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Multi-stimulus perception and visualization by an
intelligent liquid metal-elastomer architecture

Hongzhang Wang1’2*1', Bo Yuan?3t, Xiyu Zhu?, Xiaohui Shan?, Sen Chen?,
Wenbo Ding®, Yingjie Cao? Kaichen Dong'®, Xudong Zhang®, Rui Guo?,

Yuchen Yao®, Bo Wangz’3, Jianbo Tang7*, Jing Liu6+

Multi-stimulus responsive soft materials with integrated functionalities are elementary blocks for building soft
intelligent systems, but their rational design remains challenging. Here, we demonstrate an intelligent soft archi-
tecture sensitized by magnetized liquid metal droplets that are dispersed in a highly stretchable elastomer net-
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work. The supercooled liquid metal droplets serve as microscopic latent heat reservoirs, and their controllable
solidification releases localized thermal energy/information flows for enabling programmable visualization and
display. This allows the perception of a variety of information-encoded contact (mechanical pressing, stretching,
and torsion) and noncontact (magnetic field) stimuli as well as the visualization of dynamic phase transition and
stress evolution processes, via thermal and/or thermochromic imaging. The liquid metal-elastomer architecture
offers a generic platform for designing soft intelligent sensing, display, and information encryption systems.

INTRODUCTION

Soft materials with multi-stimulus responsiveness and integrated
functionalities have been increasingly used in advanced robotics (1,
2), flexible electronics (3, 4), soft sensors (5), actuators (6, 7), infor-
mation display (8-10), and biomedical adhesives (11, 12), in pursuit
of biological compliance and biomimetic functions (13, 14) and,
ultimately, soft intelligence (15, 16). Soft materials with embedded
intelligence are expected to be able to perceive the surrounding en-
vironment and react to external changes and applied stimuli in
controllable and programable ways (2, 17, 18). Incorporating micro-
scopic inclusions (fillers) into a soft matrix is a powerful yet versatile
strategy for introducing properties extrinsic to the host material,
thus achieving non-inherited functionalities (19, 20). Despite previ-
ous successful demonstrations of a variety of soft systems with in-
triguing properties (21, 22), such a composite engineering approach
is strongly restricted when intelligent behaviors and their integra-
tion are targeted in design (23). This is primarily because individual
fillers usually play a single defined role in modifying material prop-
erties, while using more than one filler will result in systematic com-
plexity and even incompatibility that compromise the whole design.
Therefore, it is challenging but highly desirable to devise a soft archi-
tecture with integrated intelligent functionalities and structural
simplicity, which is the first step toward the overarching goal of
soft intelligence.
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Liquid metals, in the form of micro/nanodroplets, have emerged
as unique filler materials owing to their unrivaled coupled fluidic
and metallic properties (24-28). Liquid metal-embedded soft ma-
terials with high electrical and thermal conductivity (29, 30), tun-
able conductivity (31-33), and self-healing capability (34) have
been reported. In most cases, the tuning of thermal, electrical, or
mechanical properties of the soft materials by highly conductive yet
conformable liquid metal inclusions is focused (34-37). Liquid
metals’ high volumetric latent heat, which can be used as a regen-
erative energy source, has been largely overlooked to date. For
example, room temperature liquid metal gallium (Ga) has an ex-
ceedingly high volumetric latent heat of 473 kJ/liter (for compari-
son, that of water is 336 kJ/liter). In previous reports where the
phase transition of liquid metal is concerned, efforts are mainly
devoted to mechanistic investigation and thermal analysis (38-41).
In addition, the strong supercooling tendency of liquid Ga and the
stimuli-sensitive nature of its solidification further provide the op-
portunity for on-demand control of its phase transition (42-44)
and latent heat release. However, it is previously believed that the
solidification of dispersed liquid metal droplets in a soft matrix
should result in a temperature change that is largely unnoticeable
(38), and the strong supercooling of the liquid metal inclusion can
be challenging to overcome (43, 45). We hypothesize that, when
released into a soft material matrix with a much lower thermal con-
ductivity than that of the liquid metal inclusion, the latent heat gen-
erated during the solidification of liquid metal can be leveraged for
thermal imaging, which provides a mechanism for multi-stimulus
perception and visualization. Directly yet remotely visualizing and
imaging thermal energy flow as the information carrier can be
advantageous in comparison to the current dominant strategies
based on electrical feedback signals.

Here, we demonstrated that the liquid-to-solid phase transition
of liquid metals enabled perception and response mechanisms of
a liquid metal-elastomer architecture (LMEA) when subject to vari-
ous forms of mechanical (contact) and magnetic (noncontact) stim-
uli. The controllable solidification of the magnetized liquid metal
droplet inclusion led to localized transient latent heat release and
established thermal gradients within the elastomer matrix. This
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allowed us to engineer a highly stretchable soft composite architec-
ture with the capabilities of perceiving and visualizing various types
of information-encoded stimuli. The concept was first demonstrat-
ed with Ga liquid metal inclusion and then extended to other binary
and ternary low melting temperature alloys. We realized both ther-
mal [infrared (IR)] and thermochromic imaging of a variety of pro-
gramable liquid metal phase transition behaviors and patterns. We
further demonstrated unprecedented self-recognition and display of
stress distribution and evolution by the soft architecture under ap-
plied stimuli. In addition, Joule heating and IR heating, which are
complementary to stimulus-induced solidification, were introduced

to melt the solidified liquid metal inclusion and realize two-way
control of liquid metal phase transition.

