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HIGHLIGHTS

e A Fe-EGaln/TPU core—sheath fiber is fabricated by coaxial wet spinning, enabling high stretchability together with Joule heating,

infrared stealth, strain-invariant conductivity, and electromagnetic interference (EMI) shielding.

e The fiber exhibits strain-invariant conductivity, showing only a -6% resistance change at 100% strain; COMSOL simulations cor-

roborate the tensile-loading mechanism underpinning this behavior.

e A Fe-EGaln/TPU textile woven from orthogonally interlaced horizontal and vertical fibers delivers absorption-dominated EMI shield-

ing with only 7 wt% Fe.

ABSTRACT Conventional conductive elastomeric composites, consist- N

ing of conductive fillers dispersed in elastomers, are widely used in soft
. . . . . .. Complete Attenuation
electronics for strain sensing via resistance changes arising from filler sep-

il

Limited Reflection

aration during elongation. However, they often exhibit substantial perfor-
mance degradation under large strains. Liquid metals (LMs) have recently
attracted significant attention owing to their unique fusion of metallic Etsctronritl
conductivity and fluidic properties. Here, we develop sheath—core fibers
featuring a magnetic LM (MLM) core, formed by embedding Fe particles
into eutectic gallium—indium alloy (EGaln) dispersed in thermoplastic pol-

yurethane (TPU), and coaxially wet-spun with an insulating TPU sheath.

Joule Heating Infrared|Stealth

Subsequently, these MLM/TPU fibers are woven into horizontally and

vertically interlaced textiles. This wet-spinning process, coupled with post-freeze-pressure activation, fuses Fe-EGaln droplets into percolating
networks, yielding exceptional conductivity (3.9x 10* S m™!), extreme stretchability (482% elongation), and strain-invariant resistance (—6% at
100% strain). Particularly at 7 wt% Fe, the MLM/TPU composite serves as a magnetically responsive, reconfigurable conductor that enables tun-
able Joule heating (reaching 75.8 °C at 1.2 V), infrared stealth, and magnetically driven remote switching, while promoting absorption-dominated
electromagnetic interference (EMI) shielding (33.82 dB with an absorptivity of 0.520). This study offers substantial promise for applications in

wearable electronics, soft robotics, and EMI-shielding textiles.
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1 Introduction

The rapid miniaturization and integration of wearable
electronics and communication systems have intensified
electromagnetic interference (EMI) challenges. Traditional
rigid EMI shields suffer from poor durability, high-strain
failure, and repair difficulties, while nonstretchable con-
ductors in conventional circuits limit device complexity
and multifunctionality. Researchers seek smart, highly
conductive materials with superior deformability that
enable tunable EMI shielding, adapting automatically
to large deformations without performance degradation.
Consequently, flexible conductive fibers that can be woven
into textiles have attracted significant interest [1]. Current
conductive fillers for fibers, such as metal wires, carbon
nanotubes, and MXenes, provide good electrical conduc-
tivity [2]. However, these composites often exhibit low
gauge factors, with generally low conductivity and limited
sensitivity to deformation [3, 4]. Therefore, balancing flex-
ibility, stability, and multifunctional integration in conduc-
tive fibers remains a key challenge.

In recent years, liquid metals (LMs) have emerged as
promising conductive fillers for flexible fibers, owing to
their high electrical conductivity, room-temperature fluid-
ity, low toxicity, and deformability [5, 6]. Among LMs,
the eutectic gallium—indium alloy (EGaln) has garnered
considerable attention owing to its thin surface oxide
layer, which facilitates the formation of mechanically sta-
ble structures that can be molded into diverse and intri-
cate geometries [7, 8]. However, LMs are susceptible to
mechanical damage such as tearing and puncture, leading
to electrical failure. Core—sheath LM-embedded fibers,
protected by an elastomeric sheath to mitigate leakage
and damage, exhibit resilience to extreme strains without
catastrophic failure. Markvicka et al. embedded EGaln
droplets in a soft silicone elastomer matrix. The prepared
composite remains electrically insulating in its pristine
state, even at high-volume fractions. Localized extreme
pressure induces droplet rupture and coalescence, forming
highly conductive pathways [9]. Zheng et al. demonstrated
coaxial LM/fluoroelastomer fibers with a stretchability of
over 1000% and a resistance change (AR/R) of only 4% at
200% strain. This stable conductance is due to the unique
sheath—core structure, where the LM core remains con-
fined and deforms uniformly without leakage [1]. Prior
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studies have provided valuable insights into strain-stable
conductivity. They naturally emphasize performance
enhancement, whereas the microstructural evolution
during stretching has been investigated less thoroughly.
Consequently, the underlying mechanisms remain result-
oriented, with further performance improvements often
depending on semiempirical rules.

Owing to unpaired electrons in the 3d-orbitals of Ga and
In atoms, EGaln lacks spontaneous magnetism without
an external field. Magnetic properties can be imparted by
incorporating intrinsically magnetic elements (e.g., Gd, Ni,
Fe) [10]. Zhang et al. reported that a thermoplastic poly-
urethane (TPU)/EGaln composite containing 8 vol% LM
exhibited a total shielding effectiveness (SE) of 12.11 dB,
which improved to 27.92 dB upon the incorporation of 50
wt% Fe particles. By further optimizing the composite to a
fixed LM content of 16 vol% with 70 wt% Fe loading, the
SE ultimately reached 76.13 dB [11]. However, increas-
ing the Fe particle content progressively reduced the film’s
elongation at break due to the high-volume-fraction disper-
sion of rigid Fe particles, which restricted elastic molecular
segment mobility in the TPU matrix. Uneven dispersion
further weakened interfaces, induced stress concentrations,
and impaired overall mechanical properties. Additionally,
the EGaln/TPU film showed high reflectivity (R =0.995);
although R dropped to 0.982 with 70 wt% Fe, reflec-
tion remained the dominant shielding mechanism, poten-
tially causing secondary electromagnetic (EM) pollution.
Consequently, a more effective strategy is to deliberately
amplify polarization and magnetic losses through rational
micro—macrostructural design, thereby targeting a concur-
rent increase in SE and absorptivity (A). To the best of our
knowledge, an absorption-dominated shielding strategy has
yet to be developed for LM composites.

