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ABSTRACT

Possessing a unique combination of properties that are traditionally contradictory in other natural or synthetical materials, Ga-based liquid metals
(LMs) exhibit low mechanical stiffness and flowability like a liquid, with good electrical and thermal conductivity like metal, as well as good
biocompatibility and room-temperature phase transformation. These remarkable properties have paved the way for the development of novel
reconfigurable or stretchable electronics and devices. Despite these outstanding properties, the easy oxidation, high surface tension, and low
rheological viscosity of LMs have presented formidable challenges in high-resolution patterning. To address this challenge, various surface modi-
fications or additives have been employed to tailor the oxidation state, viscosity, and patterning capability of LMs. One effective approach for LM
patterning is breaking down LMs into microparticles known as liquid metal particles (LMPs). This facilitates LM patterning using conventional
techniques such as stencil, screening, or inkjet printing. Judiciously formulated photo-curable LMP inks or the introduction of an adhesive seed layer
combined with a modified lift-off process further provide the micrometer-level LM patterns. Incorporating porous and adhesive substrates in LM-
based electronics allows direct interfacing with the skin for robust and long-term monitoring of physiological signals. Combined with self-healing
polymers in the form of substrates or composites, LM-based electronics can provide mechanical-robust devices to heal after damage for working in
harsh environments. This review provides the latest advances in LM-based composites, fabrication methods, and their novel and unique applications
in stretchable or reconfigurable sensors and resulting integrated systems. It is believed that the advancements in LM-based material preparation and
high-resolution techniques have opened up opportunities for customized designs of LM-based stretchable sensors, as well as multifunctional,
reconfigurable, highly integrated, and even standalone systems.

1. Introduction

Gallium (Ga) and Ga-based liquid metals (LMs) have combined good conductivity and flowability with biocompatibility and phase
transition at room temperature, providing unique application opportunities in biosensing, energy harvesting, circuits, active switches,
and biomedicine [1-4]. Common stretchable conductors often rely on the use of stretchable structures (e.g., island-bridge [5-7],
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serpentine [8], and kirigami design [9]) or stretchable materials with conductive nanofillers (e.g., graphene [10,11], carbon black
[12], carbon nanotube [13-15], metal nanoparticle/nanowire/nanodisk [16,17], and MXene [18,19]). Compared with them, LMs-
based devices exhibit much higher stretchability and strain-insensitivity conductivity for use under severe deformations [20-24].
Due to high reactivity, an oxide layer with a self-limiting thickness is formed on the surface of LMs in the ambient environment [25].
The existence of the oxide layer has a profound impact on the mechanical and rheological properties of LMs, including improved
stiffness, wettability, viscosity, and interactions with other materials [26-28]. The fundamental study of the intrinsic properties of LMs
and their oxide layer has laid a solid foundation for further modifications and optimization of LMs. Surface modification on LMs or LM
particles (LMPs) has been proven to be an effective way to control the oxide extent, improve dispersion stability, and load drugs.
Incorporating polymers can also provide LMs with enhanced light absorption and photothermal properties [29].

Due to the high surface tension of LMs, traditional stencil or screen printing is not applicable. Fabricating high-resolution LM
patterns has become a main challenge in the field of LM-based electronics [30]. Direct printing of LMs to form complex 3D structures
can be achieved by exploiting the self-supporting oxide layer. For instance, vigorously stirring the pristine bulky LM can modify its
rheology and render an easily applicable paste due to the accumulated oxidation, enabling simple application on aluminum-based
biomedical devices [31]. Direct integration with microfluidics also allows simple LM patterning for low-cost, high-integrated, and
multifunctional stretchable systems [32,33]. Recently developed LM patterning techniques include modifying LMs with metal or metal
oxide microparticles to form a printable paste [34], introducing metallic seed layering for selective wetting [35], or breaking LMs
down to form printable LM particles (LMPs) [36,37]. Among them, LMPs have drawn intensive attention due to their low cost and
scalable production potential in LM-based stretchable electronics. Despite the aforementioned advantages, the oxide layer of LMPs is
intrinsically insulating to block the conductive pathway. In order to circumvent this issue, two main strategies have been proposed:
rendering the insulating oxide layer conductive by chemical modifications [38] or rupturing the oxide layer to expose inner LMs (by
mechanical, thermal, or laser activation) [39,40]. With the surface-modification or interfacial wetting, LMs can be patterned on
various elastomeric substrates via inject printing [41], stencil printing [42-44], or blading coating [45]. LM patterning can achieve a
spatial resolution from hundreds of microns in inject printing to several microns in photolithography [46].

In applications intended for use on the human body, factors such as adhesion and gas permeability require special consideration
[47-49]. Good adhesion to form an intimate interface and gas permeability provides an enhanced level of comfort for high-fidelity and
long-term monitoring of physiological signals while avoiding irritation or infection [50-52]. Considering the low adhesion of LMs to
human skins, mixing LMPs with specific polymers to form adhesive inks or building LM patterns on adhesive substrates have been
exploited to improve the adhesion of LM-based electronics. High gas permeability of on-skin electronics requires the use of porous
substrates, which can be fabricated from templates, electrospinning, or the phase separation method [53-56]. However, micro-
structures in the porous substrate reduce the wettability of LMs, which is adverse to LM patterning. At the same time. LM leakage may
degrade the performance of LM-based electronics.

By exploiting the unique and versatile properties of LMs, various stretchable devices have been recently developed, including
passive stretchable electrodes or interconnections [57-59], mechanical or chemical sensors [60-63], energy harvesters or storage units
[45,64-68], active switches [69,70], and integrated systems [71-73]. Structural engineering strategies have also been widely adopted
to tune the electromechanical properties of LMs, switching the use from passive stretchable interconnections and electrodes to active
mechanical sensors. This review will first introduce the intrinsic physical and chemical properties of Ga-based LMs and their oxides,
along with various surface modification strategies. Next, newly developed patterning techniques to circumvent the high surface
tension of LM in the fabrication of LM-based electronics will be discussed. Moving forward, LM-based electronics with good adhe-
sion and high gas permeability for on-body applications are further elaborated. Lastly, the state-of-the-art LM-based devices, from
single sensing units and functional modules to highly integrated systems, are reviewed.

2. Intrinsic properties of Ga-based LMs and the oxide layer

Gallium belongs to the group Il in the periodic table, with chemical properties analogous to aluminum. Pristine gallium has a
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melting point of ~ 29.8 °C and an extremely high boiling point of ~ 2400 °C, which results in zero vapor pressure at room temperature
[74,75]. Adding other metals to form eutectic alloys can lower the melting point further. For example, eutectic indium gallium (EGaln)
with a Ga/In mixing ratio of 75.5:24.5 as the most representative Ga alloy has a melting point of 15.5 °C. Ga and Ga-based alloys in the
liquid state are reported to have high surface tension (i.e., 705-730, 624, 600 mN/m for Ga, EGaln, and Galinstan), which makes them
tend to form a spherical shape in free space Fig. 1.