RESULTS

The LMEA consists of methyl vinyl polysiloxane/Pt-catalyzed poly-
methylhydrosiloxane and magnetized liquid metal droplets as the
soft elastomer matrix and the phase change inclusion (Fig. 1A), re-
spectively. Ga (melting point T, = 29.8°C) was first selected to en-
sure that the phase transition (melting/solidification) of liquid metal
could be readily realized at around room temperatures. To make
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Fig. 1. Structure of the LMEA and its multi-stimulus-induced phase transition and heat release. (A) Schematics of LMEA with Fe-incorporated liquid metal droplets
as the phase transition inclusion. (B) Highly stretchable LMEA under 400% strain. (C) Micro—-computed tomography (micro-CT) image displaying the three-dimensional
microstructure of LMEA. The sectional scans on the right of its upper surface, middle plane, and bottom surface show the size distributions of liquid metal droplets along
the direction perpendicular to the surface planes. The bottom-left inset is a cross-sectional optical image of the sample. During sample preparation, the samples in both
images were in an upside-down position. (D to G) Schematic images (left) and IR images (right) showing the solidification-induced temperature increases of the LMEA
triggered by mechanical pressing (D), stretching (200% strain) (E), twisting (F), and a 200-mT magnetic field (G). The solidification of supercooled Fe-containing Ga droplets
in the elastomer when mechanically stretched (elongated) by 120% strain (H) and applying a magnetic field (I).
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the intrinsically paramagnetic Ga magnetically susceptible, ferro-
magnetic iron (Fe) particles were incorporated into the liquid Ga
droplets via an intermetallic wetting mechanism (46). The mixing
ratio of each component is detailed in Materials and Methods. Such
a LMEA was highly stretchable due to both the excellent stretchability
of the elastomer and the liquid-like conformability of the Ga droplet
inclusion (Fig. 1B). The liquid metal droplets supercooled and
behaved as microscopic latent heat reservoirs in the LMEA. When
triggered externally, the solidification of these numerous liquid metal
droplets released their latent heat into their hosting elastomer
matrix. Because of the low thermal conductivity of the elastomer
(0.29 Wm ™" K™'), the heat was “trapped” within the material, which
is favorable for maintaining a long thermal imaging/display period.
During these processes, the phase transition latent heat stored in the
microscopic liquid metal reservoirs was released as detectable infor-
mation in the form of thermal energy flow, which was used for
multi-stimulus perception and visualization purposes. The in-plane
size distribution of the liquid metal droplets was relatively uniform
in the LMEA but that in the direction perpendicular to the surface
planes varied considerably (Fig. 1C and fig. S1), as a result of size-
dependent sedimentation (Stokes law) of the liquid metal droplets
during the curing of the elastomer (31). This also generated an
elastomer-rich layer on one side of the sample (Fig. 1C). The side
accumulated with liquid metal droplets was able to generate a larger
amount of latent heat, which was used for phase transition investi-
gation and thermal imaging in this study unless otherwise specified.

The LMEA showed fast response to a wide range of solidification
triggers, and the accompanying transient latent heat release was
revealed by thermal imaging (Fig. 1, D to G). Different forms of
mechanical agitations (47) including pressing (Fig. 1D), stretching
(Fig. 1E), and twisting (Fig. 1F) were used as contact stimuli to initiate
the solidification of the liquid metal inclusion. The control experi-
ment using only the elastomer (without the liquid metal inclusion)
showed negligible temperature change (fig. S2), ruling out the
contribution of the elastomer’s elastocaloric effect to the observed
temperature increase. Localized temperature increase at an arbitrary
location of the sample could be generated by pressing at selected
locations (Fig. 1D). It was also feasible to solidify individual droplets
(fig. S3), suggesting that the highest phase transition resolution of
the material could be comparable to the characteristic size of the Ga
droplets (~100 pm). The actual resolution of thermal imaging was
slightly lower due to inevitable thermal diffusion (fig. S4). When the
material was under stretching or twisting, the embedded liquid metal
droplets collectively experienced a tensile or a torsion stress, which
resulted in a global phase transition and a uniform temperature
increase across the specimen (Fig. 1, E and F, and movie S1). The
twisted elastomer intermittently displayed its two sides which fea-
tured distinct droplet packing density. Consequently, successive
high and low temperature segments corresponding to the densely
packed liquid metal side and the elastomer-rich side of the LMEA,
respectively, were observed in Fig. 1F. Apart from contact mechani-
cal stimuli, a noncontact magnetic field (generated by a permanent
magnet) also readily initiated the solidification and heat release of
the Fe-incorporated liquid metal droplets (Fig. 1G). By shaping the
liquid metal inclusion into different geometries, predefined thermal
patterns were generated, which remained visible and distinguishable
for over 120 s (fig. S5 and movie S2). In the LMEA, the discrete lig-
uid metal droplets are separated by a Ga oxide layer and an elasto-
mer layer (fig. S6). These two physical barriers prevent the merging
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of the droplets under both mechanical and magnetic agitations after
multiple melting-solidification cycles (figs. S7 and S8). Therefore, the
thermal patterns of the same sample were reproducible after repeated
usage (fig. S9). The multi-stimulus responsiveness of the LMEA
offers an unprecedented degree of freedom for controllable yet pro-
gramable thermal display and IR patterning. The temperature of
the LMEA increased to its maximum typically in seconds under both
contact and noncontact stimuli. The generated heat eventually dis-
sipated into the ambient environment, but the heat dissipation and
temperature decrease processes were considerably slower in com-
parison to the heat release and temperature increase. Because of the
asymmetric distribution of the liquid metal droplets within the LMEA,
the temperature evolution of the surface on the elastomer-rich layer
side showed a delay to that of the liquid metal layer, in both our
finite element modeling and experimental measurement (note S1,
table S1, and fig. S10) (48).