In this work, we fabricate multifunctional core—sheath
magnetic LM (MLM) fibers via coaxial wet spinning of
EGaln and Fe particles within a TPU matrix and weave them
into horizontally and vertically interlaced textiles. Lever-
aging the room-temperature fluidity of EGaln, the freeze-
pressure step creates a percolated pathway that remains
conformal along with the TPU matrix. COMSOL simula-
tions further indicate that the redistribution and contact
between LM and Fe particles result in the strain-insensitive
conductivity. Additionally, with only 7 wt% Fe loading, a
peak SE; of 38.4 dB and absorptivity of 0.520 are achieved,
thereby shifting the dominated shielding mechanism toward
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absorption. This scalable approach surpasses conventional
textiles by integrating high conductivity, extreme stretch-
ability, magnetic responsiveness, thermal regulation, and
EMI protection, paving the way for advanced applications
in adaptive wearables, soft robotics, and intelligent fabrics.

2 Materials and Methods
2.1 Materials

Eutectic Ga-In alloy (EGaln, 75.5% Ga, 24.5% In by
weight) was used as the LM. Ferromagnetic Fe powder
(diameter 5 pm) was added as received. All chemicals
were used without further purification.

2.2 Fiber Spinning

The sheath solution was prepared by dissolving
300 mg mL~! TPU in N,N-Dimethylformamide (DMF).
The core solution was made by mixing MLM/DMF
dispersion with additional TPU (keeping LM: TPU
mass ratio=230: 1). These solutions were loaded into
two syringes and extruded through a coaxial spinneret
(inner diameter 600 pm, outer 1400 pm) into a flowing
water coagulation bath at 25 °C. Typical flow rates were
6 mL h™! for the core and sheath. As the DMF diffused
into water, solid TPU coagulated around the MLM core,
forming a continuous core—sheath fiber. The as-spun tex-
tiles were collected on a rotating drum.

2.3 Characterization

For freeze-pressure activation, the MLM fiber was fro-
zen at— 20 °C in a cryogenic refrigerator for 24 h. This
was followed by a stainless-steel roller applying compres-
sive force to the MLM fiber for 5 s. The morphology and
microstructure were characterized using a ZEISS Gemi-
niSEM 300 field-emission scanning electron microscopy
(SEM). Thermal stability was evaluated through ther-
mogravimetric analysis (TGA) on a PerkinElmer STA
6000. Infrared (IR) thermal images were captured using
a Fluke TiS75 + camera, with emissivity set to 0.95, at
9 Hz frame rate and 0.1 °C resolution. Elemental quan-
tification was achieved by coupling energy-dispersive
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X-ray spectroscopy (EDS) with SEM (JEOL JEM-2100F
at 200 kV). Resistance was measured using a Keysight
34461A digital multimeter in a four-wire (Kelvin, Q 4W)
configuration. Conductivity (o) was calculated as 6 =G/A,
where G=1/V and A represent the cross-sectional area.
Initial microstructure evaluation was conducted via opti-
cal microscopy (Leica IE-200 M, up to 1000 X) under
bright-field and polarized light. X-ray diffraction (XRD,
Fig. 1d) was performed on a Rigaku SmartLab 3 K with
Cu Ka radiation (A=1.5418 A, 40 kV/30 mA). Functional
groups were probed by Fourier transform infrared spec-
troscopy (FTIR) spectroscopy on a Thermo Fisher Nico-
let iS10 in attenuated total reflection mode. Mechanical
properties were assessed using an UTM?2503 universal

testing machine at 20 mm min~!

crosshead speed, follow-
ing ASTM ES8 with dog-bone specimens (25 mm gauge
length). Magnetic properties were characterized with a
Lake Shore Model 3107 vibrating sample magnetometer at
room temperature under fields up to 20,000 Oe, with hys-
teresis loops recorded for saturation magnetization (Ms).
X-ray photoelectron spectroscopy (XPS) was conducted
on a Thermo Scientific K-Alpha using Al Ka radiation
(hv=1486.6 ¢V). EMI-shielding properties were meas-
ured using a Keysight N5227B vector network analyzer
at 8.2-12.4 GHz, with S parameters recorded. The SE;
arises from reflection (SEy), absorption (SE,), and mul-
tiple reflection contributions. For SE1>20 dB, multiple
reflections are negligible. SE values were calculated from
scattering parameters S;; and S,; using Egs. (1-6).

SE, = SEg + SE, 6
R=8,] =|»| @)
T =15, =S/ 3)
A=1-|, = In @)
SEp = —10log (1 — R) )
SE, = —101og (%) ©)

Electrical and mechanical data are presented as
mean + SD from > 3 independent specimens; EMI SE was
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Fig. 1 a Schematic illustration of the coaxial spinneret showing the inner flow of Fe/EGaln/TPU dispersion and the outer flow of TPU/DMF
solution, along with its applications; b digital photos showing the stretchability of the MLM/TPU fiber; c cross-sectional SEM image with cor-
responding EDS maps for C, O, Ga, In, and Fe; d XRD pattern
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assessed by three independent mount-and-measure cycles
on the same specimen.