Highly reactive gallium leads to the formation of amorphous or poorly crystalline Ga oxide (a-Gaz03) on its surface in the envi-
ronment with an oxygen level over 20 ppm [76]. Since gallium (-0.549 eV) has a higher negative redox potential than indium (-0.444
eV), the oxide layer is dominated by gallium oxide [77]. The thickness of the a-GaOs3 layer is only 0.5-5 nm due to the self-limiting
oxidation process, as described by the Cabrera-Mott oxidation mechanism [77-79]. The oxide layer has multiple influences on LMs,
including modifying the surface tension of LMs by changing the chemical composition, serving as an interface layer to enhance in-
teractions with other materials, and providing mechanical support for LMs due to its much higher stiffness and yield strength. In most
cases, the surface tension of oxidized LMs is intangible due to its entanglement with the high yield strength of the oxide layer (500 mN/
m). The effective surface tension which is the linear sum of contributions from the liquid surface tension and the yield stress was
obtained in experimental measurements. These values obtained by submerging LM droplets of different sizes in various HCI baths
within the pendant drop method show a large range due to different droplet sizes and oxidation thicknesses [80]. Therefore, obtaining
the equilibrium of oxidized LMs by softening the oxide layer is an essential step to extract the effective surface tension of oxidized LMs
in measurements. In one representative study, gradually attenuated vibrations were applied to LM droplets to yield their equilibrium
shapes, and the surface tension of oxidized LMs was calculated to be 350-365 mN/m by the puddle height method [25]. Moreover, the
oxide layer provides reactive sites for electrostatic adsorption or chemical modification to tailor the intrinsic properties of LMs. When
treated with a high temperature of 750 °C, a highly crystalline Ga oxide (p-Gaz03) with semiconducting properties can also form on the
surface of LMs [81]. The basic properties of LMs and the oxide are summarized in Table 1.

3. Surface modification of Ga-based LMs

Surface modification is an effective way to provide LMs with unique properties for drug loading, antioxidation, thermal actuation,
and electronic doping, especially for LMPs. Depending on the surface state of LMs, surface modification is realized by chemical bonding
between doped molecules and Ga or Ga;O3. With unpaired free electrons, Ga can form the Ga-S bond with thiols or serve as radicals in
polymerization reactions, whereas Ga;O3 provides anchoring sites for surface functionalization with hydroxyl groups (Fig. 2a).

The high reactivity and unpaired electron of Ga make it a potential polymerization radical initiator. For instance, the exposed
gallium can rapidly initiate free radical polymerization (FRP) with vinyl monomers, directly grafting hydrophilic polymers with high
molecular weight onto the Ga surface [82]. This method is useful for fabricating highly stretchable LM-based functional hydrogels,
such as poly-acrylamide (PAAm) and poly(N-isopropylacrylamide) (PNIPAAm) with enhanced electrical conductivity, thermal
dissipation, and chemical reaction arising from LM additives. Thiol modification is the most commonly used method for Ga-based LMs,
which competes with oxygen for surface sites in the formation of Ga;03 and promotes the “softening” of LMs [83]. Thiol groups can
form ordered, densely packed self-assembled monolayers (SAMs) on Ga surfaces through covalent polarization [84,85]. The rapid self-
assembly of thiolates can form a tightly packed two-dimensional ordered monolayer on the surface of Ga-based LMs, protecting the
material from oxidation [85]. Additionally, thiols can also moderate the growth of gallium oxide by competing with oxygen for surface
sites [83]. Meanwhile, various thiols can alter the thermodynamics of oxide layer growth by changing the work function of Ga-based
LMs. By controlling the thickness of the oxide layer on the surface of LMs, different levels of the “softening” effect can be achieved
[86,87]. Since thiol groups are often associated with an unpleasant odor and can be easily oxidized, the trithiocarbonate-
functionalized brushed polyethylene glycol (bPEG) with molecular weights of 5-20 kDa can be explored as an alternative surface
modifier (Fig. 2b) [88]. The resulting LMPs are homogeneous and stable in biological buffers due to steric repulsion between large
conjugated molecules. Additionally, the addition of trisodium citrate further inhibits oxidation of the LM surface and stabilizes the
dispersion. The carboxyl group on bPEG can form amide bonds with functional biomolecules by the 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC)-mediated cross-linking method. A proof-of-concept demonstration includes a successful graft of fluores-
cent antibodies to the bPEG layer on the surface of LMPs.

Functional polymers or drugs have been conjugated with metal nanoparticles (NPs) through thiol ligands for catalyst, biosensing,
or drug delivery [89]. Similarly, the highly reactive Ga linked with various thiols extends its biomedical applications, including
biosensing [90], drug delivery [91], and bioimaging [92]. LMPs are usually prepared by a “top-down” sonication method. Therefore,

Table 1
Summary of physical, chemical, and mechanical properties of Ga-based LMs.
Ga EGaln Galinstan (GaInSn)

Melting point (°C) 29.77 [255] 15.7°C [256] —19°C [257]
Boiling point (°C) 2205 [255] 2000 [258] >1300 [257]
Surface tension (mN/m) 705-730 [25] 624 [259] 600 [25]
Oxidized surface tension (mN/m) NA 356 [25] 364 [25]
Viscosity (Pas) 1.37 x 10 @ 350 °C [260] 1.99 x 10 [261] 2.4 x 10°@ 20 °C [257]
Vapor pressure (Pa) 9.31 x 10%%@ 29.9 °C [255] NA <10°@ 500 °C [257]
Thermal conductivity (Wm™K™!) 28.1 [255] 26.4 [136] 16.5 [255]
Electrical resistivity (pQ-m) 0.13 [255] 0.29 [261] 0.43 [255]
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Fig. 2. Surface modification of Ga-based LMs. (a) Schematic showing the surface modification on Ga-based LMs. The modification site can be the
inner LM core or the outside oxide layer. The inner pristine Ga atom is highly reactive to bond with thiols through Ga-S bonds, serve as radicals in
polymerization reactions, or form coordination bonds with inorganic materials. The outer oxide layer can react with various polymers with hydroxyl
groups. (b) LM particles (LMPs) modified by brushed polyethylene glycol chains (bPEG) with trithiocarbonate end-groups for slowing-down
oxidation and further chemical grafts. Reprinted with permission from [88]. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(c) pH-responsive delivery of doxorubicin (Dox) using LMPs modified by thiolated hyaluronic acid (m-HA) as the targeting moiety and thiolated (2-
hydroxypropyl)-p-cyclodextrin (MUA-CD) as the drug holder. These polymers are conjugated with LMPs by Ga-S bonds. Reprinted with permission
from [91]. Copyright 2015, The Authors. (d) LMs modified by inorganic microparticles. (i) Transformation of the LM/microparticle composites
between three states: power, putty, and liquid, with increasing LM fractions. (ii) X-ray photoelectron spectroscopy (XPS) of the pristine LM and LM/
Al;03 composite. Reprinted with permission from [94]. Copyright 2022 Wiley-VCH GmbH (e) Tannic acid (TA)-modified LMPs for improved
dispersion stability with TA conjugated on LMPs through a large number of hydroxyl groups. Reprinted with permission from [96]. Copyright 2021,
The Authors. (f) Polydopamine (PDA)-coated LMPs with enhanced photothermal conversion efficiency. The increasing temperature under near-
infrared (NIR) irradiation leads to the shape transformation of LMPs due to the dealloying effect. Reprinted with permission from [101]. Copy-
right 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Acrylate-containing phosphonic acid ligand grafted on LMPs increases the in-
teractions for improved efficacy of mechanical sintering and electromechanical properties. Reprinted with permission from [104]. Copyright 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) Chemical doping of the oxide layer to activate the conductivity of LMPs. (i) Schematic
showing the chemical doping of LMPs with ethylene-rich polymers. (ii) XPS of the hydrogen-doped LMPs. (iii) Conductivity of printed polymer-
(ioped LMPs with different ethylene weight fractions. Reprinted with permission from [38]. Copyright 2021, The Authors.

