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Abstract

The prosperity of wearable and healthcare electronics yearns for the compact integration
of multi-functionalities including detectability for various electrophysiological signals,
thermal/moisture management, and electromagnetic wave protection. Herein, highly
breathable and ultrastretchable styrene-ethylene-butylene-styrene (SEBS)-Ag-liquid metal
(SSLM) nonwoven electronic textiles are fabricated as versatile on-skin bioelectrodes for
accurate health monitoring, Joule heating, and electromagnetic interface (EMI) shielding.

Taking advantage of the reactive alloying between liquid metal and magnetron sputtered
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silver nanoparticles, ultra-conductive eutectic gallium-indium (EGaln) is intimately and
uniformly encapsulated on superlyophilic SEBS microfibers after activation via monolithic
pre-stretching. Benefiting from the highly deformable, extremely stable, and 3D
interconnected conducting networks, the nonwoven E-textiles demonstrate exceptional EMI
shielding effectiveness (75.3 dB at frequencies of 8.2-12.8 GHz, and still maintain 31.7 dB at
300% elongation), and efficient Joule heating performance also under large-scale
deformation (120%). Moreover, the breathable SSLM E-textiles used as skin-attachable
bioelectrodes even manifest prominent monitoring performance for biophysical signals
(breath, phonation, and joint bending), surface electromyography signals (SEMG), and
electroencephalogram signals (EEG). Therefore, the superlyophilicity and superior
performance of the liquid metal E-textiles enable a wide range of applications in
next-generation skin electronics and protective textiles.
Keywords
electronic textiles, on-skin bioelectrodes, liquid metals, human health regulation, Joule
heaters, electromagnetic interface shielding
1. Introduction

Portable and stretchable electronic technologies have tremendous application prospects in
artificial skin [1-3], metaverse interfacing [4,5], internet of things (IoT) [6,7], and energy
storage technologies [8-10]. Amongst, skin attachable electrodes with characteristics
including high electric conductivity, superior stretchability, great permeability as well as
long-term wearing comfort hold enormous potential in health care industries [11-13].
However, the electromagnetic waves generated by chips and circuits not only significantly
affect the performance of wearable electronics but also threaten human health, especially for
pregnant women [14-18]. Thus, on-skin devices with remarkable electromagnetic
interference (EMI) shielding capability are highly favorable for their practical applications
[19]. Additionally, it is widely acknowledged that the high and stable electrical conductivity
of an on-skin device is crucial for both the EMI shielding efficacy and the high-fidelity

recording of human electrophysiological signals [20-23]. Conventional conductive materials
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including various metal nanomaterials (e.g., silver nanoparticles and silver nanowires)
[24-27], carbonaceous materials (such as carbon foam and graphene) [28,29], and
transition-metal carbonitrides [30-33] always suffer from high density, inferior stability, and
poor flexibility, which cannot simultaneously satisfy the requirements of lightweight,
permeability, elasticity, and lengthy durability.

Liquid metal (LM, such as eutectic gallium-indium) is a class of promising conducting
materials featuring infinite deformability, excellent recyclability, great self-healability, and
remarkable biocompatibility, which can maintain their superior conductivity (>3 x 10* S cm™)
under ultra-large strains [34-36]. In addition, the easy printing of LM on various substrates
also provides a promising solution for the large-scale and low-cost manufacturing of
stretchable electronics. As yet, the low wettability and poor affinity between LM and
polymeric substrates are still major challenges hindering the advancement of LM in
stretchable electronics due to its high surface tension (~700 mN m™) [37,38]. Previous works
endeavored to enhance the wettability of LM through encapsulating LM microdroplets within
hydrophilic polymers (e.g., polysaccharide, PVP, and PEO) [39-41], yet such approaches
inevitably induced insulative junctions among the LM particles, thus largely decreased the
conductivity of the conductor as a consequence. Other approaches tried to wet the LM with
metal flakes or acid vapor to improve the binding force between elastic matrixes and LM. For
instance, Ag nanoparticles were chemically reduced on the stretchable substrate to
successfully increase the loading amount and lyophilicity of LM on elastomeric fibers.
Nevertheless, the utilization of a virulent reductant (hydrazine) was not suitable for
skin-attaching applications [42]. Another research work applied HCI vapor and
microstructured copper-enhanced surfaces to completely wet the eutectic gallium-indium [43],
yet the harmful acid vapor and limited LM loading capacity cannot meet the demands for
epidermal electronics. Apart from these, most of the previously reported flexible on-skin
electronics were constructed on hermetical matrixes (casted TPU, PDMS, and Pl film)

[44,45], long-term wearing of the impermeable electronics would cause skin irritation,

3/41



allergy, and even inflammation, thus fail to meet the rigorous requirements of long-term
wearing comfort.