3 Results and Discussion

3.1 Coaxial Wet-Spinning Design and Principle

Figure 1a illustrates the fabrication of magnetically respon-
sive core—shell MLM textiles via coaxial wet spinning. Fe
powder is added to EGaln and mechanically stirred to form
the MLM (see Note S1 in the Supporting Information for
details). DMF is then introduced to the MLM and ultrasoni-
cated in an ice bath to yield nanoparticles. However, the high
surface tension of EGaln impairs its compatibility with the
DMF, resulting in aggregation at the beaker base and imped-
ing uniform dispersion within the spinning solution [12].
EGaln was dispersed in DMF by ultrasonication using a cell
disruptor, achieving homogeneous distribution in the spin-
ning dope. The resulting shear forces rupture the passivating
oxide shell, reforming fresh oxide interfaces that encapsulate
and integrate Fe particles within LM microdroplets.

TPU granules were incorporated into the MLM nano-
particle suspension and stirred to adjust viscosity and pre-
vent magnetic particle sedimentation. The core (MLM/
TPU) and sheath (TPU) solutions were loaded into separate
syringes and cooled to room temperature, ensuring superior
interfacial contact between the MLM/TPU core and TPU
insulating sheath. This design circumvents elastic modulus
mismatches, maintaining consistent electrical conductivity
during stretching [13]. The biphasic fluids were coextruded
through a custom coaxial spinneret into a deionized-water
coagulation bath, where solvent—nonsolvent exchange in the
TPU sheath stabilized a composite Taylor cone and induced
phase inversion to form a solid insulating encapsulant. This
enabled continuous deposition of MLM/TPU core—sheath
fibers onto the collector under controlled flow rates, confin-
ing the MLM suspension in the core. Variations in the core
and sheath flow rates can induce helical channels within the
fibers [14]. Therefore, these rates were kept equal in this
study. Preliminary experiments indicated that insufficiently
low flow rates caused needle blockage, whereas excessively
high rates yielded oversized fiber diameters. Accordingly,
the flow rates were fixed at 6 mL h™! herein.

Shear dispersion therein promoted uniform LM micro-
droplet distribution, yielding a percolated three-dimensional
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(3D) conductive network within the TPU matrix (Fig. S1).
The resultant leak-proof core—sheath fibers, bolstered by a
robust sheath that enables high elongation (482%, Fig. 1b)
and effective containment of liquid metal, facilitate scal-
able weaving into multifunctional textiles for strain-invar-
iant electronics. Fiber composition is modulated by vary-
ing Fe content (3, 5, 7, and 9 wt% relative to LM; denoted
MLM-3/TPU, -5, -7, -9) at a fixed EGaln:TPU ratio of 30:1
(EGaln:DMF:TPU =30:9.44:1).

As shown in the EDS images in Fig. lc, the resulting
MLM/TPU fibers feature a Fe-EGaln-rich core encased in
a thin TPU sheath. Additionally, oxygen is uniformly dis-
tributed, arising from the TPU matrix and surface oxides on
MLM droplets. A magnified EDS image confirms that the Fe
particles are dispersed homogeneously without agglomera-
tion (Fig. S2). This uniformity ensures consistent magnetic
responsiveness along the fiber length, crucial for reliable
actuated performance. Notably, eutectic alloy formation
requires substantial mutual solubility among constituent
metals, estimable via Hume-Rothery rules, which indicate
limited solubility for most metals in Ga. Notably, Fe satu-
rates in Ga below 1 at% [15], enabling suspended Fe parti-
cles to retain their dimensions without alloying. Moreover,
the Ga oxide layer wets Fe particle surfaces, further inhibit-
ing alloy formation [16].

The EGaln surface spontaneously oxidizes in air, form-
ing a 0.7-3.0 nm thick layer contingent on environmental
conditions; this occurs even at ppm-level oxygen concen-
trations, rendering the oxide ubiquitous under standard
laboratory settings [17]. The surface oxide layer, predomi-
nantly gallium oxide [18], serves as a self-limiting bar-
rier that isolates the EGaln bulk from the ambient milieu,
thereby modulating wettability at the LM—substrate inter-
face [19]. Moreover, such oxides underpin LM stabilization
methodologies, precluding coalescence of dispersed LM
droplets [20]. Oxide layer formation stems from thermo-
dynamic favorability (Fig. S3) [20]: Ga and In oxidize in
air to stable Ga,0; (AG,°=—998.3 kJ mol™!) and In,0,
(AGf0= — 830 kJ-mol_l), with the more negative AGf° of
Ga,0; driving its preferential surface enrichment in EGaln
[19]. Ga’s high oxygen affinity (electronegativity 1.81) and
EGaln’s elevated surface energy facilitate oxygen adsorp-
tion, yielding a Ga,0;-dominated layer [21]. The relation-
ships among Ga, In, and Fe oxides are described in detail in
Note S2, Supporting Information.
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The porous TPU sheath structure, arising from coax-
ial wet spinning (Fig. S2), stems inherently from solvent
exchange dynamics: During coagulation, countercurrent
diffusion between the solvent (e.g., DMF dissolving TPU)
and coagulant bath (e.g., water) induces phase inversion,
yielding uneven TPU precipitation and a porous monolithic
morphology.

