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ABSTRACT: Liquid metal (LM)-based elastomers have received
growing interest for a wide range of applications such as soft
robotics and flexible electronics. This work reports a stretchable
and bendable liquid metal droplets embedded elastomer (LMDE)
composite, which consists of liquid metal droplets (LMDs) filler
and carbonyl iron particles (CIPs)/polydimethylsiloxane (PDMS)
hybrid matrix. The reversible switching of the composite from an
insulator to a conductor can be realized through the contact and
noncontact process between the LMDs. The mechanism of
constructing the controllable conductive path between the droplets
under external deformations has been systematically studied, and
this result also provides a basis model for analyzing the conductive
networks in traditional LM-based flexible composites. The
composites exhibit stable mechanical and electrical performance under different tensile strains and bending angles. Moreover, the
fluidic nature of LM endows the composite with good electrically healing capability. The valuable LM can be easily recycled at a high
recovery rate of 98%. Finally, the composite can be developed as a sensor for the detection of both compressive force and magnetic
field, demonstrating a broad promising in flexible electronics, actuators, and wearable devices.
KEYWORDS: liquid metal droplets, elastomer composites, mechanically sensitive conductivity, mechanic-magnetic detection, recyclability

1. INTRODUCTION

In the past decade, the flexible and stretchable electronics have
attracted significant attention due to the increasing require-
ments of wearable devices, electronic skins, stretchable displays,
flexible sensors, and intelligent robotics.1−5 The soft and
conductive composites are usually fabricated and employed in
practical applications due to their good electrical conductivity
and deformability. Usually, conductive fillers such as carbon
nanotubes,6 graphene,7 and metallic microparticles8,9 are
dispersed into the elastomer matrix to achieve the highly
conductive, stretchable and flexible features. In addition, the soft
composites can also be prepared by forming conductive
laminated structures containing the conductive layer and
stretchable matrix, such as forming different shapes of metal
patterns on a prestretched matrix,10 conductive network
polymer film,11−13 and the integration of rigid electronic
components and soft matrix.14,15 However, the rigid conductive
layer is easily damaged under complex external loadings,
resulting in the decrease of conductivity and weakness of the
stretchability and flexibility of the composites.
Recently, the liquid phase conductive fillers such as ionic

liquid and liquid metal are perfect candidates for fabricating all-
soft composites with good shape reconfigurability, stable
conductivity and healing capability. Particularly, Gallium-
based liquid metal alloys, such as eutectic gallium indium

(EGaIn) and eutectic gallium indium tin (GaInSn), are in the
atypical liquid state at room temperature while featuring high
thermal/electrical conductivity, negligible toxicity, superb
fluidity, and large deformability in their liquid state.16−19 In
comparison to the ionic liquid, the oxide layer formed on the
surface of liquid metal helps to maintain its shape, which endows
it with the possibility of recycling from the composites. The
liquid metals are usually printed or encapsulated in elastomer
substrate and then sealed with an elastomer cover.20−22 Such
fabrication process produced ideal flexible and stretchable
composites, which could respond to the external stimuli like
stretching, bending, and twisting. However, the liquid metal has
the risk of leaking from the matrix under complex external
deformation conditions, which will reduce the mechanical
properties and structural stability of the composites. To our
knowledge, the direct mixing of LM with elastomer matrix is
gradually used to prepare LM-based flexible composites with
satisfactory properties.
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To date, versatile LM-based flexible composites, most of
which consist of liquid metal droplets (LMDs) and elastomer
matrix, have been intensively developed for transient devi-
ces,23,24 actuators and soft robotics,25,26 high thermal conductive
materials,27,28 and stretchable electrical conductive materi-
als.29−31 The LMDs with different sizes and morphologies are
usually randomly distributed in the matrix of these composites,
which also possessed some unique properties including self-
healing, recyclability, and good electrical conductivity.32,33 The
LMDs will form a conductive path in the matrix and remain
interconnected under external loadings or magnetic fields, but
the various sizes and disorderly arrangement of the droplets
makes the conductive path vulnerable to external loadings.
Besides, high LM contents are commonly required to form a
conductive path and achieve a satisfactory electrical con-
ductivity, which brings a series of issues including high cost
and metal leakage.34 Most importantly, the formation
mechanism of the conductive paths through the contact
between droplets needs to be further studied. Furthermore,
the recovery of the valuable LM in the LM-based flexible
composites is a challenge due to the strongly bonded networks
and the small size of LMDs.35−37 Therefore, developing a simple
strategy capable of fabricating LM-based flexible composites
with good mechanical properties, satisfactory conductivity and
high recyclability is of significance for expanding the application
field of LM-based materials and reducing environmental
pollution.
In this paper, a kind of liquid metal droplets embedded