The incorporation of Fe particles into the Ga droplets was crucial
for achieving multi-stimulus response as the particles facilitated
the solidification of Ga under not only a magnetic field but also me-
chanical stimuli. The magnetization curve (fig. S11) and the x-ray
diffraction patterns (fig. S12) of LMEA confirmed the presence of
Fe, and the energy dispersive spectrometer (EDS) images of a cross
section of a liquid metal droplet revealed that the Fe particles were
embedded into the droplet (fig. S13). In the absence of the Fe parti-
cles, temperature increase was not observed under the same condi-
tion (stretching; fig. S14), which explains previous observations (43,
45). A fraction of droplets in our system, typically the small ones,
were not observed to solidify (Fig. 1, H and I), likely due to the
absence of Fe particles in these droplets. In addition, it was equally
important to internalize the Fe particles in the Ga droplets so that
the agitation of the Fe particles directly resulted in the agitation of
the liquid metal. Our control experiments using liquid Ga droplets
with Fe particles spread outside did not solidify when the specimen
was under the same and doubled magnetic field strength (fig. S15).
Optical microscopy observation revealed the fast solidification
process of the liquid metal droplets under stretching (Fig. 1H) and
magnetic agitation (Fig. 11, fig. S16, and movie S3). It is believed that
the mechanism that underlies both mechanical stimulus-induced
and magnetic field-induced nucleation of the supercooled liquid
metal droplets is the introduction of energy fluctuations in the form
of mechanical agitations (47).

Differential scanning calorimetry (DSC) measurement showed
that the Fe particles dispersed in the liquid metal droplets shifted the
nucleation pathways from homogeneous nucleation toward het-
erogeneous nucleation. Consequently, the Fe particles considerably
suppressed the supercooling effect of the liquid metal droplets and
increased their solidification onset temperature by 20°C, from —38°C
(Fe absent) to —17°C (Fe present) (Fig. 2A). The Fe-containing
Ga droplets still showed a considerable degree of supercooling,
which ensured that autonomous solidification under ambient condi-
tions would not occur. Nevertheless, homogeneous nucleation of
part of the liquid metal droplets was observed, which was expected
to be the solidification path taken by the droplets free of embedded
Fe particles. The multiple small exothermic peaks of the DSC curves
are characteristic solidification behavior of numerous discrete liquid
metal droplets in the LMEA (Fig. 2A). An endothermic peak located
at around —40°C was observed for both the elastomer and the LMEA,
which was attributed to the glass transition of the elastomer. A
small endothermic peak with an onset temperature of —16.3°C was
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Fig. 2. Characterizations of the thermal, mechanical properties and phase transitions of the LMEA. (A) DSC curves of elastomer and LMEA. (B) The change in storage
modulus of LMEA during melting and solidification. (C) Stress-strain curves of LMEA with liquid, supercooled, and solidified liquid metal inclusions. (D and E) The tem-
perature change of LMEA as a function of tensile strain e = AL/L, (D) and applied magnetic field strength B (E). (F) Comparison of the maximum temperature Tax (red line)
and the maximum temperature change AT (blue dotted line) of LMEA as a function of initial temperature T, triggered by mechanical (stretching) and magnetic stimuli.
(G) Abrupt electrical resistance switching of a LMEA sample during the phase change (solidification and melting) of its liquid metal inclusion. (H) IR images showing the
temperature increase of the LMEA under a 5-V voltage. (I) Time-lapse microscopy images showing the melting of the liquid metal droplets as evidenced by their color
change. (J) IRimage and optical image (inset) showing the localized temperature increase of the LMEA at the IR laser spot. (K) Optical microscopy images showing liquid

metal droplets melting by IR laser heating.

observed for the LMEA samples regardless of the presence of Fe,
which possibly originated from the interaction between the liquid
metal surface oxide with the elastomer.