XRD analysis (Fig. 1d) displays distinct peaks for
$-Ga,05 (PDF#43-1012) and metallic In (PDF#05-0642),
confirming the Ga,0O;-dominated layer. Additional peaks
align with metallic Fe (PDF#06-0696), verifying reten-
tion of elemental Fe after ultrasonication and coaxial wet
spinning in DMF/water. There are only faint peaks for the
Fe;O, phase at 20=35.4° (311) and 62.5° (440) [22]. FTIR
spectroscopy (Fig. S4) shows a pronounced redshift in the
N-H and C=0 stretching bands for the MLM/TPU relative
to neat TPU, indicating enhanced intermolecular interac-
tions via hydrogen bonding between TPU chains and the
hydroxyl-terminated oxide shell on MLM core. The MLM/
TPU spectrum also exhibits broadened absorption in the
3500-3200 cm™! range from overlapping O—H stretches,
confirming surface hydroxyl groups involved in these bonds.
These —OH moieties act as hydrogen bond donors and accep-
tors with N—H and C=O0 groups, promoting molecular-level
adhesion between LM droplets and the TPU matrix, critical
for maintaining electrical connectivity under mechanical
deformation.

Full XPS (Figs. S5 and S6a) reveals mixed oxidation
states and metallic phases for the constituent elements.
Figure S6b—d reveals prominent peaks for metallic In (In
3ds;,=443.8 -444.0 eV; In 3d;,,=451.2—-451.5 eV) and
trivalent Ga (Ga 3ds;, =20.2—-20.5 eV). Fe is predominantly
present in metallic (Fe 2p;,=706.7—707.0 V) and trivalent
(Fe 2p;,,=710.8-711.0 eV; Fe 2p,,,=724.3-725.0 eV)
states, consistent with the thermodynamic calculations and
XRD results. As shown in Fig. S7, the narrow hysteresis
loops, low coercivity, and steep initial susceptibility near-
zero field are indicative of soft magnetic behavior of the
MLM/TPU composites, facilitating facile magnetization/
demagnetization and rapid, reversible responses to applied
fields. Magnetization curves demonstrate that increasing
Fe doping enhances saturation magnetization. However,
MLM-9/TPU shows unexpectedly subdued Ms, likely owing
to suboptimal Fe dispersion at high loadings.

TGA (Fig. S8) indicates that pure TPU decomposes rap-
idly from an onset of 310 °C, reaching complete mass loss
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by 420 °C. In contrast, MLM/TPU shows a more gradual
weight loss, retaining 20% residue above 400 °C owing to
thermally stable inorganic species. Furthermore, the elevated
inflection temperature results from interfacial interactions,
such as hydrogen bonding and physical anchoring through
surface hydroxylation, between oxidized EGaln droplets and
the TPU matrix, which limit polymer chain mobility, sup-
press volatile evolution, and facilitate charring [23] Accord-
ingly, MLM/TPU sustain structural integrity and conductiv-
ity under thermal stress, enabling Joule heating functionality.

3.2 Electrical and Mechanical Properties

Following ultrasonic treatment in a cell disruptor, EGaln dis-
perses into nanodroplets coated with a thin oxide layer [24].
This oxide shell, combined with the insulating TPU matrix
encapsulating the droplets, renders the MLM/TPU electri-
cally insulating, necessitating external stimuli to activate
conductivity [25]. LM exhibits anomalous volume expan-
sion upon cooling [26], inducing droplet swelling, intimate
contact, oxide rupture, and coalescence to form continuous
conductive pathways. Moreover, mechanical stress further
disrupts oxide shells and intervening TPU, enabling parti-
cle sintering and interpenetration into conductive networks
[27]. Therefore, the MLM/TPU composite was immersed
in liquid nitrogen to freeze the core, followed by compres-
sion between flat plates. As illustrated in Fig. 2a, freezing
expands the liquid metal droplets, cracking the oxide layer
and initiating fusion; subsequent pressure promotes com-
plete coalescence. Post-activation, oxide removal and liquid
metal fluidity yield a denser, more continuous conductive
network. Moreover, the MLM/TPU composite remained
intact without liquid metal leakage. Figure S9 shows that
EGaln droplets infiltrate the 3D network containing Fe par-
ticles after freeze pressing. This allows for stable electron
transport, reduced resistance (R), and improved conductiv-
ity. Following wet-spinning and subsequent freeze-pressure
activation, the resultant MLM/TPU displayed low electrical
resistance and high conductivity (Fig. 2b). However, con-
ductivity decreased with increasing Fe content: 3.9x 10* S
m™! for 3 wt%, 3.0x10* S m™" for 5 wt%, 2.1x10* S m™'
for 7 wt%, and 1.7x 10* S m~' for 9 wt%. This reduction
arises from the elevated incorporation of solid Fe micropar-
ticles, which diminish the fluidity of the LM phase, disrupt

https://doi.org/10.1007/s40820-026-02131-w
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continuous conductive pathways, and introduce interfaces
that impede electron transport [28].