elastomer (LMDE) composites was developed. The mechanical
and magnetic properties of the LMDE composites were
systematically investigated. The conductivity of the LMDE
composites could be reversibly switched through the contact
and noncontact process between the droplets, which helped to
provide a basis model for the construction of conductive
networks in LM-based flexible composites. In addition, the
composites also possessed good thermal conductivity and
electrical healability due to the heat transfer and flow
characteristics of liquid metal. The embedding droplets in the
elastomer matrix significantly improved the recovery rate of
liquid metal and reduced the impact of waste materials on the

environment.38 Finally, the LMDE composites also could be
used as a sensor to detect the magnetic field, pressure, and the
movement of finger joints. The good sensing performance
further demonstrated their feasibility toward the future sensing
devices.

2. MATERIALS AND METHODS
2.1. Materials and Chemicals. The EGaIn liquid metal (75%

gallium, 25% indium, melting point: 16 °C, density: 6.25 g/cm3) was
purchased from Yongcheng Co., Ltd., China. The carbonyl iron
particles (CIPs, type CN, BASF), with an average size of 6 μm, were
purchased from Sigma-Aldrich. The polydimethylsiloxane (PDMS)
precursor and curing agent (Sylgard 184) were all purchased from Dow
Corning. Hydrochloric acid (HCl) was obtained from Sinopharm
Chemical Reagent Co., Ltd. NdFeB magnets were purchased from
Chizan Co., Ltd., China.

2.2. Preparation of the LMDE Composites. First, the PDMS
precursor and curing agent were mixed in a weight ratio of 25:1. The
mixture was carefully poured into a 3D-printed mold and treated by
vacuum oven for 10 min to remove the bubbles before experiencing a
solidification at 80 °C for 1 h. After demolding and cutting, PDMS film
with cylindrical array grooves (2 mm in diameter and 1.5 mm in depth)
was obtained and a hole puncher with a diameter of 300 μmwas used to
produce through holes between the grooves. Then the liquid metal
droplets (LMDs) treated with HCl solution were injected into the
cylindrical array grooves by a pipet. Afterward, the PDMS films
embedded with LMDs were sealed by the mixture of PDMS precursor
and curing agent (weight ratio 25:1). Finally, a transparent non-
magnetic LMDE (T-LMDE) composites was fabricated after curing
and cutting. The carbonyl iron particles (CIPs) were mixed with PDMS
precursor and curing agent to prepare magnetic LMDE (M-LMDE)
composites. Furthermore, the hybrid LMDE (H-LMDE) composites
were prepared by using CIPs doped PDMS to encapsulate the
transparent PDMS films containing LMDs. Compared with T-LMDE
and M-LMDE composites, the H-LMDE composites had both
transparency, magnetism and similar mechanical properties. Therefore,
the H-LMDE composites were selected as the research object of this
paper.