The mechanical properties of the LMEA were characterized by
measuring the solidification-induced alterations in both its storage
modulus (Fig. 2B) and elastic modulus (Fig. 2C). When the sample
was cooled below —30°C, both the solidification of the Ga inclusion
and the glass transition of the elastomer contributed to the storage
modulus increase (Fig. 2B), and the latter was compensated (with
minimal hysteresis) when the sample was heated up back to —30°C. An
abrupt decrease of storage modulus from about 3.5 to 0.7 MPa was
measured upon melting the solidified Ga at 30°C. The stress-strain
curves displayed that the state of the liquid metal inclusion also had
a considerable influence on the maximum strain of the LMEA but
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not its maximum tensile stress (Fig. 2C). The samples with liquid
and solid Ga inclusion showed a maximum strain of >800 and
400%, which corresponded to a calculated elastic modulus of 81 and
241 kPa, respectively. A specimen with supercooled liquid Ga inclu-
sion (testing temperature, 15°C) was further measured, which al-
lowed liquid Ga to solidify during the tensile test. This specimen
showed a maximum strain slightly over 600% which intersected that
of the samples with solid and liquid Ga inclusions, and its enhanced
fluctuations in the stress-strain curve were indicative of the gradual
solidification of the Ga inclusion and mechanical stiffening of the
material during the test. Because of the asymmetric distribution
of the liquid metal droplets, asymmetric mechanical deformation
(coiling) and stiffening were observed when the LMEA strips were
released after being stretched to allow liquid metal solidification.
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Varying the length-to-width ratio of the samples generated distinct
coiling regimes (fig. S17) (49). Combining remote IR melting,
such a reversible shape morphing mechanism was used as a shape
memory effect to realize object gripping, maneuvering, and releasing
(fig. S18).

The critical (threshold) strain rate (¢.) and magnetic field strength
(B.) that required to trigger the solidification of liquid metal inclu-
sion were measured. The temperature of the LMEA started to
increase when the strain rate reached 18% or higher (Fig. 2D),
indicating the start of collective solidification of liquid Ga at this
threshold strain rate. The threshold magnetic field strength for trig-
gering effective liquid metal solidification was found to be 60 mT
(Fig. 2E). The relatively low threshold strain rate and magnetic field
strength implied that the material was sensitive to both types of
stimuli in terms of phase transition initiation and heat release. In-
creasing € and B in general led to a higher temperature increase, due
to the solidification of a larger amount of liquid metal droplets, until
a sufficiently high strain rate (e.g., & > 150%) or magnetic field
strength (e.g., B > 200 mT) was reached. Under high € and B, the
maximum temperature increase (Tp,x) was obtained. The LMEA
showed a smaller maximum temperature increase when the solidifi-
cation was triggered mechanically by stretching than by a magnetic
field, suggesting that the latter was more effective in initiating liquid
metal solidification.

The temperature (Tp) at which measurable solidification took
place defined the applicable temperature range of the LMEA. When
Ga was used as the liquid metal phase-change inclusion, a T, ranging
from —10° to 23°C was accessed to investigate the influence of T
on the highest temperature Ty, and the corresponding maximum
temperature increment (ATy,y) of the material. It became challenging
to solidify the liquid Ga droplets above 23°C (low supercooling) either
by mechanical stretching or magnetic agitation. While higher T,
generally resulted in higher T,y the maximum temperature incre-
ment ATy was reduced when Ty was increased (Fig. 2F). Higher
Tmax and AT were observed again when the solidification was in-
duced by magnetic agitation than by mechanical stretching.

To extend the applicable temperature ranges, we further selected
other liquid metals with different phase transition temperatures.
Binary eutectic gallium-indium (EGaln; Ty, = 15.4°C), ternary
eutectic gallium-indium-tin (Galinstan; Ty, = 10.6°C), and eutectic
bismuth-indium-tin (Field’s metal; Ty, = 62°C) were used to replace
Ga for fabricating different Fe-incorporated LMEAs, which showed
multi-stimulus responses similar to the Ga-elastomer case (fig. S19).
Owing to their different melting and solidification characteristics,
introducing these liquid metal alloys allowed us to use the LMEAs at
different temperature ranges. For instance, To = 4°C and T = 11°C
were achieved with the EGaln-elastomer architecture (fig. SI9A).
That for the Galinstan-elastomer architecture and the Field’s metal-
elastomer architecture were further extended to Ty = —30°C and
Tmax = 4°C (fig. S19B) and Tj = 25°C t0 Tiax = 50°C (fig. S19C),
respectively. Different elastomers including polydimethylsiloxane
(PDMS) and Ecoflex (fig. S20) were also used as the host matrix to
demonstrate that our concept can be generally extended to other soft
material systems.