In this research, an ultrastretchable and highly permeable liquid metal E-textile was
developed as multifunctional on-skin electrode for EMI shielding, Joule heating, and personal
health monitoring. To start with, supremely porous electrospun
styrene-ethylene-butylene-styrene (SEBS) nonwoven textile was magnetic-sputtered with a
thin, compact, and uniform nano-Ag layer, thus facilitating the homogeneous and intimate
coating of ultra-highly conductive LM on individual SEBS microfibers owing to the fast
alloying of EGaln with Ag NPs. Obtained SEBS-Ag-LM (SSLM) E-textile was eventually
activated via pre-stretching to realize the ultra-stretchable, 3D interconnected, and highly
permeable conducting networks. As a consequence, the SSLM E-textiles show superior EMI
shielding effectiveness up to 75.3 dB at frequencies from 8.2 GHz to 12.8 GHz, more
excitingly, this metamaterial can satisfy commercial shielding requirements (>30 dB) even at
strain up to 300%. Besides, the construction of consecutive LM networks endowed the SSLM
textile with efficient electro-thermal generation, and precise health monitoring capability
including  breath, phonation,  surface electromyography (SEMG), and even
electroencephalogram (EEG) signals. Therefore, this all-rounded SSLM E-textile is
supremely valuable for wearable health regulation devices integrated with EMI shielding

capabilities.
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Figure 1. (a) Fabrication process of the highly conductive and permeable SSLM E-textiles,
and corresponding digital photographs of samples obtained at each step. Laser microscopic
images, SEM images, and corresponding 3D surface topographic images of (b) pristine SEBS
fiber substrates, (c) ASEBS textile, (d) inactivated SSLM textile, and (e) activated SSLM
E-textile. (f) Activation process of SSLM E-textile via monolithic stretching. (g) The wetting
mechanism of EGaln on Ag NPs incorporated fibers, and the XRD patterns of ASEBS and
SSLM textiles.
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2. Results and Discussion
2.1. Design and Fabrication of SSLM E-Textiles

The fabrication process of the SSLM E-textile is schematically shown in Figure 1a,
free-standing SEBS nonwoven was first prepared through electrospinning, which exhibited
poor LM affinity with a contact angle (CA) of ~143.4° (inset of Figure l1a). Obtained
microfibers exhibited a highly porous structure and smooth surface as revealed in SEM
images and laser microscopic images (Figure 1b). The mean diameter and the average pore
size of pristine SEBS microfibers were measured to be 8.13 um and 13.47 um, respectively
(Figure S1). The white nonwoven textile turned out to be a pale golden appearance after
silver magnetic sputtering (inset of Figure 1a). Meanwhile, the microfibers perfectly
maintained the uniform and highly porous morphology (Figure 1c). Further EDS mapping
and high-resolution SEM observation indicate the Ag nanoparticles were evenly distributed
with a size of ~50 nm (Figure S2, inset of Figure 1c), and the Ag loading amount was
approximately 21.6 wt.%. Interestingly, the CA of LM on the Ag-sputtered SEBS textile
(ASEBS) dramatically decreased to ~8°, proving the superlyophilicity of the nanosilver layer
towards Gallium—Indium eutectic. As a consequence, ultrastretchable electronic textiles were
subsequently fabricated via coating LM onto the ASEBS microfibers. The LM with great
fluidity could spread and infuse into the microporous ASEBS nonwoven through the capillary
force. Clearly, the porous structure of the microfibers was completely covered and filled by
the shining grey LM, on which a continuous and impermeable layer of liquid metal lay on the
surface (Figure 1d), potentially deteriorating the long-term perspiration process when applied
as on-skin electronics.

Concerning the above issues, a simple pre-stretching strategy was used to recover the 3D
interconnected porosity in the nonwoven textile (Figure 1f) [13]. As demonstrated in Figure
le, after activation via 3-5 cycles of mild stretching (~500%), the continuous LM bulk film
on the textile transformed to a mesh-like morphology that resembled the pristine SEBS
matrix. The laser image reveals that the EGaln was compactly and uniformly coated onto