2.3. Characterization. The morphology of H-LMDE composites
was characterized by scanning electron microscopy (SEM) and related
energy-dispersive X-ray spectrum (EDX) (SEM 500, Zeiss, Ltd.). The
digital and thermal images were captured using a digital camera
(D1700, Nikon) and thermal camera (ImageIR 8300, InfraTec

Figure 1. (a−f) Schematic diagram represented the preparation process of H-LMDE composites. (g) Digital images of different kinds of 3D printed
molds. (h) Digital images of T-LMDE, M-LMDE, and H-LMDE composites with different numbers of droplets.
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Germany). Hysteresis Measurement of Soft and Hard Magnetic
Materials (HyMDC Metis, Leuven, Belgium), and a commercial
rheometer (Physica, MCR 302, Anton Paar Co., Austria) were used to
test the magnetic and rheological properties of the H-LMDE
composites. A dynamic mechanical analyzer (DMA, ElectroForce
3200, TA Instruments, Minnesota 55344, U.S.) was utilized to test the
mechanical properties of the H-LMDE composites. The Modulab
material test system (Solartron analytical, AMETEK advanced
measurement technology, Inc., United Kingdom) was used to evaluate
the electrical performance. The thermal conductivities of the samples
were measured by a Hot Disk TPS 2500S. A N52 typed magnet was
employed to generate magnetic field, and the magnetic flux density was
measured by a Tesla meter (HT20, Shanghai Hengtong magnetic
technology Co. Ltd., China).

3. RESULTS AND DISCUSSION

3.1. Preparation of the H-LMDE Composites. 3D-
printed molds were employed to assist the fabrication of H-
LMDE composites (Figure 1a−f). The PDMS precursor and
curing agent (weight ratio 25:1) were drop-cast onto a 3D-
printed mold with cylindrical protrusions. After curing and
demolding, a PDMS film with many cylindrical grooves was
obtained. Then, the PDMS film was divided and a microhole
with a diameter of about 300 μm was punched between the
grooves. Liquid metal droplets (LMDs) were injected in the
cylindrical grooves and the CIPs doped PDMS precursor and
curing agent were used to seal the PDMS film. After curing for 60

min under 80 °C, the H-LMDE composite with both magnetism
and transparency was obtained. The droplets were arranged
horizontally in the composites, which was more convenient to
the formation of conductive paths than the vertical arrangement
of the droplets (Supporting Information (SI) Figure S1). The
weight fractions of CIPs were set as 10, 20, and 30 wt % to
explore the effect of magnetic particles on the properties of the
composites. Using different forms of 3D printing molds, the
number and shape of LMDs embedded in the composites could
be controlled (Figure 1g and SI Figure S2). The T-LMDE, M-
LMDE, and H-LMDE composites with different numbers of
LMDs were shown in Figure 1h. Due to the opacity of the
matrix, the distribution of LMDs cannot be observed in the M-
LMDE composites. However, it could be clearly seen that the
droplets were uniformly distributed and neatly arranged in the
T-LMDE and H-LMDE composites. Copper wires were buried
on both sides of the composites to serve as electrodes.
The H-LMDE composite was composed of LMDs embedded

transparent PDMS array and magnetic elastomer matrix, and
there was a microchannel between the two droplets (Figure 2a).
Figure 2b illustrates the top view of the H-LMDE composite
embedded with two LMDs and an enlarged view of the middle
part. The droplets were well sealed in the elastomer matrix
without leakage, and the deformation of the droplets could be
clearly observed due to the transparency of the PDMS array.
Figure 2c shows the scanning electronmicroscope (SEM) image

Figure 2. (a,b) The schematic and digital images of the H-LMDE composites. (c) The SEM image of interface between the LMDs and the elastomer
matrix. (d) The cross-sectional SEM image of the microchannel between the LMDs in the composites. (e) EDS mapping of the surface for the LMDs.
(f,g) Magnetization curves and storage modulus of the elastomer matrix with CIP content of 10, 20, and 30 wt %. (h) The deformation of H-LMDE
composites under different magnetic field strengths.
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of interface between the LMDs and the elastomer matrix, where
the liquid metal was silver-gray and the elastomer matrix was
black. The cross-sectional SEM image of the H-LMDE
composite embedded with two LMDs is shown in Figure 2d.
The LMDs were fully filled in the cylindrical grooves due to their
high surface tension,39 and the magnified cross-sectional SEM
image indicated that there was a microchannel between the two
droplets. The wrinkles on the surface of the droplets were caused
by the oxidation of the liquid metal when exposed to the air. In
order to prevent oxidation of the liquid metal surface from
reducing its fluidity, the cylindrical grooves and the intermediate
microchannel were treated with dilute hydrochloric acid (HCl)
solution before filling the droplets. The energy dispersive X-ray
spectrometer (EDS) mapping showed there were Ga and In
elements in the liquid metal (Figure 2e). As observed in the EDS
mapping of the elastomer matrix, there were Fe and Si elements
and the Fe particles were well distributed throughout the matrix
with minimal aggregation (SI Figure S3).
The elastomer matrix of the H-LMDE composites with