Apart from latent heat release, change in electrical properties can
accompany the liquid metal phase transition. We found that the
solidification of the liquid metal inclusion was able to reduce the
resistance of the material by eight orders of magnitude, from over
200 megohm to below 10 ohm (Fig. 2G and fig. S21). Such a marked
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resistance change was caused by the volumetric expansion of the Ga
droplets during their liquid-to-solid phase transition, which estab-
lished conductive paths within the droplet network. The sample
reattained its high-resistance state after remelting its liquid metal
inclusion. On the basis of such a magnetic field-induced switchable
transition between distinctive conducting states, a remotely (non-
contact) controllable switch without any macroscopic moving com-
ponent was demonstrated (fig. S22).

By virtue of physical phase transition, the materials can be re-
used once the solidified liquid metal inclusion was remelted and
supercooled, without compromising its performance after 100 cycles
(fig. S23). The same sample was also able to function normally after
being stored under ambient conditions for more than 1 year, showing
excellent stability of the material system (fig. S23). We introduced
two strategies, namely, Joule (electrical) heating and IR heating, to melt
the solidified liquid metal droplets in the LMEA. Complementary
to stimulus-induced solidification, this melting step allowed us to
realize bidirectional control of the liquid-to-solid phase transition,
which greatly expands the applicability of the LMEA. Applying a
several-volt voltage (e.g., 5 V) generated Joule heat sufficient to melt
the solidified liquid metal droplets (Fig. 2H and fig. S24), and the
melting process completed in a few seconds (Fig. 2I and movie $4).
IR laser was also effective for melting the liquid metal droplets in a
noncontact manner (Fig. 2]). The heat generated by the IR laser is
constrained at the laser spot and thus can be leveraged to realize
localized melting of the liquid metal inclusion (Fig. 2K). Both Joule
heating and IR heating provide fast yet readily controllable melting
mechanisms for reverting the solidification process. Afterward, the
liquid metal inclusion returns to its supercooling state, and the samples
can be reused. Compared to previous reports, the diversity of the
demonstrated strategies in terms of both solidification and melting
control of the phase change inclusion and the application potential
of our material system are unpaired (table S2 and table S3).

We proceeded by showing that the multi-stimulus responsive
LMEA can perceive different forms of information-encoded stimuli
and translate them into thermal patterns. The compression stress
induced by continuous handwriting was used to trigger the solidifi-
cation of the liquid metal inclusion for real-time IR patterning. It is
notable that the handwriting tracks, i.e., the letters “A” and “B,” were
visible to IR imaging but invisible to bare eyes (Fig. 3A and movie
S5). Monitoring the time-dependent temperature in the region on
the handwriting track showed an abrupt temperature increase upon
writing. It took a relatively long period of about 100 s for its tem-
perature to drop back to ambient temperature via natural heat dis-
sipation, after which the IR patterns were erased (fig. S25). This
mechanism was further used for detecting compressive impact by
solid objects (Fig. 3B) and flow impinging by pressurized gases
(fig. S26). When solid spheres were made to impact on the LMEA,
localized solidification and temperature increase created circular IR
regions (Fig. 3B). By analyzing the IR images, information regarding
the impact location (in a Cartesian coordinate) and the size of the
spheres was obtained (fig. S27).

A magnetic field was used to trigger the solidification of predefined
patterns of the LMEA to demonstrate noncontact realization of pro-
gramable IR patterning. This was first demonstrated with arrays
of circular LMEA pixels embedded into an elastomer substrate
(Fig. 3C). The solidification and heat release of each pixel could
be triggered individually in any selected sequence, and one exam-
ple was given in Fig. 3C (movie S6). IR display of more complex
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Fig. 3. Perception of information-encoded triggering signals and real-time IR visualization by the LMEA. (A) Schematic and IR imaging of continuous handwriting
on the surface of LMEA. (B) Schematic and IR imaging of spherical objects of varied sizes affecting on a LMEA film. Both the impact location and the size of the spheres
were indicated. (C) Pixelated IR display using magnetic field-triggered solidification of LMEA pixel arrays. (D and E) Continuous IR imaging of predefined complex patterns

based on magnetic field-triggered solidification of LMEA. The regions colored gray in the schematics of (A) to

patterns was achievable using pixel arrays made of the LMEA
(Fig. 3C).

In addition, continuous IR display of complex patterns was also
achieved. We fabricated a “LM”-shaped LMEA pattern (gray re-
gions, Fig. 3D) and applied a magnetic field to the pattern from left
to right. The IR image of the pattern appeared in a continuous way
following the moving direction of the magnet, indicating the gradual
solidification of its liquid metal inclusion (Fig. 3D and movie S7).
The samples could be reused once the liquid metal inclusion was
remelted and supercooled (fig. S28). To demonstrate the capability
of the LMEA for generating complex thermal patterns, the mate-
rial was fabricated to display a detailed portrait (gray regions in
Fig. 3E). Delicate and sharp IR features defined by the liquid metal-
elastomer and elastomer-only regions were observed (movie S8),
indicating excellent resolutions at millimeter levels and above. This
was attributed to the distinct thermal conductivity between the
LMEA and the elastomer, and the less thermally conductive elastomer

Wang et al., Sci. Adv. 10, eadp5215 (2024) 24 May 2024

(E) represent the LMEA regions.

suppressed the heat diffusion toward it, leading to a large tempera-
ture gradient between the two and thus a high thermal imaging
resolution (fig. S29).