the oxide layer formed during sonication needs to be removed before successful modifications with thiols. In a representative study, an
LMP-based nanomedicine with excellent chemotherapeutic inhibition towards the xenograft tumor is prepared through a delicate
design of ligand modifications (Fig. 2¢) [91]. The addition of thiolated hyaluronic acid (m-HA) during sonication removes the oxide
layer to expose the inner Ga and acts as the active targeting moiety. Another ligand, thiolated (2-hydroxypropyl)-p-cyclodextrin (MUA-
CD), also conjugated with the LMP acts as the matrix for doxorubicin (Dox) loading. The HA ligand has specific binding towards the
CD44 receptor that is overexpressed on the cell surface of a broad variety of tumors. After entering tumor cells, the acidic cellular
environment triggers the fusion of ligand-modified LMPs by destructing the oxidized shell. Dox accumulates in the nucleus and
contributes to high cytotoxic activity for killing cancer cells.

To overcome the high surface tension of pristine LMs for patterning, various organic microparticles (e.g., Al,03, MoSy, BN
nanosheets) have been mixed with LMPs by mechanical stirring or simple ball milling to increase their rheological viscosity [93-95].
As LM fractions increase, the corresponding Al;03/LM composite changes from the power to semi-solid putty and then to a liquid state
(Fig. 2d-i) [94]. When the LM content is low, the organic microparticles are partially coated with LMPs, showing discrete distributions.
Full or excessive LM encapsulation after increasing LM contents forms interconnections between microparticles, leading to the
transformation to the putty or liquid-like state. X-ray photoelectron spectroscopy (XPS) of the pristine LM and LM/Al,O3 composite
reveals the existence of coordination bindings between the Ga atom in LMs and the O atom in Al,O3 microparticles, manifested by
another peak at ~ 530 eV (Fig. 2d-ii). The lone electron pair of O atoms can be transferred to the empty orbit of Ga to form a co-
ordination bond. In contrast, carbon-based materials such as graphene nanoplates and carbon nanotubes cannot form a uniform
composite with LMs due to the lack of lone pairs to activate this reaction. The improved rheological viscosity of LMs by incorporating
organic microparticles allows their simple patterning on stretchable elastomeric substrates.

Compared with the pristine Ga core, the outer oxide shell of LMPs is easier for chemical modifications by forming covalent bonds
either at the Ga or O site. The preparation of LMP-based functional composites requires stable dispersion in solvents. Tannic acid (TA)
has a large amount of phenol functional groups that can form coordinate bonds with Gaz0O3. The formation of a core—shell structure
helps stabilize the LMP dispersion (Fig. 2e) [96]. The size of obtained LMPs in the dispersion fabricated by sonication decreases with
increasing TA concentration. By leveraging the noncovalent self-assembly of LMPs and constitutional polymer matrix, a convergent
synthesis strategy is adopted to prepare an LMP-based multifunctional hydrogel with good conductivity, stretchability, and self-
healing capability. As an emerging organic-inorganic hybrid system, the LM-polyphenol network combines the powerful antioxi-
dant, anti-inflammatory, antibacterial, and hemostatic properties of natural polyphenols with the pro-vascular, osteogenic, pro-repair,
and broad-spectrum antimicrobial properties of metal ions [97]. The good anti-microbial activity and biocompatibility of the LMP-
based multifunctional hydrogel lead to its applications in wound healing and subcutaneous injection for bioimaging, including MRI
and CT scans.

In most cases, the LMP in the dispersion undergoes morphological transformation and settlement at elevated temperatures due to
dealloying and the formation of Ga oxide monohydroxide (GaOOH) [98]. The specific polymer coating on the surface of LMPs pro-
motes their stabilization in the solvent and introduces stimuli-responsive morphological transformation. Since the uptake of nano-
materials by cells is shape-dependent, the stimuli-responsive morphological transformation of LMPs implies great potential in tumor
therapy and imaging [99]. Meanwhile, the morphological transformation can be leveraged to puncture drug-carrying capsules or
merge LMPs to allow controllable drug delivery [100]. In a representative study, dopamine is used to trigger light-induced shape
transformation by exploiting the photothermal effect (Fig. 2f) [101]. By adding 2-amino-2-(hydroxymethyl)-1,3-propanediol to the
suspension, dopamine molecules undergo self-polymerization to form polydopamine (PDA) coated on LMPs. PDA has a broad ab-
sorption from ultraviolet to near-infrared (NIR) region with high photothermal conversion. After 20 min irradiation of NIR light, the
temperature of LMP increases from 26.8 to 36.3 °C. As a result, LMPs undergo the dealloying process and trigger a thermal-induced
morphological transformation from a spherical to an ellipsoidal shape due to the formation of gallium oxide monohydroxide (GaOOH)
rods [83]. EDS mapping reveals a uniform distribution of Ga and In across the inner core of spherical LMPs. O accumulates on the outer
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layer of the inner core, which indicates the formation of gallium oxide. After changing to an ellipsoidal shape, Ga and O are dispersed
all over the LMP with diminishing In. These results confirm the dealloying of Ga and the formation of GaOOH of LMPs under NIR
irradiation. More complex morphological transformations from a spherical shape to a rod or rice shape under thermal stimulus have
also been demonstrated [102]. The photothermal conversion is also possible in core-shell LMP with densely packed reduced graphene
oxide (rGO) as the shell [103]. A large thickness of the rGO shell significantly boosts the photothermal conversion efficiency of Ga-
based LMPs (Ga@rGO) to 42.4 %, which is higher than 32.6 % for barely Ga NPs and 22.1 % for the commonly used photothermal
gold nanorods. Due to the high photothermal conversion and thermal expansion coefficient, the injected Ga@rGO serves as a suitable
photoacoustic (PA) material for bio-imaging and cancer detection. With the same amount of injection, Ga@RGO exhibits a PA signal
that is more than 3 times stronger than Ga NPs and gold nanorods.