different CIP contents were tested by HyMDC to evaluate the
magnetic properties. All the elastomer matrix exhibited soft
magnetic behavior and its hysteresis loop was smooth and no
hysteresis was found (Figure 2f). The saturation magnetization
was 31.9 emu/g, 50.6 emu/g and 76.1 emu/g for the elastomer
matrix with CIP content of 10, 20, and 30 wt%, respectively. The
variation tendency of saturation magnetization was coincident
with CIP content of the elastomer matrix, which reflected the
stable magnetization performance of CIPs inside the composites

substrate. The shear storage modulus of the matrix evidently
increased with the magnetic field under the shear frequency of 5
Hz and strain amplitude of 0.1% (Figure 2g). In order to
measure the deformation ability of the composites under the
magnetic field, the composite was fixed vertically above a N52
typedmagnet. Themagnetic field strength generated by the N52
typed magnet could reach up to about 500 mT (SI Figure S4).
The displacement was recorded when the magnet gradually
approached the composite. The composite with higher CIP
content had larger displacement under the same magnetic field.
The deformation of the composite increased with the decrease
of the distance between the composite and the magnet (Figure
2h), which indicated that the composite had a good
deformability under the magnetic field.

3.2. Mechanical and Electrical Properties of the H-
LMDE Composites.Themechanical performance of H-LMDE
composites was first investigated. During the test, the H-LMDE
composite was fixed with the clamps of DMA and tested under
tensile strain with cyclic sine waveform (Figure 3a).
Representative stress−strain curves for the two LMDs
embedded H-LMDE composites with CIP content of 10, 20,
and 30 wt % are presented in Figure 3b.With the increase of CIP
content, the tensile strength of H-LMDE composites and
unfilled composites both gradually increased. The tensile
strength of the H-LMDE composite reached to 478 kPa when
the CIP content increased to 30 wt %, which attributed to the
improvement in the elastic modulus of the elastomer matrix (SI
Figure S5). Although embedded with LMDs, the elongation at

Figure 3. (a) Digital images of the tensile test system, scale bar: 5 mm. (b) Stress versus strain curves of two LMDs embedded H-LMDE composites
and unfilled composites as a function of the CIP content. (c) Stress versus strain curves of the unfilled and H-LMDE composites embedded with
different numbers of droplets (30 wt %CIP content). (d) Stress−strain curves of two LMDs embeddedH-LMDE composite with 30 wt %CIP content
for cyclic tensile loading. (e) The normalized resistance of the two LMDs embeddedH-LMDE composite (30 wt %CIP content) during the stretching
process. (f) The corresponding resistance variation of the two LMDs embedded H-LMDE composite during cyclic stretching at 30% strain. (g−i)
Digital images of using the two LMDs embedded H-LMDE composite to realize the switch of a LED.
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break of H-LMDE composites could still reach a value of up to
120% tensile strain. For the H-LMDE composites with a CIP
content of 30 wt %, the tensile strength gradually improved as
the number of droplets increased (Figure 3c). This phenom-
enon was ascribed to that the LMDs increased the surface
tension of the solid−liquid interface and improved the adhesion
between the droplets and the matrix.40 As illustrated in Figure
3d, successive loading−unloading tests at increasing tensile
strains from 20% to 50% were conducted to evaluate the
mechanical hysteresis of the two LMDs embedded H-LMDE
composites with 30 wt % CIP content. The stress−strain
hysteresis curve of two consecutive cycles overlapped after
repeated tests, which can be ascribed to the Mullin’s effect.41