The released thermal energy of the LMEA so far was visualizable
through imaging in the IR wavelength region but not the visible re-
gion (Figs. 1 and 3). A thermochromic particulate inclusion was fur-
ther added during the fabrication process to realize thermochromic
visualization. Having a low density, the thermochromic particles
were found to accumulate in the elastomer-rich layer (Fig. 4A), which
showed negligible effect on the phase transition behaviors of the liquid
metal inclusion. The resulting thermochromic LMEA (TC-LMEA)
allowed visualization in both the visible and IR spectrum regions (the
surface on the elastomer layer side was used for thermal and optical
imaging for TC-LMEA samples). The TC-LMEA inherited the multi-
stimulus responsiveness to contact mechanical (Fig. 4B and fig. S30)
and noncontact magnetic stimuli (fig. S31). The temperature in-
crease induced by the solidification of the liquid metal inclusion
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Thermochromic particles
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Top view
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W

Fig. 4. TC-LMEA for IR and optical perception and visualization. (A) Schematic diagram (top), top-view (middle), and side view (bottom) of the elastomer with magne-
tized liquid metal droplets and thermochromic particles inclusions during phase transition. (B) Optical image and thermal image showing the color change and tem-
perature increase of a TC-LMEA sample under stretching. (C to E) Snapshots of stress distribution by finite element analysis (C), thermal field by IR imaging (D), and optical
color change (E) of a stretched TC-LMEA film with a cut on one edge. (F to H) Snapshots of stress distribution by finite element simulation (F), thermal field by IR imaging

(G), and optical color change (H) of a circular TC-LMEA film poked at its center.

simultaneously generated a visible color change due to the presence of
the thermochromic inclusion together with a matching IR pattern.

In what follows, we demonstrated the unprecedented capability
of the TC-LMEA for perceiving and self-visualization dynamic
stress evolution processes within the stretchable material. It is well
known that, when an elastic rectangular strip with a crack (notch)
on its edge is stretched biaxially, stress concentration occurs at the
tip of the crack, which leads to further propagation of the crack. This
was revealed in our finite element analysis of a stretched strip of the
TC-LMEA (Fig. 4C and note S2) (48). In excellent agreement with
theory and simulation, such a stress concentration at the crack tip of
the stretched TC-LMEA was shown in both the IR temperature pro-
file (Fig. 4D and movie S9) and the optical time lapse (Fig. 4E and
movie S10). When the material was under biaxial stretching, the
crack tip experienced the maximum tensile stress and first reached
the threshold stress for triggering the solidification of the liquid
metal inclusion. Consequently, temperature increase and the ac-
companying thermochromic color change were first observed at the

Wang et al., Sci. Adv. 10, eadp5215 (2024) 24 May 2024

crack tip. Under continuous stretching and crack propagation, the
increasing stress and strain triggered the liquid metal inclusion in
the surrounding area to continually solidify, and consequently, the
high-temperature region spread outward from the crack site. A con-
trol experiment with a crack-free specimen was performed, which
did not show such a stress concentration and the corresponding
temperature gradient (fig. S32 and movie S11). The stress evolution
and distribution visualization of a circular TC-LMEA film during
out-of-plane deformation (poking) was further accessed (Fig. 4, F to
H). As shown in the finite element analysis, when poked at its center,
the maximum deformation and maximum stress of the thin elastic
film occurred at the apical, which decreased radially toward its rim
(Fig. 4F). Therefore, the stress at the apex was expected to first reach
the threshold to trigger phase transition and latent heat release
therein. Localized temperature increase (Fig. 4G) and color change
(Fig. 4H and movie S12) at the apical region indeed validated such a
stress distribution. As the poking proceeded, the high temperature
region propagated downbhill radially.
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DISCUSSION

We demonstrated a highly stretchable LMEA, which was able to
respond to various forms of contact and noncontact stimuli via con-
trollable phase transition. The incorporation of magnetic Fe par-
ticles into the liquid metal inclusion was found to be crucial for
realizing sensitive multi-stimulus-responsive solidification control.
The design concept of the soft architecture was extended to different
liquid metals as the inclusions and different soft materials as the
host matrices. Treating the thermal energy flow as an information
carrier, we used the LMEA as a soft platform for perceiving and
visualizing different forms of information-coded stimuli and trans-
lated them into IR and visible color patterns. Moreover, the LMEA
showed unprecedented self-recognition and self-display capabilities
of highly dynamic stress distribution and evolution processes in fine
details. Strategies for melting the solidified phase change inclusion
were demonstrated to achieve two-way phase transition control. The
solidification can lead to mechanical stiffening and plastic deforma-
tion, and the thermal diffusion can cause visualization delays, which
can become limiting in certain applications and need to be ad-
dressed with improved material design. Given the demonstrated
generic design principle, multi-stimulus response, tunable working
temperature range, achievable sensitivity, and resolution, it is be-
lieved that the LMEA can enable a wide range of applications in
intelligent display, stress visualization, information encryption,
motion detection, as well as other multi-stimulus responsive sys-
tems with thermal-mechanical, thermal-magnetic, and/or thermal-
chromic integration. In this regard, the present work provides a
rational soft architecture design and a sensitive, controllable phase
transition mechanism for achieving integrated functionalities and
soft intelligence.