The intrinsic oxide shell of LMPs prohibits the formation of conductive patterns, which has been a main challenge in the fabrication
of LM-based electronics. Mechanical sintering is the most widely used method to break the oxide and activate LMPs. In order to
facilitate the mechanical sintering process, LMPs are modified with an acrylate polymer to form highly cross-linked particle networks
comprising > 99.9 % LMs by weight (Fig. 2g) [104]. The enhanced interaction between LMPs helps rapture the oxide shell upon
stretching. As a result, the conductivity of the polymer/LM network increases from 2500 to 20,000 S/cm under 700 % stretching,
which is opposite to the trend of conventional conductors. Meanwhile, the resulting network provides epidermal sensors and circuitry
with high stretchability and mechanical fatigue resistance. However, the electrical conductivity of the LMP-based composite activated
by mechanical sintering is inconsistent due to poor control of the dynamic rupture process and also limited by the maximum
stretchability of the polymer matrix. To achieve enhanced conductivity while maintaining great conductivity stability, a chemical
doping that introduces hydrogen to the oxide surface by ultrasonication in the presence of aliphatic polymers directly renders the oxide
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layer conductive (Fig. 2h-i) [38]. Poly(ethylene-co-vinylacetate) (PEVA) undergoes C-C homolytic cleavage to form primary carbon
radicals (~C-C*) during sonication, which combines with free radicals from dicumyl peroxide (DCP) to form the secondary carbon
radicals (~C-C*-C~). Afterward, the secondary carbon radicals transform into alkenes and hydrogen radicals (H®). The hydrogen
radical donates free electrons to oxygen, resulting in the change of the electronic structure and electrical conductivity of Ga;Os, as
verified by the XPS analysis (Fig. 2h-ii). The conductivity of printed LMP lines is comparable to that of conventional metals (25,000 S
em ™), with excellent electromechanical decoupling, scratch resistance, and long-term stability upon deformations. Notably, the
conductivity of modified LMPs depends on the hydrogen doping level, which is ultimately determined by the ethylene weight fraction
(Fig. 2h-iii). Compared with the mechanical sintering process, the hydrogen-doping strategy offers better and more consistent control
of the conductivity of LMPs.

As aforementioned, the existence of the oxide layer increases the wettability of LMPs on various substrates, which has been
leveraged in LM patterning. However, the sticky oxide layer adheres to the channel walls of microfluidic devices to result in residuals.
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shown at the bottom. Scale bar: 10 pm. Reprinted with permission from [118]. Copyright 2019, The Authors. (d) High-yield patterning of Cu-Ag-
EGaln paste on a TPU substrate modified by toner for integrated devices (top). The fabrication process of Cu-Ag-EGaln patterns starts with laser
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2022 American Chemical Society. (e) Ultra-high precision LM patterns fabricated by using a metal seed layer defined by electron beam lithography
(EBL). The fabrication process starts with coating the PMMA layer on the parylene-C/PAA layer, followed by the EBL patterning of PMMA. After the
deposition of a metal layer on the PMMA layer, LMs are coated on the metal by using a PDMS stamp. The stamped LM/Au is patterned by a PMMA
lift-off process and then coated with PDMS. After dissolving the PPA layer in water and plasma-etching of parylene-C, the LM pattern transferred to
PDMS is encapsulated by another thin layer of PDMS to complete the fabrication process. The bottom panel shows the as-fabricated LM patterns on
the donor substrate or the stretchable receiving PDMS substrate. Reprinted with permission from [133]. Copyright 2020, The Authors.



J. Zhu et al. Progress in Materials Science 142 (2024) 101228

After the removal of the oxide shell, LMs tend to alloy with metal electrodes and cause embrittlement. Therefore, it is essential to
reduce the wettability of LMPs while maintaining the oxide intact. Efforts to address this challenge led to the modification of the oxide
shell of LMs with phosphoric acids [105]. Due to hydrogen and covalent bonding interactions, the 1-decylphosphonic acid (DPA) self-
assembled on LMs forms a hydrophobic layer. The DPA-modified LM can pass through the capillary channel without leaving residues.
In addition, this modification method provides a reversible electrical contact between LMs and metal electrodes for applications in
reconfigurable electronics.

4. Patterning of LMs for stretchable electronics

LM patterning is an essential step in the fabrication of LM-based stretchable electronics [106]. Due to the fluidity, LMs can be
patterned by a variety of ink-based printing techniques, including 3D printing, microfluidics, infiltration, inkjet printing, stencil
printing, and transfer printing, depending on the rheological properties of LMs or LM-based composites and their adhesion to diverse
substrates. The adhesion of the substrate can also be programmably modified with a seed layer for LM patterning. Laser pulses can
selectively activate LMPs by rupturing the oxide layer as an effective top-down fabrication method. Loading LMPs with magnetic
particles enables LM patterning with magnetic fields. An overview of diverse LM or LMP patterning techniques is provided in Fig. 3.

4.1. Patterning of pristine LMs

Microchannel technology is one of the most straightforward and well-developed methods for LM patterning, which typically in-
volves three steps: preparation of microfluidic channels, LM injection, and sealing [107,108]. Microfluidic channels are often obtained
by standard replica molding from a template fabricated by laser scribing, 3D printing, or photolithography. Next, LMs are injected into
microfluidic channels by a syringe or using vacuum pumping. Due to the high surface tension of LMs and the high yield strength of the
oxide layer, high pressure is needed during the injection as described by the Laplace equation, especially for narrow channels. In a
typical experimental setting, microfluidic channels are equipped with another outlet to facilitate air release. By leveraging the ultralow
evaporation of LMs, a hand-free vacuum injection technique is developed to help air release without outlets. After dropping LMs over
the inlet, the microfluidic channel is placed in a vacuum box for ~ 20 mins. After releasing the vacuum, LMs are forced to flow into
microchannels by atmospheric pressure. The smallest channel that can be filled by this technique reaches ~ 5 pm [107]. Based on
vacuum injection, large-sized complex 3D LM structures can be realized by exploiting dissolvable templates with porous structures
[109]. By hot-pressing sugar particles in a humid environment, a porous sugar template with a desired shape is first fabricated (Fig. 4a)
[110]. After immersing in LMs in a high vacuum for 60 mins at room temperature to infiltrate LMs, dissolving the template in ice water
maintains the solid state of LMs. After rinsing with ice water several times, the 3D LM structure is then immersed in Ecoflex precursors
at 0 °C, followed by vacuum pumping to facilitate the infiltration of Ecoflex. The cured Ecoflex serves as an encapsulation for the 3D LM
to maintain its structural integrity.