The electromechanical reliability of these composites
under deformation is crucial for integration into stretchable
electronics and wearable devices. In most conductive elastic
composites, elongation increases resistance due to separa-
tion of solid metal particles [29]. Figure S10 shows a gradual
increase in resistance of the MLM/TPU samples with tensile
strain. Adding Fe reduces the fluidity and surface tension
of the EGaln alloy, impeding rapid remelting and repair of
strain-induced microcracks, thereby enhancing strain sensi-
tivity [30, 31]. Fortunately, the AR/R, for MLM-7/TPU is
6% at 100% strain and 16% at 200% strain (Fig. 2c), substan-
tially lower than that observed in other MLM/TPU samples
and previously reported LM-based composites (Fig. 2d).
Upon stretching, the oxide layer on EGaln droplets ruptures,
enabling LM outflow to forge new connections with adja-
cent conductive fillers, thereby preserving the composite’s
overall resistance. The oxide layer rapidly reforms upon air
exposure, stabilizing the droplet without permanent disrup-
tion. Due to surface oxidation, the EGaln droplet exhibits
elastic-like behavior until critical stress, then yields and
flows. Mechanical forces disrupt the oxide film, inducing
droplet rupture and LM release to form conductive pathways
[32]. During stretching, the EGaln droplets deform along
with the elastic matrix and reorganize into a 3D calabash-
bunch percolation network, which maintains a continuous
network [33, 34]. This quasi-strain-insensitive conductivity
is enabled by dynamic repercolation, as domains elongate
and reorient to sustain the percolation network [35-37]. The
relative standard deviation of the resistance data is typically
5%-10%, confirming that the freeze-pressure activation
reproducibly forms a stable conductive network.

Beyond EGaln microdroplet interconnectivity, the TPU
matrix imposes an insulating barrier between EGaln and
Fe. To assess this, we simulated electric potential varia-
tions pre- and post-stretching using COMSOL Multiphysics
(Fig. 2e, el; see Note S3 for detailed calculation processes
and simulated parameters). Stretching preserves the volumes
of Fe particles and EGaln droplets, while TPU undergoes
longitudinal elongation balanced by lateral compression,
deforming EGaln droplets from near-spherical to ellipsoi-
dal shapes [34].

Simulations reveal that, in the unstretched state, the
TPU matrix isolates EGaln droplets A and B from the
intervening Fe particle, yielding a potential difference of
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50-60 eV between them. Longitudinal stretching induces
transverse compression via the Poisson effect, reducing
the A-B distance. Uncompressed Fe particles allow thin-
ning of the TPU interlayer, potentially enabling direct or
tunnel-mediated contact. Consequently, the potential dif-
ference falls to 20 eV. The potential gradient in the EGaln
region is steep (—4 eV pm~!) unstretched, but flattens
(—0.67 eV pm™") post-stretching. According to the local
Ohm’s law J=oFE (where J is the current density, o is the
conductivity, E=— VV is the electric field strength, and
V represents the electric potential), the potential gradient
magnitude (slope) IdV/dx| correlates positively with resis-
tivity p = 1/o (IdV/dx|=plJl in 1D). Therefore, at constant
J, steeper gradients signify higher resistance (Fig. 2f),
which necessitates stronger electric fields to maintain cur-
rent. Hence, stretching diminishes resistance distribution
and increases conductivity. However, the total resistance
(R=p-L/A) is almost unchanged because the geometric
changes L'=L(1+¢) and A’ = A(1-0.5¢)? result in L'/A’
~ (L/IA)(1 +¢e)/(1-e +0.25¢%) ~ (L/A)(1 + 2¢) (small-¢
approximation), and the decrease in p exactly offsets this
geometric increase, making R’ ~ R. Conversely, increas-
ing the Fe content to 9 wt% induces particle agglomera-
tion. These rigid clusters restrict polymer chain mobil-
ity, causing localized stiffening and stress concentrations
that undermine the Poisson-induced contact mechanism.
Consequently, the conductive network becomes prone to
fracture, resulting in reduced strain stability.

LM-embedded elastomers are prone to leaking dur-
ing deformation, which degrades performance and risks
short circuits. Therefore, strong mechanical robustness and
cycling stability are critical for reliable device operation. As
shown in Fig. S11, all MLM/TPU fibers display character-
istic elastomeric stress—strain curves with substantial exten-
sibility. From 3 to 9 wt% Fe loading, elongation at break
generally declines (482-416%), ultimate tensile strength
decreases modestly (1.69-1.49 MPa), Young’s modulus
increases (1.87-3.21 MPa) signifying filler-induced stiff-
ening alongside preserved low-modulus compliance, and
toughness falls (4.95-3.83 MJ m~>) owing to rigid inclu-
sions limiting matrix chain extension (Fig. S12). The smooth
profiles without yield drops or serrations confirm strong
core—sheath adhesion, preventing interfacial slippage under
monotonic tension [11]. These properties afford highly com-
pliant, low-modulus, durable fibers resistant to debonding
or failure.
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To evaluate the cyclic durability of MLM/TPU under
repeated deformation, tensile cycling tests were performed
on MLM-7/TPU up to 100% strain. As shown in Fig. 2g,
after the initial cycle, subsequent curves nearly superim-
pose with minimal hysteresis or residual strain. Furthermore,
the concurrent AR/R,, during the 100-cycle regimen, with
continuous monitoring capturing real-time fluctuations (a
zoomed inset details cycle 40-50), is shown in Fig. 2h. Dur-
ing each extension to 200% strain and subsequent relaxa-
tion, AR/R, displays sawtooth oscillations, peaking at the
strained state and reverting near baseline upon unloading
(recovery error < 1%). Critically, no fiber rupture, interfacial
delamination, or conductivity loss emerged after 100 cycles
at 100% strain. Therefore, an Fe content of 3—9 wt% provides
quantifiable trade-offs between mechanical robustness and
conductivity, enabling stiffness, flexibility, cyclic durability,
and electrical strain-invariance. Notably, at 7 wt% Fe, the
composite exhibits a moderate conductivity that is a prereq-
uisite for absorption-dominated shielding.