individual microfibers, maintaining highly permeable and conductive networks to ensure
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stable/fast charge transfer and comfort wearing as on-skin electronics. The excellent wetting
and integration of EGaln with ASEBS textile could be explained by the reactive alloying
between Ag and LM (Figure 1g). Previous research has successfully developed biphasic
liquid metal composites involving EGaln and Ag flakes, achieves desirable conductivity and
printability [46]. Similarly in this work, the well-defined characteristic peaks in the XRD
patterns prove the deposition of EGaln on the surface of Ag NPs initiates the formation of
Agln, (PDF#25-0386) and Ga phases, leading to the superlyophilic surface of ASEBS fiber
matrixes. Meanwhile, microscale wrinkles formed on the pre-stretched LM-encapsulated
fibers possess a prolonged conductive pathway (inset of Figure 1e), which is highly
beneficial for maintaining high conductivity under large strains [47]. The EDS mapping
further proves that Ga, In, O (from Ga,O3) [48], and Ag elements were evenly distributed on
the surface of the SSLM fibers (Figure S3). Water moisture permeability tests on the samples
showed that there was a 43.79% loss of permeability on un-stretched SSLM, decreasing from
1965.21 g m? day™ (ASEBS) to 1104.56 g m™ day™. Whereas the pre-stretch activated

SSLM showed neglectable permeability loss (1824.34 g m™ day™) as shown in Figure S4.
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Figure 2. (a) Sheet resistance and (b) resistance versus strains of SSLM textile with different
EGaln loadings. (c) Resistance changes of SSLM during 1000 successive tensile cycles at
100% strain. (d) Digital photos of the SSLM E-textiles at strains of 0%, 200%, 600%, 800%,
and 1000%. (e) Electrical conductivity of the SSLM E-textiles under stretching, rolling, and
extreme twisting. (f-j) Comparison on the strain-stress curves, strength, Young’s modulus,
elongation, and toughness between different textile samples. (k) Water vapor permeability of
SSLM textiles, commercial fabrics, and casting SEBS film. (I) An intuitive demonstration on

the permeability of SSLM E-textiles.

2.2. Electrical and Mechanical Properties

The sheet resistance of the ASEBS textile decreased from 259.69 Q sq™ to 10.60 Q sq™,
3.74 Q sq*, and 1.81 Q sq* when the sputtering time increased from 5 min to 10 min, 15 min,
and 20 min, respectively (Figure S5). Samples sputtered for 15 min were selected for

subsequent LM coating considering the decent electrical conductivity and appropriate
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depositing time (thickness was 29.3 um according to the change of fiber diameter). Then, the
loading amount of EGaln was precisely tuned to optimize the electrical and mechanical
properties of SSLM E-textiles. As shown in Figure 2a, the sheet resistance of SSLM reduced
by a magnitude compared to ASEBS when the LM loading was merely 1.0 mg cm™ (124.04
mQ sq), and further decreased to 29.74 mQ sq* when the LM loading reached 6 mg cm™.
The electrical resistance change of the E-textiles under strains was also investigated via
uniaxial stretching (Figure 2b). Generally, the resistance of the SSLM slowly increased with
the gradually increased strains, more LM loading led to the lower increasing slope of the
resistance. For the SSLM E-textile with an LM loading of 1 mg cm™, the resistance increased
sharply by 81.8% and 215.1% at strains of 200% and 400%, respectively. Whereas the
SSLM-6 (LM loading: 6.0 mg cm™) microfibers merely increased by 41.5% and 104.5%
under the same conditions. Therefore, E-textile with-an LM loading amount of 6 mg cm™ was
selected for subsequent applications of Joule heater, EMI shielding, and bioelectrode. The
conductivity of SSLM textile was further evaluated under 1000 stretching-releasing cycles at
100% strain (Figure 2c), the trifling fluctuation in resistance was ascribed to the stable
coating of conducting EGaln on the highly interconnected and ultra-elastic microfibers. Also
owing to the superior stretchability and elasticity, the SSLM E-textile can be easily elongated
up to 1000% strain (Figure 2d). When applied as a deformable conductor (Figure 2e), the
E-textile can readily light an LED bulb connected to a circuit even under crimpling,
stretching (400%), and twisting (720°).

On the other hand, reliable mechanical performance is essential for the durable
applications of wearable electronics. Strain-stress curves were measured to evaluate the
comprehensive mechanical properties of the ultra-elastic E-textiles. It can be observed in
Figure 2f-2j that pristine SEBS microfibers possess the best overall mechanical performance
(strength up to 1.89 MPa, Young’s modulus reached 150.57 kPa, stretchability as high as
1037%, and toughness over 6.94 MJ m™). Whereas, post-treatment of Ag-sputtering and LM
coating both significantly reduced the mechanical strength, modulus, and toughness of the

electronic textiles. Nevertheless, the elongation of the nonwoven showed neglectable changes
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after modifications, which was in line with our previous works [49,50], manifesting the
unlimited potential of SEBS as a universal stretchable platform for wearable electronics.
Moreover, SSLM microfibers with varied LM loading presented very close mechanical
performances. For example, the SSLM-6 textile exhibited a strength up to 1.21 MPa, Young’s
modulus of 64.17 kPa (close to the modulus of human skin) [51], elongation of 1032%, and
toughness of 4.80 MJ m™. Besides, the excellent resilience of SSLM E-textile was also
revealed in Figure S6, that only a slight hysteresis could be observed through three
consecutive stretch-release cycles in the strain range of 100%-600%.