These results demonstrated that the as-fabricated H-LMDE
composites were mechanically robust and highly stretchable.
Next, the electrical properties of the H-LMDE composites

upon stretching were studied to evaluate the conductivity of the
composites. Notably, the composites were electrically insulating
when initially prepared because no conductive path was formed
in the elastomer matrix. Copper wires were inserted on both
sides of the composite along the arrangement direction of the
droplets to deliver the electrical signals to Modulab system. The
resistance variation was defined asΔR = R/R0, R0 was the initial
resistance. The ΔR decreased from 1 to around 0 when the
tensile strain of the composite exceeded 20%, which indicated
that the composite changed from insulating to conductive
(Figure 3e). As the tensile strain increased, the value of ΔR was
stable because the conductive path still remained interconnected

under external deformations. Then, the resistance change of the
composite under cyclic stretching with a tensile strain of 30%
was studied at the tensile frequency of 0.2 Hz. As shown in
Figure 3f, the composite exhibited a periodic change from
conductor to insulator in each stretch-release cycle. For the three
and four LMDs embedded H-LMDE composites, they also had
the similar electrical properties (SI Figure S6). This benefited
from the contact and noncontact process of the LMDs inside the
composite, which indicated a good capability of constructing
controllable conductive path. The composite was further applied
in a circuit switch to realize the on−off control of a light emitting
diode (LED) through stretching and releasing process (Figure
3g-i). The LED turned on because the resistance of the circuit
decreased when stretching the composite and it turned off after
the tension was released (SI Movie S1).
Moreover, the mechanical and electrical properties of the two

LMDs embedded H-LMDE composites during the bending
process were also explored. Here, the bending angle θ at the two
sides was defined as the rotation of upper and lower part from
the central axis (Figure 4a). The bending angle θ increased with
the compressive displacement. Representative force−displace-
ment curves of the two LMDs embedded H-LMDE composites
with different CIP contents are presented in Figure 4b. The
bending force was negative since the compression displacement
was along the negative direction of the Y axis. Similarly, due to
the modulus variation of the elastomer matrix, the bending
stiffness of the unfilled composites and H-LMDE composites
both increased with the CIP content. The maximum bending

Figure 4. (a) Digital images of the bending test system, scale bar: 5 mm. (b) Force versus displacement curves of two LMDs embedded H-LMDE
composites and unfilled composites as a function of the CIP content. (c) Force versus displacement curves of the unfilled and H-LMDE composites
embedded with different numbers of droplets (30 wt % CIP content). (d) Force versus displacement curves of the two LMDs embedded H-LMDE
composite with 30 wt % CIP content under cyclic bending. (e) The normalized resistance of the two LMDs embedded H-LMDE composite (30 wt %
CIP content) during the bending process. (f) The corresponding resistance variation of the two LMDs embedded H-LMDE composite during cyclic
bending under the bending angle of 60°. (g−i) Digital images of using the two LMDs embedded H-LMDE composite to realize the switch of LED.
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force of theH-LMDE composite during the bending process was
1.61 N when the compression displacement reached 2 mm. As
the number of droplets increased, the bending stiffness of the H-
LMDE composites with 30 wt % CIP content decreased slightly
(Figure 4c). However, the H-LMDE composites still had good
bending properties due to the soft nature of liquid metal and
high flexibility of PDMSmatrix. After keeping the test frequency
at 0.01Hz, the two LMDs embeddedH-LMDE composites with
30 wt % CIP content feasibly deformed and quickly recovered
during each bend-release cycle, where hysteresis loops suggested
a viscoelastic mechanical property for the composites (Figure
4d).
Afterward, we further evaluated the electrical responses of the

