FM by volume, all of the same size, were
heated beyond the Tm of FM and molded. Once cooled and solid-
ified, the samples were loaded with a weight. Both the 0% and
10% samples failed to support the weight, though the 10% sam-
ple showed some shape fixity. In contrast, the 30% sample, due to
its superior variable-stiffness properties, held the weight
effectively. Upon reheating past the TNI of LCE, all samples
underwent a nematic to isotropic transition and returned to their
original shapes.

Figure 5B highlights the enhanced actuation stress of FM-LCE
actuators (Supplementary Movie). Two LCE samples, one with
0% and the other with 10% FM by volume, both of identical
dimensions, were attached to a rod and subjected to a 200 g load.
At room temperature, the 0% sample strained by 50% (bringing
it into contact with the table), while the 10% FM sample strained
by 20%. Upon heating the samples above the melting tempera-
ture (Tm) of FM, the 10% contracted by 50%. Further heating
beyond the LCE’s actuation temperature (TNI) caused the 10%
sample to fully recover its original length, whereas the 0% sam-
ple was unable to actuate under load. This contrast highlights the
superior actuation stress of the FM-LCE composite.

Figure 5C demonstrates a potential application of the FM-LCE
actuator as an artificial muscle in a simple robotic arm
(Supplementary Movie). In this setup, a 10 vol% FM-LCE actua-
tor is attached to two linkages, which are connected via a pin
joint. At room temperature, the FM-LCE is in a pre-strained con-
figuration. Upon heating above the LCE’s actuation temperature,
the actuator contracts, generating sufficient force to lift the link-
age and a 50 g payload. When cooled, the actuator reversibly elon-
gates, allowing for repeated cycles of contraction upon reheating.
This demonstration showcases FM-LCE’s effectiveness as a
reversible, high-performance artificial muscle.

3. Outlook

FM-LCEs offer tunable stiffness and enhanced stress, strain,
work, and power capabilities, without being tied to a permanent
reference state. Relying on the solid-to-liquid phase-change of
low Tm FM particles, FM-LCE actuators can vary in flexural mod-
ulus by up to 1000% between sub-Tm and over-Tm states. The
network entropy in the FM-LCE is amplified by increased end-
to-end polymer chain lengths in the anisotropic state, influenced
by the chains routing around the deformable FM inclusions. We
identified that the particles’ average size, loading percentage, and
melting temperature all contribute to increased polymer chain
lengths. We found that smaller inclusions increase interfacial
interactions, with particles entangling between the mesogens
and polymer chains, which explains why actuation stress
increases with decreasing particle size. Additionally, we observed
that actuation enhancement peaks at �5 vol% loading. We also
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determined that actuation stress is optimized when the melting
temperature of the inclusions is close to, but slightly below,
the LCE actuation temperature—leading to actuation stresses
enhanced by 5�.

Future work may include refining the synthesis methods to
prevent immediate particle settling and improve composite uni-
formity, as well as particle monodisperity. Investigating the
effects of particle concentration on internal stress, defects, and
potential strain hardening could provide further insight into
the unique mechanical and actuation properties of FM-LCE.
Additional characterization methods, such as X-ray scattering,
may help explain the enhanced actuation stress observed in
low-concentration FM-LCE composites. Our results suggest that
decreasing FM particle size correlates with increased actuation
stress in FM-LCE composites; thus, future work should explore
further size reduction, potentially reaching submicron diame-
ters.[42,56] Experiments with non-spherical, high-aspect ratio
particles may also enhance our mechanistic understanding of
FM-LCEs, as their increased surface area could play a critical role
in actuation stress enhancement. Additionally, such high-aspect
ratio FM particles may enable electrical percolation within FM-
LCE composites.[57] Further studies on the dynamic properties of
LCEs across temperature ranges may provide more insight into
the glass transition properties of FM-LCE composites.[25,55]

Finally, while LCEs generally exhibit stable actuation,[34,58,59]

potential phase separation between FM and LCE over time
may impact this stability. Phase separation between FM and
its encapsulating polymers has been observed in prior works.[42]

FM-LCE actuators offer versatility across a wide range of appli-
cations. For scenarios requiring high force output, the 5 vol%
FM-LCE composite is ideal, as it retains mechanical properties
similar to neat LCE but produces actuation stresses approxi-
mately five times greater. Conversely, for applications where
maintaining actuation properties while achieving significant
variable stiffness is crucial, the 30 vol% FM-LCE sample, with
a cold-hot modulus ratio of �10%, is recommended. This work
demonstrates a mechanical approach to tunable stiffness and
enhanced actuation force in LCEs, positioning it for integration
into mechanical systems inclusive of artificial muscles.