Apart from desirable mechanical performances, the moisture permeability of
skin-attachable electronics plays a vital role in maintaining and regulating the human skin
microenvironment. The comparison of water moisture permeability between our E-textiles
and commercial textiles is displayed in Figure 2k. Pure SEBS (1965.22 g m® day™) and
ASEBS (1980.70 g m* day™) showed comparable vapor permeability as the commercial
cotton fabric-1 (2025.91 g m? day™, fabric density: warpxweft = 600x300 threads per 10 cm)
and cotton fabric-2 (1936.75 g m® day™, fabric density: warpxweft = 300x300 threads per 10
cm). Conversely, the casted hermetical SEBS film (CSEBS, thickness: ~200 um) showed
poor moisture permeability (37.11 g m? day™), which was widely utilized in stretchable
electronic skins and severely suffered from sweat accumulation issues [52]. The pre-stretched
SSLM textiles also showed terrific water vapor permeability, for example, the moisture
permeability of SSLM-6 reached 1895.49 g m? day™*, only a bit lower than that of pure SEBS
and ASEBS microfibers. In addition, SSLM E-textile with LM loading of 1-4 mg cm™
showed neglectable vapor permeability degradation, which can perfectly satisfy the daily
perspiration needs of human skin. To observe the vapor permeability of the nonwoven
intuitively, a piece of SSLM textile (6 mg cm™) was placed between two glass vials when the
bottom one was filled with hot water and the top one was left empty (Figure 2I). Apparently,
the water vapor can easily penetrate through the E-textile quickly and condensed on the wall

of the top vial in minutes. In another case, the top vial remained dry and empty when the
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SSLM textile was replaced by casted SEBS film, proving the superior vapor moisture

permeability of the fabricated electronic textiles.
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Figure 3. (a) V-1 linear curve and (b) T-U? curve of SSLM E-textiles. (c) Surface temperature
changes and (d) corresponding thermal photos of E-textile with varied input voltages (IR
emissivity is 0.95). (e) Repeated saturation temperature change curves during voltage
switching. (f) IR photos of SSLM E-textile under 1.8 V during stretching. (g)
Electric-to-thermal cycle test curve at 1.8 V. (h) Practical heating application of SSLM

E-textiles on a finger under 1.8 V input.

2.3. Joule Heating Performance of SSLM E-Textiles
The highly conductive SSLM E-textiles are expected to possess efficient electro-thermal
conversion capabilities owing to the superior conductivity of Gallium-based liquid metal.

Herein, the Joule heating properties of SSLM were investigated in detail. Figure 3a presents
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the linear 1-V curve of the conducting nonwoven with an LM loading amount of 6.0 mg cm™,
which perfectly follows Ohm’s Law (R*=0.9998). Besides, the U>-temperature curve also
shows high compliance with Joule’s Law (Q=U? Ryesistance - t, R°=0.997) as shown in Figure
3b, proving its high heating maneuverability as electric heaters by tuning the input direct
voltage [53]. The electric-thermal conversion performance of the SSLM textile was evaluated
with a fixed direct voltage from 1.0 V to 3.5 V for 10 min, and the surface temperature was
precisely monitored by an ultrathin patch thermocouple, infrared photos were captured at the
same time using Fluke IR camera (Figure 3c and 3d). Evidently, the surface temperature
increased synchronously with the stepwise raised voltage, which gradually stabilized at a
saturation temperature, manifesting the facile and accurate manipulation of the electric
heating performance. It should be noted that the SSLM Joule heater can readily reach its
saturation temperature in less than 70 s when the applied voltage is raised, and the
temperature also dropped very quickly after cutting off the input voltage. The instability in
Figure 3c at 3.5 V is possibly attributed to the unstable contact between LM-encapsulated
SEBS fibers in the highly elastic networks, which may enlarge the variation of temperature
especially at high voltages.