MATERIALS AND METHODS

Preparation of Fe-containing LMEA

We chose Ga (Nanjing Jinmei Gallium Ltd., 99.999%) as a main
model of liquid metal to fabricate the LMEA owing to its favorable
melting point (29.8°C). The preparation of LMEA began with the
fabrication of magnetic liquid metal. In this step, melted Ga (or
other liquid metals) and solid Fe particles (diameter, ~30 pm) were
added into a beaker with the addition of 3 M hydrochloric acid
(HCI) solution (50), which were stirred for 10 min until the Fe
particles were dispersed in the liquid metal. The mixture was then
washed with deionized water to remove the residual HCI solution
and dried in a vacuum oven. Following the above steps, which may
need repeated a few times to obtain the high loading of Fe particles,
the magnetized (Fe-incorporated) liquid metal was prepared. The
fabrication was conducted on a hot plate with a temperature of
about 40°C to keep the Ga in liquid status during the whole process.
The ratio of Fe particles in magnetic liquid metal was 20 wt % to
realize a good balance of the good fluidity and magnetic responsive-
ness. Further, the LMEA was prepared by stirring the magnetized
(Fe-incorporated) liquid metal together with the uncured silicone
elastomer part A (Pt-catalyzed polymethylhydrosiloxane) and part B
(methyl vinyl polysiloxane) at 1:1 volume ratio of the two. The liquid
metal was fragmented into micrometer-level droplets, which were
well dispersed in the viscous medium after stirring (51). The mixture
was then cured at room temperature in different molds to obtain the
LMEA samples, during which the size-dependent sedimentation of
the liquid metal droplets took place.

Wang et al., Sci. Adv. 10, eadp5215 (2024) 24 May 2024

Liquid metal inclusion-elastomer with a weight ratio of 3:2 led to
overall the best performance of the LMEAs in terms of its magnetic
response, phase transition heat release, and stretchability, among all
the ratios tested in this study. Unless otherwise specified, these ra-
tios remain constant throughout this work. The magnetized (Fe-
incorporated) liquid metal was stirred for 2 min at the speed of
500 rpm to obtain desirable performance. Longer stirring time led
to the smaller size of liquid metal droplets, making it less efficient
to achieve the stimuli-responsive phase transition. Moreover, larger
liquid metal droplet size (with a shorter stirring time) may lead to
unpredictable leakage and reduced resolution of the thermal pat-
tern. To show the universality of materials synthesis, PDMS and
Ecoflex were also chosen as the matrix to suspend the magnetized
(Fe-incorporated) liquid metal droplets. To investigate the influence
of Fe particle internalization on magnetic-responsive solidification,
the elastomer with Fe particles and Ga droplets was fabricated by
directly mixing for 2 min at the speed of 500 rpm, where the Fe par-
ticles were outside of liquid metal droplets.

Fabrication of LMEA with different liquid metal inclusions
(varied phase change temperature)

To regulate the working temperature of LMEA, liquid metals
with different melting points were selected as the phase change in-
clusions in LMEA. The binary alloy (EGaln) and ternary alloys
(BiInSn and Galinstan) with low melting points were fabricated.
EGaln is composed of 75.5% Ga and 24.5% indium by weight (52),
which is prepared by heating raw metals in a beaker on a hot plate
(200°C) and mixing for 20 min. To fabricate the BilnSn alloy, bis-
muth, indium, and tin with weight ratios of 31.6, 48.8, and 19.6%,
respectively, were added into a beaker and then heated (250°C) for
30 min until the metals completely mixed. Then, the mixture was
stirred for 20 min to obtain uniform BilnSn alloy. Galinstan is
composed of 68.5% Ga, 21.5% indium, and 10% tin by weight (53),
which was prepared using the above methods. The fabrication of
Fe-incorporated liquid metal with different melting points was
similar to the Fe-incorporated Ga. With continuous stirring, the
magnetized liquid metals with different melting points were ob-
tained by introducing Fe particles into different liquid metals in the
HCI solutions. The residual acid solution was removed by deion-
ized water and then dried in a vacuum oven. The magnetized liquid
metals were molten and then mixed thoroughly into the uncured
elastomer. It is noteworthy that the fabrication temperature should
be well controlled to ensure their molten state. After being cured,
the LMEA with different liquid metal inclusions was prepared. It
should be noted that the LMEA (BiInSn) fabrication differed from
others due to the high operation temperature (~70°C). To avoid
violent chemical reaction, Fe particles with a relatively larger size
(100 pm) were selected to fabricate the magnetized liquid metal. In
terms of mixing with uncured elastomer, the molten liquid metal
was dispersed in elastomer part A (Pt-catalyzed polymethylhydro-
siloxane) and then mixed with part B (methyl vinyl polysiloxane)
to avoid immediate curing caused by heat in the process, which
may lead to non-uniform mixing.