3.3 Magnetically-Driven Remote Switching

The MLM-7/TPU composite exhibits excellent combined
properties in magnetism, conductivity, and mechanics. Its syn-
ergistic fluidity, stretchability, conductivity, and magnetism
enable contactless remote switching via magnetic actuation.
The Fe microparticles impart soft magnetic properties to the
MLM fibers, with narrow hysteresis loops and low coercivities
(< 100 Oe). This enables magnetic field-induced deflection,
allowing contactless closure of an electrical circuit in the woven
textile to illuminate a light-emitting diode (LED). High sus-
ceptibility and minimal remanence ensure efficient, reversible
actuation at moderate fields. Figure 3a depicts the experimental
setup and circuit schematic for a magnetically actuated switch
utilizing MLM-7/TPU. As a permanent magnet approaches,
the fiber deflects under the applied field, contacting a tin foil
electrode to complete the circuit and enable LED illumination.

Building on this concept, a multichannel LED control cir-
cuit was developed, incorporating three parallel-connected
LEDs (red, green, and yellow) with the MLM-7/TPU fiber
functioning as a magnetically responsive switch (Fig. 3b).
The LEDs were mounted on a paper substrate, with a magnet
maneuvered from below to remotely direct the fiber. Criti-
cally, no direct physical contact with the fiber is necessary; the
external magnetic field facilitates precise, sequential contact

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

with distinct electrodes, thereby illuminating the red, green,
and yellow LEDs successively. In a single-fiber demonstra-
tion, the circuit remains open absent the field, preventing cur-
rent flow and LED illumination. Magnet approach induces
torque-driven bending, bridging the electrode gap to establish
continuity and illuminate the LED. The MLM-7/TPU fiber
actuates at a magnetic field of 135 mT and exhibits rapid
response time of 1.5-2.0 s. It also shows robust cyclic stabil-
ity over 50 switching cycles. This process leverages the LM
core’s high conductivity and the TPU sheath’s mechanical
compliance, ensuring arc-free contact and sustained perfor-
mance without sparking or charring over repeated cycles.

The underlying mechanism involves: (i) magnetic field-
induced alignment of Fe particles within the TPU matrix,
forming columnar structures along flux lines (Fig. 3c¢),
which reduces interparticle spacing, mitigates interfa-
cial resistance, and enhances conductivity [38]; (ii) the
mechanical properties increase as the Fe particles are
arranged along the magnetic flux lines, ensuring the sta-
bility of the switching process; and (iii) magnetostrictive
deformation of the MLM-7/TPU, with resultant strain
minimally impacting conductivity. Thus, external fields
foster particle chaining, imparting high magnetic sensitiv-
ity to the fiber [34]. The results demonstrate that MLM-7/
TPU enable precise magnetic actuation for contactless cir-
cuit closure, LED illumination, and multiplexed selective
device activation.

3.4 Joule Heating and Infrared Stealth

Owing to the high electrical conductivity of EGaln, MLM/
TPU fibers are promising for efficient electrothermal conver-
sion via Joule heating, where electron flow through a resis-
tor converts kinetic energy to thermal energy. This enables
applications in wearable fabrics for thermotherapy and low-
voltage heating (Fig. 4a). Here, the Joule heating perfor-
mance of the MLM-7/TPU fiber was evaluated by apply-
ing direct current (DC) voltages from 0 to 1.2 Vin 0.2 V
increments while monitoring temperature in real time with
an IR thermal imager. As shown in Fig. 4b, the MLM-7/
TPU fiber remained at room temperature prior to voltage
application (0 V). Upon applying 0.2 V, the fiber exhibited
a rapid thermal response, reaching 28.2 °C. The tempera-
ture increased progressively with voltage, underscoring the
fiber’s precise control over electrothermal conversion. This
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of the MLM-7/TPU fiber. b Magnetically controlled sequential illumination of multiple LEDs using the MLM fiber as a contactless switch. ¢
Mechanism depicting the transition from random Fe microparticle distribution (Off) to aligned chains along magnetic flux lines (On), enabling

responsive fiber actuation

sensitivity arises from efficient Joule heating, wherein the
fiber’s ultralow resistivity (0.1 Q cm™!) and high current
density tolerance enable swift ohmic dissipation. At 1.2V,
the temperature peaked at 75.8 °C, with IR thermogra-
phy confirming a linear voltage—temperature relationship
(Fig. 4c). To more reliably assess the effect of Fe, Fe-free

© The authors

LM/TPU was used as a baseline control (Fig. S13a). Under
1.2 V, LM/TPU reaches a higher peak temperature (94.8 °C)
than MLM-7/TPU. Consistent with Joule heating (P= V2R,
V is the voltage applied to both ends of the fiber, R is the
resistance), the reduced conductivity due to the addition
of Fe reduces the electrical power input, thus reducing the
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heating rate and steady-state temperature. Nevertheless, a
comparison with recent LM-based heaters is provided in
Table S3. Notably, the MLM-7/TPU sample reaches the
target heating performance at a low DC voltage of 1.2 V,
reducing power demand and improving safety for portable,
battery-powered operation.

To evaluate the thermal cycling stability of the MLM-7/
TPU flexible conductive fiber, cyclic electrothermal tests
were conducted. The fiber was positioned under an IR ther-
mal imager, with a constant DC voltage of 0.8 V applied for
15 s, followed by 15 s off periods, while monitoring tem-
perature in real time. Each on — off sequence constituted a
heating—cooling cycle, repeated multiple times. As shown in
Fig. 4d, e, the fiber displayed rapid heating to a steady-state
temperature of 52.1 °C within 10 s and effective cooling
to baseline within 20 s, reflecting high voltage sensitivity.
Notably, temperature profiles remained consistent across
cycles, with no observable degradation, confirming the
material’s excellent thermal cycling stability. Moreover, the
heating—cooling cycles remain nearly identical to those of
the Fe-free sample, indicating that the incorporation of Fe
rarely degrades cycling stability (Fig. S13b).