Besides, the heater also manifested reproducible and recoverable heat output under
changing voltages (Figure 3e), demonstrating the rapid and stable electric-thermal conversion
performance. Furthermore, the low drive voltage required by SSLM (1.8 V) not only saves
energy and ensures human safety (<36 V) [54], but also facilitates the portable and flexible
applications of this textile-based Joule heater, which can be readily powered by thin-film or
fiber-shaped batteries. Given the super-high elasticity and stable conductivity of the
EGaln-encapsulated E-textiles, the Joule heating performance of SSLM was further assessed
under varied strains. Figure 3f depicts that the SSLM E-textile can maintain stable
electrical-thermal conversion at a fixed voltage of 1.8V within a large strain range of
0%-120%. To examine the reliability and durability of the SSLM E-textile as a Joule heating
device, a cyclic heating/cooling test was carried out under a direct voltage of 1.8 V to verify

its long-range stability (Figure 3g). Evidently, there was no noticeable variance in the

12 /41



temperature curves consisting of 25 continuous cycles,

proving the extraordinary

performance and dependability of the SSLM heaters. Thus, this permeable and flexible heater

can be mounted on the human body as an on-skin Joule heater, which ensures stable thermal

generation under continuous and large-scale joint movements such as bending and twisting

(Figure 3h).
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2.4. EMI Shielding Performance of SSLM E-Textiles

With the booming development of a variety of electronic devices including 5G
smartphones and micro-computers, the issues of electromagnetic wave pollution have
become increasingly prominent which adversely affect human health and surrounding
environments [55-59]. Therefore, EMI shielding property is urgently needed by wearable
electronics considering their working scenarios. High electrical conductivity is a prerequisite
for the design of good EMI shielding materials. The conductivity of the SSLM E-textiles was
adjusted by varying the LM loading amount as discussed in the above section. The sheet
resistance of SSLM reduced from 3.74 Q sq™' (ASEBS) to 28.18 mQ sq™ when the LM
loading was 6 mg cm™. As shown in Figure 4a, the EMI shielding performance of SSLM
textiles exhibited positive correlations with their electrical conductivity. ASEBS (30.8 dB)
and SSLM-1 (31.8 dB) showed very close EMI efficacy, which barely reached the
commercial application threshold (>20 dB) [60]. The inefficient EMI SE of ASEBS textile
can be ascribed to the ultrathin sputtering layer of Ag nanoparticles, which merely covered
the surface of the ASEBS microfibers. Besides, the limited coating of LM in SSLM-1
microfibers was not sufficient to provide a complete network (Figure S7), also resulting in
poor EMI performance. Encouragingly, the EMI SE of SSLM-2 textile surged to 48.3 dB
when the LM loading amount reached 2 mg cm™, and continuously increased to 60.8 dB and
73.5 dB as the LM loading rose to 4 mg cm? and 6 mg cm™, respectively, proving the
outstanding EMI shielding effects delivered by the LM encapsulated nonwoven textiles.

It is known that the parameter absorption efficiency (SEa) reflects the ability of EMI
materials to dissipate the electromagnetic waves that have been transmitted into the materials,
whereas the coefficient A (absorption) is the ratio of power attenuated by the EMI materials
toward the total incident power. Three power coefficients (absorption (A), reflection (R), and
transmission (T)) were obtained from the measured scattering parameters to distinguish the
dominant shielding mechanism [61]. The SEa values of SSLM textiles were much higher
than that of reflection efficiency (SEg) as shown in Figure 4b. For instance, the average total

EMI SE (SEt), SEa, and SEr of SSLM-6 microfibers are 73.5, 56.0, and 17.5 dB,
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respectively, in which SEa contributes 76.2% (Figure S8). Moreover, the R values of all
SSLM textiles surpassed 90% and increased with the LM amount, revealing that microwave
reflection was the main shielding mechanism (Figure 4c) [62]. Figure 4d-4f show the EMI SE
performance of the ultra-elastic SSLM E-textile (6.0 mg cm™) under varied strains of
50-300%. Unstretched SSLM microfibers manifested a SEt up to 73.5 dB, which still
maintained 88% (64.7 dB) of its initial efficiency under 100% strain. Whereas, the SE+ value
gradually decreased to 31.7 dB when it was stretched to an ultra-large strain of 300%. As a
matter of fact, the homogenously adhered LM coating will deform with the elongated SEBS
fibers, which inevitably caused the thinning of the conductive layers and eventually resulted
in decreased electrical conductivity. Meanwhile, the microstructure of SSLM E-textile under
stretching was observed. As shown in Figure S9, the randomly oriented SSLM fibers became
more aligned under strain, leading to the increased electrical contact area between
LM-encapsulated fibers, which may compensate the conductivity loss as a result of the
thinning of LM coating. However, decreased electrical conductivity was inevitable when
large stretching (300%) was imposed. Therefore, the EMI shielding performance of SSLM
E-textile degraded as a consequence of large-scale elongation. The power coefficients A, R,
and T of stretched SSLM textiles show a similar tendency as the pristine SSLM, disclosing
reflection was still the dominant EMI mechanism. Besides, the influence of long-term cyclic
stretching/releasing on the EMI shielding stability was investigated on the SSLM E-textile.
Surprisingly, SSLM can readily sustain 1000 cycles of stretching at a fixed strain of 100%
without sacrificing much EMI SE (Figure 4g and Figure S10), confirming the great
stretchability and stability of the conducting networks in SSLM E-textiles. In summary,
as-developed SSLM E-textile shows superior EMI SE performance in terms of the highest
EMI SE, the widest workable stretchability, and the lowest thickness when compared with
recently reported works (Table S1).