The utilization of high pressure or vacuum during LM injection requires microchannels to have sufficient mechanical strength to
avoid deformations or collapses, resulting in the use of stiff and thick elastomers. In order to thin down the LM-based microfluidic
device, a novel 3D printing technique is employed to fabricate microchannel walls with small dimensions on a thin Ecoflex layer
supported by a rigid glass substrate with a sacrificial PVA layer (Fig. 4b) [111]. After laminating another thin elastomer and the
reinforcing PVA layer, LMs are pumped into the microchannels with a syringe. After sealing the inlet and outlet, an ultrathin
stretchable NFC device based on LM microfluidic can be obtained by dissolving the sacrificial and reinforcing PVA layer. Due to the
small thickness (~7 pm), the obtained NFC device with an adhesive polydopamine coating can be conformally attached to wet bio-
logical tissues and exhibits stable RF powering performance under severe deformations. For 2D or 3D LM structures fabricated by
either microchannels or porous templates, the encapsulation prevents straightforward integration with electrical components for
extended functionalities. To address the issue, a plasma-treated polydimethylsiloxane (PDMS) layer with temporary and reversible
adhesion to PDMS microchannels is employed for sealing. After the injection of LMs, the PDMS microchannel is peeled off manually
from the solidified LM on a cold plate. The encapsulation-free LM pattern allows for direct integration with electrical components
[112].

Considering its flowability, direct 3D printing or inkjet printing seems like an easy and plausible way to create LM patterns
[113-117]. However, direct 3D printing of LMs is challenging due to a couple of factors, including the high surface tension and low
viscosity of LMs, as well as the high yield stress of the oxide layer. However, the newly formed oxide layer on the surface of extruded
LMs can be leveraged to directly print and form complex 3D LM structures. After extruding from a syringe, an oxide layer forms
automatically on the newly exposed LM surfaces. The oxide layer not only increases the adhesion between LMs and substrates but also
helps sustain the shape of LMs against gravity and surface tension. High-resolution 3D printing of LMs with fine nozzles has
demonstrated the capability to create miniaturized reconfigurable or integrated circuits (Fig. 4¢) [118]. The fine nozzle with an inner
diameter of 5-40 pm is fabricated from regular glass capillaries by a pipette puller. During printing, the distance between the nozzle tip
and the substrate is fixed to 2-16 pm and the pneumatic pressure is kept at ~ 30 psi. Coordinating the operation of the pneumatic
pressure and the movement of the motion stage allows precise patterning of LMs with a minimum linewidth of 1.9 pm. Uniform
linewidth is even obtained at the corner of the kinked or bent patterns. The smaller linewidth of LM patterns can also be achieved by
increasing the printing rate. Additionally, by leveraging the rate-dependent adhesion between the LM filament and the substrate, self-
supporting 3D LM patterns can be realized with three steps: printing, lift-off, and relocating. Overall, the adhesion increases with the
lift-up rate of the nozzle. With a slow lift-up rate of less than 0.1 mm/s, the yield strength of the oxide layer is still able to withstand
gravity and provide adhesion to hold the filament.
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Due to the lack of stiffness, LMs are not able to maintain the structure without assistance from the oxide layer. However, the small
thickness and limited yielding strength of the oxide layer set a limit for the printing speed and the spatial resolution of printed patterns.
In addition, the applied pressure has great tunability on the morphology (e.g., necks, wires, or bulges) of printed LMs. The limited
spatial resolution of printed patterns can be enhanced by 3D printing LMs inside a supporting hydrogel matrix or modifying the
rheological properties of LMs. In the former approach, acrylamide/nanoclay suspension serves as a yield-stress fluid support bath and
the additional hydrogen peroxide can accelerate the oxidation of LMs inside the matrix [119]. A low hydrogen peroxide concentration
in the suspension leads to the discontinuity of printed LM wires due to the insufficient oxidation rate. It is observed that printing
conditions such as velocity, flow rate, and nozzle size have a profound impact on the resolution and shape fidelity of LM filaments.
Next, the hydrogel matrix with embedded LM patterns is polymerized under UV light. With optimized printing parameters, novel LM-
based double-layered DC circuits and hourglass-shaped RF coils with centimeter-long dimensions can be obtained. In the latter
approach, the rheological property of LMs can be modified by adding metal or metal oxide particles [120,121] or rigorously stirring to
introduce more oxidate [31]. The obtained composite corresponds to much higher viscosity and lower surface energy, which can be
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pattern can be erased by water spray to swell PEGDA for the rewriting process. Reprinted with permission from [144]. Copyright 2019 American
Chemical Society. (b) LMPs transferred to stretchable substrates are electrically activated due to the tensile stress from peel-off. LMPs in a volatile
solvent (n-decyl alcohol) can be printed on the initial patterning layer (IPL) due to the improved wettability. After the evaporation of the volatile
solvent, the curable polymer precursor is cast onto the stacked particles as the stripping layer (SL), which is peeled off from the IPL after curing. The
entire or partial transfer of LMPs can be tuned by adjusting the affinity between the IPL and SL. Reprinted with permission from [151]. Copyright
2018, The Authors. (c¢) Thermal sintering of LMPs by utilizing thermal expansion microspheres (TEMs) in the LMP ink. The top panel shows the
working principle of thermal sintering of LMPs. The oxide layer of LMPs ruptures to form interconnected conductive pathways at elevated tem-
peratures due to the compressive stress from the thermal expansion of TEMs. The bottom pattern details the fabrication process of an LM-based
biopotential sensing patch based on the thermal-activated LMP/TEM ink. The LMP/TEM prepared by tip sonication is patterned on an Ecolex
substrate by screen printing. After applying a protective layer on the recording site and an encapsulation layer on the interconnect, the biopotential
sensing patch is activated by heating at 150 °C for 5 min. Reprinted with permission from [153]. Copyright 2023 Wiley-VCH GmbH. (d) Electrical
activation of LMPs in an LMP/PU composite by the acoustic field (top). The fabrication of LM patterns starts with the screen-printing of the LMP/PU
ink on an elastomeric substrate. After curing, the printed LM pattern is activated by a tip sonicator in a water bath. The bottom panel illustrates the
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electromechanical property. Reprinted with permission from [146]. Copyright 2022, The Authors. (e) Laser sintering of LMPs to form conduc-
tive patterns. The LMP dispersion in ethanol is air-sprayed on an elastomeric substrate, followed by laser-patterning with optimized working pa-
rameters. The thermal expansion of the LMP inner core of LMPs from the photothermal effect ruptures the oxide layer and forms conductive
patterns. The region without laser scribing remains insulating. Reprinted with permission from [154]. Copyright 2018 American Chemical Society.
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used for printing 2D or complex 3D stretchable electronics.