two LMDs embedded H-LMDE composites at various bending
angles (Figure 4e). TheΔR decreased from 1 to around 0 when
θ exceeded 20° and the variation tendency indicated that the
composite could also change from electrically insulating to
conductive in the bending progress. As θ increased, the
deformation of the composite became larger and the conductive
path could maintain interconnected during this process. Similar
to the cyclic tensile tests, when the bending angle changed
repeatedly from 0 to 60° at the bending frequency of 0.25 Hz,
the resistance R also changed periodically (Figure 4f). This was
due to the repeated contact and noncontact process of the
internal droplets at the middle microchannel when the
composite was squeezed. This feature enabled the composite
to realize the on−off control of a LED circuit by bending. The
switching process of the LED was successfully realized through
the bending and release of the composite (Figure 4g−i). Similar
to the stretching process, the LED turned on when the
composite was bent and turned off after it was released. Besides
the stretching and bending process, the H-LMDE composites
also possessed the similar electrical properties under cyclical
compression and magnetic field (SI Figure S7). These results
demonstrated that the as-fabricated H-LMDE composites
possessed stable mechanical properties and good conductive
controllability.
In order to explore the construction mechanism of the

controllable conductive paths inside the H-LMDE composites,
the contact and noncontact process of LMDs in the micro-
channel was analyzed by both experiments and numerical
simulation. The contact and noncontact process were mainly
actuated by the elastomer matrix’s deformation and capillary
breakup effect. Initially, the LMDs were separated from each
other in the composite without external forces. As the strain of
the composites increased, the LMDs deformed and gradually
contacted with each other in the microchannel, forming a liquid
metal (LM) bridge (Figure 5a). At the same time, the dynamic
change process of the LM bridge was also captured by a high-
speed video camera (Nikon, Japan), as shown in Figure 5c. The
LM bridge in the microchannel was stretched by the droplets on
both sides under surface tension after external forces were
removed, which acted in minimizing the surface area of liquid
metal.42 A pressure jumpΔp on the concave meniscus is caused
by the surface tension between LM and air, which is called
Laplace pressure:43

p
R R
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where R1 and R2 are the principal radii of curvature, γci is the
surface tension coefficient, and κ is twice the mean curvature. As
shown in Figure 5b, the Laplace pressure points to the inside of

the surface from outward. The largest pressure is built at the
thinnest point with a minimum radius of Rmin and can be
expressed as
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As time t advanced, the bridge radius decreased under the action
of pressure presented in eqs 1 and 2. The curvature and Laplace
pressure built at the neck both increased at the same time, which
were inversely proportional to the bridge radius. As a result, the
LM was expelled with increasing velocity from the neck until the
neck vanished. This is the spontaneous process of capillary
breakup when the neck radius reaches a stability limit. The
minimum necking radius of the LM bridge during capillary
breakup follows a similar law:44
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where Rmin represents the minimum radius of the LM bridge, R0
represents the initial radius of the LM bridge, A is a constant, ρ is
the material density, tp denotes the bridge’s breaking time, and t
is the time interval before tp. Obviously, the rupture speed of the
capillary became faster as the surface tension coefficient
increased. As a comparison, the COMSOL software was used
to simulate the formation and disconnection process of the LM
bridge in the microchannel, and the simulation results were well
consistent with the experimental results (Figure 5d). In addition
to the deformation caused by external forces, the changes in
temperature and magnetic field could also make the LMDs
interconnect and form conductive paths in the H-LMDE
composites.

3.3. Thermal, Healable and Recyclable Properties of
the H-LMDE Composites. Owing to the good thermal
conductivity of liquid metal, the H-LMDE composites