Herein, the prominent EMI shielding performance of SSLM nonwoven E-textiles could
be ascribed to their outstanding electrical conductivity and interconnected microporosity (as

depicted in Figure 4h). When electromagnetic waves strike the surface of the highly
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conductive SSLM fibers, numerous EMW energy is reflected on the surface of the material
due to impedance mismatching, dissipating the EMW energy as a result of hysteresis loss
after converting it into another form of energy (for instance, heat) [63,64]. On the other hand,
when EMW gets through the SSLM textile, the interface polarization loss caused by the
dipole and charge carriers relaxation between ASEBS and LM assists to absorb incident
waves [65]. Meanwhile, current generation during the interaction with LM will cause
conductive loss, resulting in an additional decrease in EMW energy. Once the remaining
EMW has passed through the surface fibers, it encounters obstacles in the subsequent layer.
After that, the inside microfibers act as reflective surfaces and generate multiple internal
reflections, resulting in a recurrence of the EMW attenuation phenomenon until the energy is

completely absorbed.
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Figure 5. (a) Strain-sensing response and recovery times of SSLM E-textile. (b) Breath and
phonation detection, and (c) finger and wrist bending detection using SSLM E-textiles as the
strain sensors. (d) Digital photographs of the SEMG detection setup using SSLM as the
epidermal bioelectrodes. (e, f) SEMG signals collected from different gripping forces. (g)

SEMG signals recorded from different facial expressions (with electrodes attached on face).
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(h) Schematic diagram of the EEG measurement position. (i) Recorded EEG signals when the
volunteer was engaged in two mental states (closed eyes and open eyes), and the fast Fourier
transform (FFT)—processed frequency distributions. (j) Time-frequency spectrograms of the
EEG signals recorded during cyclic eye closing/opening, revealing the dynamic activity of

the alpha rhythm at about 10 Hz.

2.5. Human Heath Monitoring Applications

The super-high stretchability, low Young’s modulus, and excellent conformability
empower the nonwoven SSLM E-textile with softness comparable to human skin, in
combination with the extraordinary electric conductivity, identifying this material a
promising candidate as on-skin bio-electrode to record biophysical and electrophysiological
signals including human  motions, surface electromyography (SEMG) and
electroencephalogram (EEG) [66]. First of all, the strain-sensing behavior of the SSLM
textile was measured under tiny tensile strain (1%). It is found that both the response and
recovery times of the SSLM electrode were as low as 100 ms (Figure 5a), implying the high
sensitivity contributed by the crimples on the stretch-activated liquid metal coating. Taking
this advantage, the E-textile was then mounted on the skin surface of a tester to assess its
capability to monitor human movements. As shown in Figure 5b, the SSLM sensor was able
to detect the subtle motions of breath and phonation, as well as larger motions including
finger and wrist bending at different angles (Figure 5c). In short, the developed highly
conductive SSLM E-textile can be utilized in the accurate and quick detection of complex
human motions.

Additionally, SEMG signals were monitored by mounting the E-textile bioelectrodes onto
the belly of the extensor digitorum (detection electrodes) and elbow joint (reference electrode)
(as depicted in Figure 5d). First of all, in order to evaluate the effects of different gripping
forces on the sEMG signals, different extensor contraction actions were recorded. As
displayed in Figure 5e, the electrical signals generated by muscle activity can be detected

consistently and reproducibly by repeatedly applying 5, 10, 15, 20, and 25 kg of gripping
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force to the gripper. It is also important to note that the E-textile bio-electrodes are capable of
measuring the steady increase of signal intensity in response to varying forces (Figure 5f),
demonstrating the potential of wearable electrodes in the fields of sports management. The
SSLM bioelectrodes are able to distinguish different facial movements as a result of their low
amplitude signal recognition and high output reliability. As shown in Figure 5g, the
bioelectrodes could precisely identify the specific SEMG signals of facial expressions
corresponding to the typical moods human experiences in daily life (fear, laughing, and
anger), where anger and laughing need more facial muscles to contract, thus resulting in
stronger signal intensities. Notably, the signal-to-noise ratio (SNR) measured for the SEMG
signal is 23.2 dB.