Chemical modifications of elastomeric substrates present another effective means to improve their adhesion to LM or the oxide
layer. LMs have good wettability on the metallic seed layer due to the alloying effect [122-124]. The Ag or Au seed layer is the most
widely used in LM patterning, which can be prepared by in situ chemical [125], anion-assisted photochemical deposition [126], or
vapor deposition such as e-beam, thermal, or plasma evaporation [127,128]. Specific LM patterns can be obtained by selective
modifications on the substrate surface with the seed layer [129,130]. In a representative study, a dopamine seed layer is first patterned
on a SEBS substrate by stencil printing. After polymerization in an alkaline solution, the polydopamine acts as the reducing agent for
the deposited Ag layer, followed by galvanic replacement by copper ions. By leveraging their wettability on the Cu layer, LMs are
successfully patterned on the SEBS substrate after removing the oxide layer in the alkaline environment [131]. Alternatively, the oxide
layer can be directly leveraged in LM patterning. For instance, a carbon-based toner is first used to modify the substrate because its high
surface roughness can reduce the adhesion to GayO3 (Fig. 4d) [132]. After printing the toner pattern on thermal transfer paper with a
commercial laser printer, it is then transferred to a receiving substrate (e.g., TPU, PDMS, glass, PET) by thermal treatments. Ag-coated
Cu microparticles are added into LMs to increase the viscosity and reduce the flowability. Coating the paste-like LM composite (i.e., Cu-
Ag-EGaln) onto the receiving substrate with a brush forms the targeted pattern defined by the toner. For receiving substrates with
intrinsically low adhesion to Ga;Os (e.g., knitted fabrics, paper, and wood), they can be coated with a thin TPU layer, followed by toner
transfer printing and LM coating.

Obviously, the precision and resolution of LM patterns fabricated by selective adhesion critically depend on those of the seed layer.
The smallest line width of the seed layer patterned by stencils or shadow masks is ~ 100 pm, which is not sufficient for many highly
integrated devices. As a result, high-precision patterning techniques such as photo and e-beam lithography have been explored for the
fabrication of the seed layer and resulting LM-based devices [133,134]. It is worth noting that LMs cannot be patterned by photoli-
thography directly. It is challenging to define high-resolution metal patterns on stretchable elastomer substrates by lithography due to
their high thermal expansion and swelling effect. To circumvent this issue, the high-resolution pattern is first fabricated on a rigid
PMMA substrate supported by a parylene-C layer and poly(acrylic acid) (PAA) sacrificial layer by e-beam lithography, combined with a
soft lithography process (Fig. 4e) [133]. Next, an Au/Ti or Cu/Ti adhesive layer is deposited on the PMMA substrate with an electron-
beam evaporator, followed by LM coating with a soft PDMS stamp under gentle pressing in order to overcome the high surface tension.
Patterned LMs on the rigid PMMA substrate are obtained by a PMMA lift-off process in acetone. After spin coating or casting the PDMS
precursor on the pattern LMs, the fabricated LM electronics are released by dissolving the PAA sacrificial layer. Subsequent dry etching
of the parylene-C layer and encapsulating the backside of LM electronics with PDMS complete the fabrication process. The feature size
and line spacing of LMs patterned can reach as low as 180 nm and 1 pm, respectively, allowing for high-density integration of LM
electronics. Alternatively, high-resolution LM patterns can be obtained by laser ablation of the LM and seed layer to achieve a line
width and pitch as small as 4.5 and 100 pm [135]. With optimized laser parameters, the underlying PDMS remains intact during
scribing, yielding a highly transparent electrode. Compared with the soft lithography, laser patterning has higher efficiency and yield.

4.2. Patterning of LM particles (LMPs)

Breaking bulky LMs down into micrometer-scale LMPs in organic solvents or polymer precursors to form a printable or sprayable
composite is the simplest and most widely adopted method in LM patterning [136]. LMPs can be prepared by shear mixing or tip
sonicating [137,138], with a smaller LMP size obtained from the latter due to its higher power density. The obtained LMP composite
can be patterned on stretchable substrates through inkjet, screen, or stencil printing, depending on its viscosity and stability. For
example, when a low viscous solvent (e.g., DI water, ethanol, and IPA) is used, the as-fabricated LMP composite has low surface tension
and can be patterned on various substrates by air spraying. The LMP composite with thicker polymer precursors such as TPU [139],
PDMS [140], SEBS [141], and photopolymer [142] has a high viscosity suitable for screen printing. LMPs in the printed pattern are not
electrically interconnected due to the existence of the oxide layer, so an additional reactivation process is needed to rupture the oxide
layer to allow the coalescence. These activation processes include mechanical [143,144], capillary forces [145], acoustic [146], laser
[147], and thermal sintering [148]. Each activation process is affected by the mechanical properties and temperature tolerance of the
polymer involved and its mechanical interaction with LMPs, which will be detailed in the following discussion.

As the most straightforward and widely adopted method [149,150], mechanical sintering explores the applied strain that is larger
than the yield limit of Ga;0O3 from pressing, poking, and scratching on the LM composite. In a representative example, LMPs with an
average diameter of 1 pm are prepared by sonicating in ethanol and then mixed with poly(ethylene glycol) diacrylate (PEGDA)
prepolymer (Fig. 5a) [144]. With added 2-hydroxy-2-methylpropiophenone (HOMPP) as the photoinitiator, the obtained composite is
immediately cured under UV irradiation to form a solid hydrogel. LMPs in the as-fabricated composite are initially encapsulated by the
oxide layer and thin insulating PEGDA. The programmable LM patterns are obtained by direct writing of the LMP composite with a
cylindrical metallic bar of approximately 1 mm in diameter (commercial writing and drawing machine controlled by software). With
applied force above a threshold value, the oxide layer and surrounding PEGDA network are destructed, leading to the decrease of
resistance by eight orders of magnitude to form conductive patterns. Interestingly, the swelling of the PEGDA matrix upon water spray
induces severe deformations and ultimate disconnections of LM conductive pathways, rendering the LM/PEGDA composite into a
nonconductive state. As a result, the LM pattern can be erased and rewritten by the water-assisted swelling and mechanical rupture.