Figure 5. (a) Schematic diagram of the droplets contact process inside
the H-LMDE composite. (b) Schematic diagram of pressure change
during the contact and noncontact process between LMDs. (c) Image
sequences of the formation and disconnection process of the LM bridge
between the two LMDs in the microchannel. (d) Numerical simulation
of the formation and disconnection process of the LM bridge in the
microchannel.
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responded well to the changes in the surrounding thermal
conditions. First of all, the H-LMDE composites (30 wt % CIP
content) embedded with different numbers of droplets (Figure
6a) were prepared using different types of 3D-printed molds,
and their thermal conductivities were compared with the pure
PDMS matrix and the CIPs doped PDMS matrix (m-PDMS).
The samples were put on a heating plate at 200 °C and an
infrared camera was used to record the surface temperature in
the center of the samples at different times (SI Figure S8). As
shown in Figure 6b, the temperature of the samples embedded
with LMDs raised faster than the PDMS samples. It was worth
noting that the samples containing more droplets had the higher
surface temperature due to the increase in liquid metal content.
Different from the samples containing 4 × 4 and 2 × 2 droplet
arrays, the droplets in the sample containing triangular droplet
array were at the same distance from each other, which made the
surface temperature of the sample slightly higher after 150 s. The
composites with 30 wt % CIP content and different numbers of
LMDs were selected as instances to perform the thermal
conductivity measurement and the results were illustrated in
Figure 6c. For comparison, the PDMS samples were also

measured by the Hot Disk system. The thermal conductivity of
pure PDMS was 0.121 W·m−1·K−1, which was close to that of
magnetic PDMS. However, for the sample containing 4 × 4
droplet array, the value was 0.346 W·m−1·K−1, which was nearly
three times than that of pure PDMS. After being embedded with
liquid metal, the thermal conductivity of the composites had
been significantly improved. The thermal conductivity of the
composites gradually improved with the increase in the number
of LMDs.
In addition, the relationship between the conductivity and the

temperature of theH-LMDE composite was further explored. As
shown in Figure 6d, when the temperature raised to about 105
°C, the resistance of the composite dropped sharply, changing
from infinity to about 2.68 Ω. At high temperature, the
deformation of the elastomer matrix caused the LMDs to
connect with each other, forming a conductive path (SI Figure
S9). According to this feature, the composite could be used as an
ideal candidate for temperature alarm devices. To further
illustrate the applicability of the composite, a temperature alarm
system was developed by integrating the composite with a LED,
Arduino breadboard and power module. A thermal infrared

Figure 6. (a) Optical images of H-LMDE composites embedded with different numbers of LMDs and the PDMS samples. (b) Surface temperature
change of PDMS samples and different types of H-LMDE composites. (c) Thermal conductivity of PDMS samples and different types of H-LMDE
composites. (d) The resistance of two LMDs embedded H-LMDE composite at different temperatures. (e−g) Infrared images of two LMDs
embedded H-LMDE composite used in a temperature alarm switch.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c23658
ACS Appl. Mater. Interfaces 2022, 14, 9597−9607

9603

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23658/suppl_file/am1c23658_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23658/suppl_file/am1c23658_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23658/suppl_file/am1c23658_si_004.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23658?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23658?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23658?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c23658?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c23658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


camera was used to record the changes in the surface
temperature of the composite, while observing the switching
conditions of the LED (Figure 6e−g). When the temperature
exceeded 105 °C, the LED was turned on and a temperature
gradient appeared on the surface of the composite, which
indicated that the composite deformed during the heating
process (SI Movie S3). This phenomenon proved the good
thermal conductivity of the H-LMDE composites and the
feasibility of applying in temperature alarm devices.
Besides the satisfactory thermal conductivity, the H-LMDE

composites delivered excellent healability, which was evaluated
by conducting a fusion study of the composites interfaces. The
Arduino breadboard, power module and a LED were employed
to establish a constant voltage circuit to show the healability of
the composite. The three LMDs embedded H-LMDE
composite was severed with scissors and healed for several
times under ambient conditions (Figure 7a−c). Since the initial
resistance of the composite hardly changed (from 3.62Ω to 3.59
Ω), constant LED luminance are observed after reconnection
(Figure 7d). The good electrical performance was still obtained
after healing the composite for several times, which was
attributed to the good fluidity and electrical conductivity of
the LMDs.45