EEG signals generated by brain activities provide crucial information for various
neurological disorders and human emotions. Generally, EEG signals (in the form of waves)
can be divided into five frequency bands: 6 wave (0 to 4 Hz), 6 wave (4 to 8 Hz), a wave (8
to 12 Hz), B wave (12 to 40 Hz), and y wave (>40 Hz) [67], corresponding to various mental
states. Nevertheless, EEG signals delivered by the human brain are always too weak (uV
scale) to be detected, long-time and accurate monitoring of which is extremely challenging.
Thanks to the top-notch electrical conductivity, extraordinary skin conformability, and
incomparable electrical stability under complex deformations, the SSLM E-textile electrode
can be readily used to acquire high-fidelity EEG signals. To evaluate their ability to collect
neurophysiological signals, the E-textile electrodes were placed over the left (Fpl) and right
(Fp2) side of the forehead as working electrodes, whereas a reference electrode was placed
over the left occipital region (Al), according to the international 10-20 system of EEG
electrode placement (Figure 5h) [68]. Generally, when a subject is relaxed and with eyes
closed, the EEG background typically exhibits the posteriorly dominant o rhythm with a
prominent oscillation of 8 to 12 Hz (Figure 5i), in accordance with brain activities such as
meditation and mindfulness, which can reduce stress levels. The o rhythm typically
attenuates significantly when eye-opening, as can be observed in the EEG signal spectrogram

acquired by the SSLM bioelectrodes (Figure 5j), which demonstrates the dynamic activity of
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the a rhythm during repeated eye-closing and eye-opening. Lastly, Figure S11 indicates that
LM in the E-textile can readily sustain finger rubbing without obvious smearing,

guaranteeing the safety mounting and unimpeded accessibility to human bio-signals.

3. Conclusions

In summary, via facile electrospinning, magnetic sputtering, and post liquid metal painting
and activation, a highly permeable, ultrastretchable, and conformable electronic textile with
super high electromagnetic shielding effectiveness and remarkable Joule heating performance
is successfully developed, which could also be applied as advanced epidermal electrodes for
long-term personal health monitoring. The densely coated silver nanoparticles greatly
facilitate the uniform encapsulation of stretchable EGaln layer on elastic SEBS microfibers
via the fast-alloying process, while pre-stretching activation not only recovers the superior
permeability of the nonwoven E-textiles but also endows the E-textiles with excellent
stability and conductivity even under large strains up to 1000%. Thus, an EMI shielding
effectiveness of 75.3 dB at frequencies of 8.2-12.8 GHz can be readily achieved, which even
maintains 31.7 dB at 300% elongation. When being employed as wearable and stretchable
Joule heaters, the nonwoven E-textile can assure stable thermal output under 120%
deformation. What is more, skin-attachable bioelectrodes assembled using the developed
E-textiles even manifest prominent biophysical (breath, phonation, and joint bending) and
bioelectrical signals (SEMG and EEG) monitoring performance. This research offers a
promising alternative to produce multi-functional on-skin bioelectronics for safe and

comfortable personal health management.

4. Experimental

4.1. Materials

Elastomer styrene-ethylene-butylene-styrene (SEBS, commercial purity) was supplied by
Kraton Corp. Silver sputtering targets (purity: 99.99%) were purchased from Fuzhou

Invention photoelectrical Technology. Gallium-Indium eutectic (EGaln, Ga 75.5%/In 24.5%,
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melting point: 15.6 °C, 99.99%) was obtained from Dongguan Huatai Metal Material
Technology Co., Ltd. All the laboratory solvents (AR) were purchased from Sinopharm

Chemical Reagent Corp.

4.2. Fabrication of highly stretchable SEBS microfibers

SEBS was dissolved in chloroform/toluene (mass ratio: 9/1) to prepare the SEBS solution in
a mass concentration of 15 wt.%, a few drops of ionic liquid were then added into the
solution to increase the electric conductance. The electrospun microfibers were received with
a steel grid to assure the optimized permeability on both sides of the nonwoven (detailed
electrospinning parameters can be found in our previously works[49,50]). The thickness of
the electrospun microfiber films was about 200 um. As-spun SEBS nonwoven textiles were
annealed at 105 °C for 60 min before peeling off from the steel grid, followed by washing

with ethanol and drying at ambient temperature.