4. Experimental Section

Materials: 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylben-
zene (RM 257) mesogen was purchased from Wilshire Technologies
(Princeton, NJ). Pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP), 2,2-(Ethylenedioxy)diethanethiol (EDDET), dipropylamine
(DPA), and toluene were purchased from Sigma Aldrich (St Louis,
MO). Sodium Alginate was purchased from Modernist Pantry (Eliot,
ME). Bulk indium, gallium, bismuth, and tin were purchased from
RotoMetals (San Leandro, CA). Copper and tin particles were purchased
from Sigma Aldrich (St Louis, MO), product numbers 1 027 030 250 and
265 632, respectively. Platinum wire of diameter 25 μm, which was used
for thermal conductivity measurements, was purchased from Thermo
Fisher Scientific (Waltham, MA).

Materials Synthesis: The isotropic polydomain nematic liquid crystal
elastomer was synthesized using previously described techniques.[51]

First, 4 g of the acrylate-functionalized mesogen RM 257 was added to
a vial with 1.6 g of toluene and heated at 80 °C until the material became
a homogeneous liquid. Thereafter, 0.217 g of PETMP and 0.9157 g of
EDDET were added to the solution to yield a ratio of 15:85 PETMP:

EDDET. Finally, 0.568 g of diluted DPA catalyst (1:50 DPA:Toluene) was
added to the solution and mixed vigorously using a Vortex mixer.

Field’s metal was synthesized by mixing in relevant ratios of indium,
bismuth, and tin into a crucible and heating until all components were
melted (above 400 °C). Thereafter, the three materials were hand-mixed
until a homogenous alloy was formed, before molding and cooling.
Field’s metal (FM) particles were synthesized using previously described
techniques.[42,60] First, a mixture of 200mL of aqueous 2 wt% sodium algi-
nate in a 500mL beaker was placed into a heated silicone oil bath (set to
95 °C), and the sodium alginate solution was heated past 70 °C. Then, 60 g
of Field’s metal was added to the mixture and subjected to heat until the
bulk alloy was fully melted. The mixture was homogenized at a given rpm
(in this study, we range from 10,000 to 25,000 rpm) for 1 min. Immediately
after homogenization, the continuous aqueous sodium alginate solution
solidified (due to its thixotropic properties) to hold the particles in place
while cooling. The mixture was then thoroughly rinsed to remove residual
sodium alginate and sieved through a 45 μm ASTM standard sieve to
remove any larger particles. Finally, the particles were degassed overnight
to remove any residual water.

The FM particles were introduced into the uncured LCE immediately
after catalyst addition and mixed using a vortex mixer for 30 s before mold-
ing. To prevent melting and agglomeration of the FM particles, the LCE
mixture was cooled below 62 °C prior to particle addition. The dispersion
time was not adjusted during molding. After curing, the sample was
removed from the mold and placed in an oven at 60 °C for at least 24
h to remove any residual toluene.

Imaging: Cross-sectional optical microscopy images were taken with a
Zeiss Smartzoom 5. Cross-sectional (SEM images were obtained using a
Hitachi SU-70 at 2 kV for the composites and 5 kV for the FM particles. All
samples were coated with iridium (nominally 8 nm) prior to SEM imaging.

Mechanical Characterization: Every mechanical characterization was
completed on at least five different samples from at least two separately
synthesized batches. All tests were also completed under ambient air
conditions.

Stress–strain measurements were taken using a materials testing sys-
tem (Instron 3345) fitted with a custom-built environmental chamber
(Model 5500–8485, ETS). First, samples were left in the environmental
chamber for at least 10min to condition. Thereafter, samples were loaded
and tested at a strain rate of 500mmmin�1. All samples were approxi-
mately measured to 5mm width, 1 mm thickness, and 30mm length.

Storage modulus tests were conducted using a dynamic mechanical
analyzer (DMA Q850, TA Instruments). Pristine un-strained samples with
dimensions 1 mm thick, 6 mm wide, and 15mm long were placed in a
tensile configuration. An oscillatory measurement at 0.04% amplitude
and 1 Hz frequency was conducted as the material was subject to a tem-
perature ramp from 30 to 140 °C at a ramp rate of 2 °Cmin�1.