Transfer printing represents another powerful approach to fabricating and automatically activating (by the peeling-off force) LM
stretchable electronics. First, LMP-based inks are fabricated by sonicating LMs in a volatile solvent (n-decyl alcohol) and then screen-
printed on a donor substrate, such as PET, glass, and paper (Fig. 5b) [151]. Polymer precursors such as PDMS and Ecoflex are then cast
on patterns and infiltrated into the interspacing between LMPs. After curing, the polymer with embedded LMPs is peeled off from the
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Table 2
Comparison of various LM or LM-based composite patterning techniques.
Types Compositions Patterning Working principles Complexity  Substrates Features References
Pristine LMs Ga 3D printing The self-supporting oxide layer on the surface of High Rigid substrates or 10 pm, small size, 3D [113-116,118-121]
extruded LMs hydrogel matrixes structures
Microfluidic Manual Injection of LMs into microfluidic channels Low silicone elastomers 50-100 pm, large size, [107,111,112]
fabricated from elastomers 2D patterns
EGaln Infiltration Penetration of LMs into porous elastomers Low Silicone polymers mm-level, large size, 3D [109,110]
fabricated from dissolvable templates by vacuum networks
Seed-layer-assisted Designing adhesion contrast on stretchable High Various elastomers 0.5 pm, small size, 2D [124,125,129-132]
patterning substrates by selective metal deposition patterns
Soft stamper-based Intimate contact between the stamper and substrate =~ Low Various elastomers 50 pm, large size, 2D [30,133]
printing to force the LM into the mask pockets patterns
LMP dispersions LMP/solvents Screen/stencil Direct patterning of LMPs on stretchable substrates ~ Low Various elastomers 100 pm, large size, 2D [43,44,262]
printing through masks Patterns
Transfer printing Patterning LMPs on sacrificial substrates, then Low Adhesive elastomers/ 100 pm, large size, 2D [151,263]
transferring to stretchable substrates liquid precursors patterns
Laser sintering Laser patterning and sintering of an LMP coatingon = Low Various elastomers 100 pm, large size, 2D [154,155,264]
stretchable substrates in one step patterns
LM/LMP-based LMP/polymer Molding Pouring LMP/polymer composites into printed 3D Low Not applicable mm-level, large size, [11,265]
composites molds simple bulky shapes
Screen/stencil/ink- Direct patterning of LM/polymer composites on Low Various elastomers 100 pm, large size, 2D [142,146,152,266]
jet printing stretchable substrates patterns
Laser patterning Laser cutting or scribing of cured LM/polymer Low Various elastomers 200 pm, large size, 2D [267,268]
composites patterns
LM/ Screen/stencil LM mixed with microparticles owes improved Low Various elastomers 50 pm, large size, 2D [123,269-271]
microparticles printing rheological properties for printing patterns
Magnetic-based LM mixed with magnetic microparticles offers Low Various elastomers 500 pm, large size, 2D [272-275]
patterning printability and magnetic manipulation patterns
LM/ 3D/ink-jet printing LM mixed with microparticles for reinforced High Freestanding 5 pm, small size, 3D [120,276]
nanoparticles mechanical stiffness structures
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donor substrate, completing the transfer printing process. The tensile stress (~4500 MPa) arising from peeling-off is much larger than
the yield stress of GayOs, thus breaking the oxide layer to form electrically conductive pathways. The entire or partial transfer of LM
patterns can be controlled by changing the stiffness and adhesion of the polymer. By reducing the mixing ratio of the curing agent for
stronger adhesion and lower stiffness, fracture takes place in the polymer/LMP composite layer during peeling-off. As a result, a large
amount of LMs and polymer residuals are left on the donor substrate, which allows LM patterning on a non-curable substrate (as the
donor substrate). Besides transfer printing, the intentional introduction of the peeling-off process before/after stencil printing of LMPs
also activates the LI-based stretchable electronics [152].

Thermal sintering of LMPs relies on heating-induced thermal expansion of microspheres to introduce the stress. An LMP ink with
added thermal expansion microspheres (TEMs) is first patterned on Ecoflex substrates, followed by thermal treatments at 150 °C for 5
mins (Fig. 5¢) [153]. TEMs consisting of low-boiling liquid hydrocarbon encapsulated by gas-tight acrylic copolymer shells have three
states as the temperature is increased: initial (10-15 pm), expanded (15-80 pm), and rapture states. The shell softens while the hy-
drocarbon vaporizes at 110 °C, resulting in the expansion of the microspheres. With continuously increased temperature, the polymer
shell ruptures as the internal pressure exceeds its maximum strain tolerance. As a result, hydrocarbon vapor jets from the microspheres
at 150 °C, contributing to the rapture of the oxide layer to form conductive LM patterns.

As another form of mechanical energy, acoustic waves can also be leveraged to activate LMPs (Fig. 5d). LMPs with an average size
of 2-3 um are collected from the sediments after probe-sonication in acetone for 20 mins and then mixed with TPU precursors [146].
The obtained LMP/PU ink is patterned on a PU substrate by screen printing, followed by thermal annealing at 80 °C to evaporate the
remaining solvents. The printed patterns on the PU substrate are fixed by a glass slice with scotch tape and placed in a glass container
filled with water. A probe sonicator is then programmed to output acoustic energy with 30 % power for 30 s to activate the printed
LMP/PU composites. The SEM images show that small LMPs (less than 1 um) are newly induced between large-sized LMPs in the LMP/
PU composite after activation. It is believed that the acoustic energy accumulates at the LMP/PU interface due to the large difference in
acoustic impedance. Even though these small LMPs are still separated, the small interspacing of 1.85 nm between them can still ensure
electron hooping, according to the quantum-mechanical tunneling effect. As a result, the conductivity of the LMP/PU composite
increases by 5 orders of magnitude after the acoustic activation. The deformation of LMPs is size-dependent, with large LMPs deformed
to an ellipsoidal shape and small LMPs remaining intact. This ensures the unaltered electrical pathways (i.e., small LMPs) between
large LMPs and ultimately the strain-resilient conductivity of the LMP-PU composite. The acoustic activation strategy can be applied to
the composite with different polymers, including hydrogels, silicone elastomers, SEBS, plastics, and even photoresist (SU-8) for high-
resolution patterning of LM-based composites.

It is highly desirable to combine the patterning and sintering of LMPs into a single process to afford the low-cost and scalable
fabrication of LM-based electronics. Laser sintering has demonstrated its capability in achieving this goal on diverse substrates
[154,155]. The LMP dispersion prepared by a probe sonicator is coated on the substrate by an automatic and programmable air-
spraying system (Fig. 5e) [154]. After solvent evaporation, a ytterbium pulsed fiber laser (wavelength of 1065 nm) is employed to
write on the LMP for sintering. Laser-sintering changes the insulating LMP pattern into a conductive one for simultaneous patterning
and sintering. Both the linewidth and conductivity of the sintered LMP pattern increase with the laser fluence, with negligible influence
from the size of LMPs and thickness of the LMP coating. Impressively, multilayered functional LM-based circuits with interlayer
isolation can be fabricated by repeating the spraying and sintering process. Laser sintering relies on stress arising from the photo-
thermal effect to rupture the oxide layer, accompanied by phase segregation. Compared with direct thermal sintering, laser sintering
causes more extensive oxide rupture and allows LM to flow and coalesce into conductive pathways [155], providing a mask-free, high-
resolution, and programmable patterning method with high yield. However, the non-scribed insulating region is vulnerable to me-
chanical sintering and could become conductive, leading to compromised performance or even device failure in practical applications.