As depicted in Fig. 4f, the MLM-7/TPU textile affords
robust IR stealth during Joule heating. Within the mid-IR
window (8—14 pm), the EGaln surface displays low emis-
sivity (¢=0.1-0.3), privileging reflection over emission
[39]. Despite copper having a low mid-IR emissivity (0.05),
Ti;C,T, MXene having a moderate emissivity (0.5) and
polyvinylidene fluoride (PVDF) having a high emissivity
(0.92), they all exhibit poor IR stealth. IR stealth involves
suppressing the thermal radiation emitted by a target, as dic-
tated by the Stefan-Boltzmann law: P = ecA-(T*~T,"), where
o is the constant, A is the surface area, and T and 7, are the
absolute surface and background temperatures, respectively.
Effective camouflage requires reducing either € or 7, but
graphene films have high emissivity and consequently suffer
from excessive radiative losses, curtailing stealth efficacy.
Copper has low emissivity but ultrahigh thermal conductiv-
ity. When interfaced with a heat source, it promotes swift
conduction, raising 7 and thus increasing radiation. In con-
trast, the MLM-7/TPU textile exhibits a reduced IR signal
mainly because the porous TPU sheath reduces the effective
thermal conductivity and hinders heat conduction from the
Joule-heated core. This keeps the outer surface temperature
close to the background temperature, enabling effective ther-
mal camouflage.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

3.5 Electromagnetic Interference Shielding

Research on EMI shielding with LM has primarily focused
on films [11, 40, 41], whereas wearable use demands
deformable, breathable architectures; accordingly, we wove
the MLM/TPU core—sheath fibers into textiles. As shown
in Figs. 5a and S14, incorporating Fe particles markedly
enhances the SE;. Commercially available EMI-shielding
materials should achieve a minimum EMI SE; of 20 dB [42,
43]. The average SE ranges from 26.02 dB (MLM-3/TPU)
to 33.82 dB (MLM-7/TPU) in the X-band (8.2-12.4 GHz).
These levels correspond to 99.75% —99.96% attenuation
of incident EM power (99.99% at the peak of 38.4 dB for
MLM-3/TPU), exceeding the 20 dB benchmark for practi-
cal EMI protection. SE is mainly composed of SE; and
SE,. Notably, although SE, exceeds SEy in all samples
(Figs. 5b and S15), surface reflection inherently precedes
interior absorption. Thus, SE, quantifies the shield’s capac-
ity to attenuate electromagnetic waves (EMWs) that have
penetrated into the interior. In this case, the average power
coefficients, R and A, provide a more direct measure of the
fractions of incident EMWs reflected at the surface and
absorbed within the material, respectively (Fig. S16). The
results reveal that R decreases with increasing Fe content,
from 0.583 for MLM-3/TPU to 0.480 for MLM-7/TPU,
before rising to 0.521 for MLM-9/TPU. The normalized
impedance (Z,,/Z,; Fig. S17) of MLM-7/TPU is closest
to 1, consistent with its highest absorptivity, compared to
other samples. Therefore, EMI shielding in MLM-7/TPU is
absorption-dominated (A > R), whereas the other samples
exhibit reflection-dominated behavior, as shown in Fig. 5c.

Reflection primarily arises from impedance mismatch
at the air/material interface, exacerbated by high electri-
cal conductivity. Despite its low electrical conductivity,
MLM-7/TPU exhibited the highest SE and absorptivity,
indicating that its SE; is governed by following factors
beyond conductivity alone (Fig. 5g): (1) conduction loss,
whereby the percolated LM network generates substantial
currents that dissipate energy as Joule heat (ohmic losses)
[44]; (2) magnetic loss, facilitated by dispersed Fe parti-
cles that channel and concentrate magnetic flux, leading to
absorption via natural or domain-wall resonance and eddy
currents [45]; (3) interfacial polarization, where heteroge-
neous LM/TPU/Fe interfaces accumulate space charges,
engendering Maxwell-Wagner—Sillars losses [43, 46]; and
(4) dipolar polarization, driven by polar groups that form
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“orientation—deorientation” dipoles undergoing Debye
relaxation [47]. Considering that neat TPU is essentially
transparent to EMWSs (SE;=0.42 dB) and that the EGaln/
TPU textile prepared by the same process exhibits a lower
absorptivity (A =0.34) than all MLM/TPU samples (Fig.
S18), the enhanced absorption can be primarily ascribed to
Fe-induced magnetic loss and interfacial polarization.

We further discovered that SE follows the saturation
magnetization from MLM-3/TPU to MLM-7/TPU. The
low-coercivity Fe magnetizes rapidly, reaching near-satura-
tion under weak fields and tracking EMWs. This improves
the impedance matching for EMW penetration. Moreover,
higher Fe loadings intensify resonant loss, further enhancing
absorption of the EMWs. However, despite the saturation
magnetization being similar in MLM-7/TPU and MLM-9/
TPU, SE; drops sharply. The decline likely stems from
higher Fe loading: Added Fe without increased saturation
magnetization suggests agglomeration in MLM-9/TPU,
which weakens magnetic loss and disrupts conductive path-
ways. As a result, MLM-7/TPU achieves the highest absorp-
tivity, followed by MLM-9/TPU.