Temperature-dependent strain measurements were conducted using a
DMA (Q850, TA Instruments). Samples were loaded into the DMA in a
tensile configuration and subjected to a constant stress of 0.02MPa, using
similar techniques as previously described.[25] The temperature of the
DMA was ramped at 2 °Cmin�1 to 140 °C.

Actuation stress measurements for Figure S6, Supporting Information,
were completed using a materials testing system (Instron 3345), custom
fit with an environmental chamber (Model 5500–8485, ETS). Samples
were pre-stretched to 50% strain and then subjected to a pre-load stress
of �5e�4MPa to remove slack from the sample before being held in an
iso-strain configuration. Forced hot air was applied directly to the sample
until failure due to actuation. Because forced hot air enables faster thermal
ramps than DMA methods, we observe higher actuation stresses com-
pared to tests conducted with DMA, agreeing with prior works.[35]

However, since forced hot air is less precise, we used a DMA for further
characterization.

Actuation stress measurements for all figures except Figure S6,
Supporting Information, were conducted using a DMA (Q850, TA
Instruments). Samples were pre-stretched to 50% strain and then loaded
into the DMA in a tensile configuration. The sample was then subject to a
pre-load stress of �5e�4MPa to remove any slack in the sample before
being held in an iso-strain configuration. The pre-load stress was set to a
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very low number to prevent any excessive stretching of samples that have
low stiffnesses, such as the 0 vol% sample. The temperature of the DMA
was ramped at 3 °Cmin�1 to 300 °C or until the sample ultimately failed, as
indicated by a sharp drop in measured force.

Flexural modulus tests were conducted using a dynamic mechanical
analyzer (DMA Q850, TA Instruments). A 4mm single cantilever with a
sample size of 4mm� 10mm� 4mm (length, width, height) was ramped
from 30 to 120 °C. Close to the transition points of both LCE and FM,
between 55 and 85 °C, the ramp rate was 1 °Cmin�1; at every other point
during the temperature ramp, the ramp rate was 5 °Cmin�1. The samples
were subjected to an oscillatory measurement of 0.01% amplitude at 1 Hz
frequency.

Thermal Conductivity Measurements: Transient hot-wire methods
previously reported in literature[40,61] were used to measure the thermal
conductivity of the composites. A 25 μm-diameter Pt wire, 10–20 mm
in length, was connected to four copper leads and embedded into each
sample prior to curing. After curing, a current was applied to the sample to
induce Joule heating. The resulting temperature change is directly propor-
tional to the thermal conductivity of the surrounding material. Each
measurement was taken at least 500 s apart to prevent residual heat from
affecting future measurements. Bruggeman’s theory was plotted with the
thermal conductivity measurements, with the thermal conductivity (κ) of
FM being approximated as 19WmK�1.[40,62] The thermal conductivity of
the matrix was our own measured value for LCE (κ= 0.2918325WmK�1).
More information regarding the thermal conductivity experiments is pro-
vided in the Supplementary Note and Figures S14 and S15, Supporting
Information.

Demonstrations: Demonstrations of the variable-stiffness LCEs were
created by synthesizing samples and applying forced hot air to induce
phase-change of the encapsulated FM particles or trigger the nematic
to isotropic transition of the LCE matrix. For the actuation stress demon-
stration and artificial muscle demonstration, acrylic tabs were laser cut to
enable seamless attachment to the weights or the linkages. Copper heat-
ers were created by laser cutting flex PCB sheets in a serpentine pattern
and soldering silicone-coated copper wires to the ends. Thereafter, the
copper heaters were attached to the samples using epoxy. All samples with
attached heaters were subject to 12 V, 1 A of current to enable Joule heat-
ing. Images of the copper heaters on the back of the samples are shown in
Figure S16, Supporting Information. For the actuation stress demonstra-
tion, all masses were measured to be 200 g. Additional configurations of
actuation stress demonstrations are shown in Figures S17 and S18,
Supporting Information. For the artificial muscle demonstration, the link-
ages, pin joint, and stand were 3D printed using PLA. The mass used was
measured to be 50 g.

Thermal camera images were taken with a Fluke TiX 580.

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