Noteworthy, the feasibility and high efficiency of the recycling
for the LMDs in the H-LMDE composites was also investigated
in the experiment. It became easier and faster to recover the
liquidmetal from the damaged composites since the liquid metal
was embedded in the elastomer matrix. As shown in Figure 7e,
the damaged composite was first put into a beaker containing
HCl solution (1 mol/L), the surface tension of the liquid metal
immediately increased and it became easier to break away from
the elastomer matrix. Then the mixed solution was stirred with a
glass rod and treated with ultrasound in a KUDOS ultrasonic

cleaner at a power of 50W and frequency of 53 kHz under 25 °C
to gradually separate the liquid metal from the elastomer matrix.
The gathered minuscule LMDs merged in the presence of the
acidic solution, as the acidic environment removed the oxide
skin of liquid metal. Finally, a macroscopic and reusable LMD
was obtained, which was capable to be manipulated or
transferred readily. In this experiment, the recycling efficiency
of the liquid metal was nearly 98% (SI Figure S10), which
indicated the high reusability of liquid metal in the composites.

3.4. Application of the H-LMDE Composites. On the
basis of good deformability and mechanically sensitive
conductivity, the H-LMDE composites became an ideal
candidate for flexible and wearable sensors. In order to further
demonstrate the functionality of the composites, the two LMDs
embedded H-LMDE composite was integrated on gloves to
detect the finger motion. Besides, the H-LMDE composites
containing 2 × 2 droplet array and 5 × 6 droplet array were
developed for the detection of external magnetic field and
compression. The PDMS with the CIP content of 30 wt % was
selected as the matrix for the composites. Copper wires were
embedded in the bottom of the composites to detect the
resistance variation between the droplets. By integrating the H-
LMDE composite on the gloves, the motion of finger could be
recorded (Figure 8a,b). When bending the finger, the composite
was synchronously stretched and the LMDs inside were
deformed and interconnected accordingly. During this process,
the resistance R dropped sharply and a conductive path was
formed in the composite. Then the value of resistance recovered
after the finger was outspread (Figure 8c).
When moving a permanent NdFeB magnet to the left side of

the H-LMDE composite containing 2 × 2 droplet array (Figure
8d,e), the corresponding 2D intensity profile of resistance R was
showed in Figure 8f. The left side of the droplet array was

Figure 7. (a−c) Digital images of the three LMDs embedded H-LMDE composite integrated with breadboard and LED: cut and reconnection. Scale
bar: 1 cm. (d) The corresponding resistance variation of three LMDs embedded H-LMDE composite. (e) The recycling process of the liquid metal in
the four LMDs embedded H-LMDE composite.
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deformed under the attracting of permanent magnet. The two
LMDs on the left were interconnected in the microchannel due
to the deformation of the array, which caused the decrease of
resistance. The other parts of the array was less deformed, so the
change in resistance was small, which also reflected the
distribution of applied magnetic field (SI Figure S11).
Moreover, the H-LMDE composites could be used to detect
the pressure variation. A small wooden stick was used to press a
certain part of the 5 × 6 droplet array (Figure 8g,h), causing the
LMDs in the pressed part to connect with each other.
Correspondingly, the resistance of the pressed part was reduced
while the other parts remain unchanged. Figure 8i presented the
corresponding 2D intensity profile of resistance R. As the
pressure increased, the resistance of the pressed part decreased,
showing the darker color than the unpressed parts. The
mechanic-magnetic detection capability ensured the feasibility
of the H-LMDE composites in future electronic devices.

4. CONCLUSION

In conclusion, a mechanically stable, conductivity reversible and
recyclable H-LMDE composite has been developed. The
composites could achieve mechanically sensitive conductivity
through the formation and disconnection of the conductive path
between the LMDs triggered by external forces, temperature,
and magnetic fields. The mechanical and electrical properties of
the composites were very stable during various mechanical
deformations (stretching and bending). Moreover, the

composites successfully realized the switching control of the
LED circuit through the matrix’s deformation. The thermal
conductivity and fluidity of liquid metal endowed the
composites with good heat transfer and healable properties. In
addition, the LMDs embedded in the elastomer matrix could be
recovered by immersing in HCl solution, which had a high
recovery efficiency of 98%. Finally, different H-LMDE
composites were used as sensors for mechano-magnetic
detection. The excellent mechanical and electrical performance
rendered the composites a promising material for flexible
transient electronics, actuators, and robotics.
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