4.3. Fabrication of permeable liquid metal E-textiles

Silver sputtering was firstly conducted through a multifunctional high-vacuum magnetron
sputtering equipment (JZCK-420B). Briefly, the sputtering process was initiated after the
chamber pressure stabilized belove 8.8x10™ Pa, the Argon flow was kept at 25 mL min™ and
the sputtering power maintain at 40 W. Obtained nano-silver deposited SEBS textiles were
termed as ASEBS-5, ASEBS-10, ASEBS-15, and ASEBS-20, respectively, according to
different sputtering times (5 min, 10 min, 15 min, and 20 min). For the coating of liquid
metal, the ASEBS textiles were first cut into rectangular pieces with the dimension of 4 x 5
cm?, then different amount of gallium-indium eutectic was weighed according to required
coating amount. After that, EGaln was transferred and evenly coated onto the ASEBS
nonwoven matrixes via a simple painting technique using a silicone brush, followed by
repeated monolithic stretching to activate the conductive textiles (denoted as SSLM). The

amount of LM can be controlled simply by changing the weight during brushing.
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4.4. Materials Characterizations

SEM images were taken with a Hitachi S-4800 FE-SEM. Optical images were captured by a
Keyence VHX-1000C Ultra Depth Microscope. 3D morphology was recorded using a
Keyence VK-X150 Laser Microscope. Contact angles were measured via the Dataphysics
OCAIL5EC contact angle system. XRD patterns were recorded via a Bruker AXS D2
PHASER X-ray diffractometer. The sheet resistance was measured through a ST2263
double-testing digital four-probe tester under a four-point configuration. Water moisture
permeability was determined on a W3/060 Water Vapor Transmission Rate Test System
(temperature: 38 °C, humidity: 80 RH%). Mechanical properties were measured via a Sun
Technology universal UTM2203 tensile testing machine. Electromechanical properties were
studied utilizing a Keysight 34465A digital meter coupled with a Mark-10 ESM303 tensile
tester.

The E-textiles were cut into circular shapes to assemble the on-skin electrode patches for
biosignal measurement. As-collected signals were transferred to a cell phone or computer via
the Bluetooth module. EEG signals were converted through the following equation (valid
EEG sensor range: -39.49 uV to +39.49 uVv):

(-2

—) X VCC x 108
EEG (uV) =

(1)

GEEG

where EEG (uV) is the EEG signal in microvolt (uV), VCC is the operating voltage (3.3 V),
Geec Is the sensor gain (41782), ADC is the collected digital value from the corresponding
channel, n is the bit number of the channel (10 bits in this work).

In order to acquire high-quality EEG signals, the signal collection was carried out in a
quiet room, and the volunteer was required to wear a noise-canceling headphone to block
potential noise. The acquired time-domain signals were then transformed into frequency
spectra to analyze the brain activity rhythm via discrete Fourier transform (DFT, equation 2-3)
and periodogram method (equation 4). Whereas the EEG spectrogram was conducted through

a short-time Fourier transform (STFT, Welch window).

kFgs

f==2(k=01.,N-1) (2
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P(f)——[Zn 1x[nle  Fs } (4)

Where N is the total sampling points, f is the frequency, x[n] is the timing signal, Fs is the
sampling frequency.
Similarly, the recorded sEMG signals were also processed through equation 5 (valid

SEMG sensor range: -1.64 mV to +1.64 mV):

ADC 1

SEMG (mV) = G

GsEMG

)xVCCx1o3

()
where SEMG (mV) is the sEMG signal in millivolt (mV), VCC is the operating voltage (3.3
V), Gsemc IS the sensor gain (1009), ADC is the collected digital value from the
corresponding channel, n is sampling resolution (10 bits).

The signal-to-noise ratio (SNR) of the E-textile electrode is calculated according to the

following equation (6):

Z SLgnal(k)

/ legzl Vrfoise(k)

where N is the number of samples, Vsignaixy and Vioisexy are the voltage values of the signal

and noise, respectively.

The EMI performance of the highly conductive E-textiles was measured via a Keysight
N5234B PNA-L Network Analyzer using a 2-port network analyzer at a frequency range of
8.2 GHz-12.4 GHz. The scattering parameters of the reflection coefficient data S;; and the
transmission data S;; were measured to calculate the power coefficients of reflection (R),
transmission (T), and absorption (A).

R=[S;11* and T=[S,,]? )
A=1-(T+R) (8)

The calculation of total EMI SE (SEr), reflection efficiency (SEg), absorption efficiency

(SEa), and multiple reflection efficiency (SEw) is as follows:

SEr = 10log - 9)
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SEg = 10log (=7) (10)

T

SE, = 10log (=F) (12)

Where SEy could be negligible when SE o > 15 dB.
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Highlights

The electronic textile has superlyophilicity to liquid metal due to the fast alloying
monolithic stretch activation is used to recover the breathability of liquid metal textile
obtained electronic textile has a high conductivity upon 1000% elongation

the electronic textile shows efficient EMI shielding and Joule heating performance

the electronic textile can monitor human biophysical and bioelectrical signals
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