Fabrication of TC-LMEA

The thermochromic powders (Bichrom T Series, Insilico company,
Korea) with an average diameter of 2 to 5 pm were mixed into
uncured elastomer via stirring for 2 min (500 rpm) and then mag-
netized liquid metal was added to the elastomer to prepare the
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TC-LMEA. Here, the color of thermochromic powders can switch
between black (cooled) and red (heated) reversibly by temperature
regulation. Therefore, the thermal energy generated from the
prompt solidification of liquid metal inclusions can be translated
into the color change of the LMEA sample from black to red,
which enables the visualization of the information-encoded stimuli
and developmental solidification. Thermochromic powders with a
transition point at 18°C were occupied in most of the experiments,
except for Fig. 4B where another thermochromic powder with a
transition point at 22°C was applied. Because of the density differ-
ence, thermochromic powders tend to accumulate in the upper
elastomer-rich layer, while the liquid metal inclusions were located
at the bottom layer during curing. Therefore, there is a time delay in
observing the color change of the upper layer and the solidification
of liquid metal inclusions due to the heat transfer time from the bot-
tom layer to the upper layer. We stretched the LMEA quickly and
observed the color change process in a fixed strain. The spatial color
change as a function of time at the fixed strain could be recognized
as an alternative parameter to monitoring the stress evolution dur-
ing stretching.

Characterizations of LMEA

To gain a complete understanding of the internal structure of
LMEA, the three-dimensional structure of LMEA was obtained by
micro-CT (Carl Zeiss Xradia 410 versa, Germany). The size distri-
bution of liquid metal droplets was analyzed by the software Im-
age]. IR images were collected and processed with a Fotric 220S IR
camera and the AnalyzIR software, respectively. The rectangular
samples of LMEA were stretched biaxially with a speed of about
6 cm s~'. Magnetic field was generated by cyclically moving a per-
manent magnet (200 mT) (average frequency of 3 Hz). Magnetic
field strength was measured by a magnetometer. The cross section
of LMEA was obtained by cutting the frozen sample (solidified).
Magnetic hysteresis loops of the LMEA and elastomer with Ga in-
clusion were tested using a vibrating sample magnetometer at 298 K.
A metallographic microscope was applied to obtain LMEA mi-
crographs. Scanning electron microscopy and EDS images of the
cross section were acquired by a Hitachi SU-8010 electron micro-
scope. The EDS spectroscopy and mapping analysis were conduct-
ed with an accelerating voltage of 15 kV. The phase change behaviors
of the elastomer and LMEA were measured by a NETZSCH DSC
system (NETZSCH DSC200F3, Germany). The storage modulus
and loss modulus were tested by a Dynamic Thermomechanical
Analysis Q800 instrument. Stress-strain tests were performed us-
ing a tensile testing machine with a speed of 5 mm/s (WDW3020).
Stress-strain behaviors of the LMEA were taken under 15°C when
the LM filler was either supercooled or solidified and under 35°C
when the LM filler was melted, respectively. Airflow was generated
by an air pump. Steel marbles with different diameters were shot by
a slingshot at a distance of 50 cm.

The electrical properties of LMEA were tested by a multimeter.
These experiments were done under 15°C, and the bottom side of a
LMEA sample (dimension: 16 mm by 13 mm by 2 mm) was se-
lected to measure the electrical conductivity. When a magnetic
field (200 mT) was applied, the supercooled liquid metal inclusion
solidified, and the resistance decreased markedly (~108 times). The
LMEA was directly heated on a hot plate (50°C) to melt the liquid
metal inclusion.

Wang et al., Sci. Adv. 10, eadp5215 (2024) 24 May 2024

LMEA heating for melting liquid metal inclusion

Laser heating

In the near IR laser heating experiments, the materials were exposed
to an 808-nm laser at the energy density of 1 W/cm®. A red spot was
observed during the laser irradiation, which resulted from the inclu-
sion of visible wavelength in the laser bandwidth.

Joule heating

To generate Joule heat, two alligator clips were applied at both ends
of the sample under the voltage of 5 V. The change of temperature
and the microstructure of the bottom surface of the LMEA during
the whole procedure were recorded by an IR camera and a micro-
scope, respectively.

Other (direct) heating methods

Heating devices such as temperature-regulated chambers, plates,
and hot air guns were used to accommodate different purposes.

Shape change induced by the phase transition of liquid
metal inclusion in LMEA

To evaluate the deformation ability of supercooled LMEA, the ten-
sile experiment was conducted at 10°C. The sample was stretched
biaxially and then released from one side. In the demonstration of
grasping, an object (pencil) was placed at the middle of the stretched
sample (solidified). Upon releasing one side of the sample, the pen-
cil was securely rolled up by the contracted and curled sample. By
lifting the thin wire tied to the sample, the object was manipulated
and then released by remelting the liquid metal inclusions through
the laser irradiation.
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