To validate these findings, we conducted finite-element
simulations of electric and magnetic field distributions in the
MLM/TPU composites using computer simulation technol-
ogy (CST) software (see Note S5 for detailed calculation
processes and simulated parameters). As shown in Fig. 5d,
MLM-7/TPU exhibits the highest magnetic field strength.
In the presence of an external magnetic field H, the material
develops a magnetization M, yielding a magnetic induction
intensity B =p,(H+ M), where p, denotes the vacuum mag-
netic permeability. Near saturation, M =~ Ms; for ferromag-
nets where M>> H, B = pyMs. Thus, the elevated Ms of
MLM-7/TPU engenders a stronger internal B, augmenting
magnetic response and EM energy dissipation. Moreover,
higher Ms typically correlates with enhanced initial per-
meability, p; (4; ¢ Ms?/K, where K is the magnetic anisot-
ropy constant), facilitating facile magnetization and swift
response to weak alternating fields, thereby amplifying the
internal effective field and improving impedance matching
and magnetic loss. As a result, despite the similarity of Ms in
MLM-9/TPU, the agglomeration of Fe particles intensifies
magnetic anisotropy, reducing p; and the internal magnetic
field strength. Under EM excitation, the MLM-7/TPU textile
exhibits the lowest internal electric field strength (Fig. S19),
promoting deeper EMW penetration and thereby enhancing
absorption-dominated shielding [48]. The highly conductive
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MLM-3/TPU textile significantly reduces the internal field
through reflection and skin-effect mechanisms, thereby lim-
iting EMW penetration and resulting in the lowest absorp-
tivity [49].

To elucidate the EMW attenuation mechanism in the
MLM-7/TPU, density functional theory (DFT, Note S6) calcu-
lations were conducted on a Fe-doped EGaln model (Fig. 5e).
Partial density of states (DOS) analysis (Fig. 5f1) demonstrates
that p-orbitals dominate, contributing 14.1 electrons/eV (80%
of total DOS), primarily from Ga and In valence p-states,
underscoring their pivotal role in charge transport. In stark
contrast, Fe d-orbitals account for < 6% of the total DOS, with
their states positioned below or above the Fermi level, render-
ing them peripheral to conduction and limiting their involve-
ment in primary electron pathways. This disparity manifests in
pronounced electron density differences among Ga, In, and Fe
atoms (Fig. 5el). Under alternating EM fields, such heterogene-
ous charge redistribution at the EGaln/Fe interfaces amplifies
interfacial polarization, thereby enhancing EMW absorption.

The spin-resolved DOS (Fig. 5f1) exhibits asymmetry
between spin-up () and spin-down (f) channels, most evi-
dent in Fe d-orbitals, revealing the magnetic character of the
Fe-EGaln system. This exchange splitting, with occupied da
states below the Fermi level and dpf states shifted above, yields
net unpaired electrons, driving Fe-induced ferromagnetism
[50]. At microwave frequencies, Fe’s d-orbital spin polariza-
tion amplifies magnetic losses, such as natural ferromagnetic
resonance and domain-wall resonance. Therefore, enhanced
interfacial polarization and magnetic loss drive the absorption-
dominated shielding mechanism in MLM-7/TPU textile.

Figure 5h shows a radar chart that measures the EMI-shield-
ing efficacy of MLM-7/TPU against other LM-based materials
using the following key metrics: conductivity, SE, elongation
at break, and absorptivity. The expansive square area of the
chart highlights the superior balance of MLM-7/TPU com-
pared to materials reported in previous studies. Although com-
mercial silver-plated fabric (SPF) offers high conductivity and
SE (Fig. S20), its application is limited by lower absorptivity
and restricted stretchability in contrast to our MLM-7/TPU
textile. Furthermore, to evaluate the durability and reliability
of the textile for wearable applications, MLM-7/TPU was sub-
jected to 100 stretch-release cycles at 100% strain (Fig. S21a,
b), which resulted in a decrease in SE. Subsequently, it was fro-
zen at—20 °C for 24 h, after which the shielding performance
remained almost unchanged (Fig. S21c, d). This indicates that
the conductive pathways generated by freeze-pressure-induced
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fusion are minimally affected by low temperatures. As shown
in Fig. S22, the tightly interwoven textile architecture limits
lateral deformation, making it challenging to impose a tensile
strain without inducing irreversible structural rearrangements.
Also, longitudinal stretching opens interfiber gaps, disrupting
the interlaced architecture and thereby permitting EMW leak-
age. Accordingly, EMI-shielding measurements under tensile
loading are excluded from this work.

4 Conclusion

In summary, we have developed a coaxially wet-spun
core—sheath fiber comprising an MLM/TPU core and a
TPU sheath. We developed the freeze-pressure-induced
fusion process, a synergistic activation strategy governed
by thermodynamic volume exclusion. With a Fe content of 7
wt%, this strategy enables the MLM/TPU sample to exhibit
high conductivity (2.1 x 10* S m™'), extreme stretchability
(482% elongation), strain-invariant resistance (AR/Ry=0.16
at 200% strain), magnetic responsiveness, Joule heating
(75.8 °C at 1.2 V), and absorption-dominated EMI shield-
ing (33.82 dB with an absorptivity of 0.520). This multi-
functional MLM fiber outperforms traditional conductive
textiles by enabling seamless integration on a single plat-
form, enhancing the adaptability and reliability of flexible
electronics. Future optimizations in LM composition, sheath
materials, or fiber geometry could broaden applications in
adaptive wearables, soft robotics, and EMI-protective tex-
tiles, advancing smart materials innovation.
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