A semi-solid-state ink containing polyelectrolyte-attached LMPs can also be used for high-resolution nozzle printing of intrinsically
conductive LM patterns [156,157]. The intrinsic conductivity arises from a chemical sintering effect in the delicately formulated LMP
ink. The inclusion of PSS in the ink modifies the zeta potential of LMPs and improves the wettability of the resulting ink. The
wettability of the ink is essential for reliable and high-resolution LM patterning based on meniscus-guided thin-film deposition. The
improved wettability of the ink lowers the contact angle and facilitates the meniscus formation during printing. Solvent evaporation
occurs at the meniscus as the nozzle moves is beneficial to thin-film deposition for achieving high spatial resolution. Due to the
incorporated acetic acid, the pH of the ink decreases as the solvent evaporates at 70 °C, which facilitates the chemical etching of the
oxide. This rapid meniscus-guided printing is applicable to various substrates, including VHB tape, PDMS, hydrogel, biogel, metal film,
wafer, glass, and PET [156]. Although the nozzle-printed doped-LMPs show reliable intrinsic electrical conductivity and high stability,
the organic solvent-based ink and the need to anneal at high temperatures for an extended period (120 °C, 3 h) pose challenges on rapid
manufacturing and the choice of substrates that can be used. In another work, the oxide layer on LMPs can be made conductive by
doping hydrogen in the presence of aliphatic polymers to eliminate the sintering process for LMPs after printing [38]. The success of
this fabrication method critically hinges on the adhesion between the aliphatic polymer and the substrate. Therefore, the focus of the
current developments is still on powerful patterning techniques with high spatial resolution, low complexity, mild processing re-
quirements, and wide applicability. Various newly-developed patterning techniques of LMs are summarized in Table 2 to highlight
their advantages and limitations.

5. LM-based flexible/stretchable electronics, devices, or systems for bio-applications

The unique properties of LMs from material modification with precise patterning create application opportunities in various
sensors and multifunctional, standalone stretchable systems for the Internet of Things or on-body networks. The main functionality of
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Fig. 6. LM-based passive interconnects, electrodes, or ground planes. (a) LM-based sweat analysis patch for multiplexed biomarker analysis.
(i) Optical image and exploded illustration of the patch. (ii) Measured glucose concentration by the LM-based patch during exercise. Reprinted with
permission from [164]. Copyright 2021 Elsevier B.V. All rights reserved. (b) Stretchable cardiac ultrasound imager. (i) Exploded view of the
stretchable cardiac imager (top) and its optical images under various deformations (bottom). The LM-based electrodes fabricated by laser engraving
provide great stretchability. (ii) Stress echocardiography measured by the stretchable cardiac ultrasound imager: resting, riding a stationary bike for
15 min, and laying down for 10 min for recovery. The bottom panel shows the zoom-in images of stages 1 (rest), 2 (exercise), and 3 (recovery) in the
continuous M—mode echocardiography with the extracted left ventricular internal diameter end diastole (LVIDd) and left ventricular internal
diameter end systole (LVIDs) waveforms. Reprinted with permission from [141]. Copyright 2023, The Authors. (¢) LM-based nanophotonic surface-
enhanced infrared absorption (SEIRA) sensor. (i) Schematic showing the structure and operation principle of the LM-based SEIRA sensor. (ii)
Measured reflection spectra of LM or Au plane-based SEIRA towards a self-assembled monolayer 1-octa-decanethiol (ODT). The missing peak for the
gold plane-based SEIRA sensor is likely due to the damage of ODT during the metal deposition. Reprinted with permission from [170]. Copyright
2022 Wiley-VCH GmbH. (d) LM-based wearable antennas for on-body applications. (i) optical images of the LM-based wearable antenna composed
of a slot antenna backed by a 3 x 2 metasurface. (ii) Reflection coefficient of the LM-based antenna placed on different parts of human bodies. (iii)
Measured gain of the LM-based antenna under different tensile strain levels. Reprinted with permission from [176]. Copyright 2022 IEEE. (e)
Slippery reduced graphene oxide-LM (S-rGO/LM) composite for high-performance electromagnetic interference shielding. (i) The fabrication
process of the S-rGO/LM composite from vacuum filtration of an rGO-LM thin film followed by dip-coating with a thin PDMS layer. The right panel
shows the schematic illustration of the EMI shielding performance of the S-rGO/LM composite in harsh environments, such as at a low temperature
or in corrosive solutions. (ii) The EMI shielding mechanism of the S-rGO/LM composite and its comparison with other reported materials. Reprinted
\Lvith permission from [184]. Copyright 2023 American Chemical Society.

LMs in flexible/stretchable devices falls into three categories: passive electrical conductors (interconnects or electrodes), active me-
chanical sensing materials, and mechanical/electrical reconfigurable materials. Of note, the burgeoning applications of LMs in energy
storage and skin-interfaced device platforms also fall into the three categories.

5.1. LM-based passive interconnects, electrodes, or ground planes

The early application of LMs stems from stretchable conductors in both the AC and DC domains. The room-temperature flowability
of LMs provides them with unprecedented strain-resilient conductivities upon mechanical deformations, outperforming their coun-
terparts based on the stretchable conductive composites with nanofillers. The electromechanical response of an LM-based microfluidic
device under stretching mainly results from the geometric changes (i.e., elongation/ narrowing along the longitudinal/transverse
direction). Different from nanofiller-based stretchable composite conductors which are described by the percolation model [158], the
LM-based conductor features a high electrical conductivity in a large stretching range.

The ultrahigh stretchability and low mechanical stiffness allow conformal attachments of these devices on human tissues for bio-
relevant chemical sensing and bio-imaging[141,159]. Combined with other biochemical sensing units, the LM-based epidermal bio-
electronics is capable of non-invasively capturing various physiological signals under artificial movements, including glucose
[160,161], pH [162], and electrolytes [163]. For instance, the LM-based NFC stretchable circuit is combined with electrochemically
modified carbon electrodes, a colorimetric sensing strip, and a PDMS channel in an epidermal patch to detect key sweat metabolites
and electrolytes in a battery-free manner (Fig. 6a-i) [164]. Layer-by-layer assembling of these components is achieved by either
uncured PDMS or oxygen plasma-activated interface bonding. The LM-based stretchable circuit fabricated by a simple transfer process
demonstrates non-degraded conductivity under 500 % stretching. The electrochemical sensors based on potentiometric measurements
are fabricated by screen printing carbon and Ag/AgCl inks on a PET film for working and reference electrodes, respectively. Selective
sodium and potassium ion detection relies on the coating of an ion-selective membrane on the carbon electrode. The carbon-based
electrodes modified with polyaniline and GOx result in selective glucose measurements. Coating urease on a commercial pH stripe
leads to colorimetric urea detection. During excise, the sweat Na™ (or K) concentration measured by the epidermal patch increases (or
decreases). The sweat glucose concentration increases steadily and reaches the peak 40 mins after the intake of energy bars, followed
by a small decrease (Fig. 6a-ii). The measured signals from the epidermal patch are validated by the commercial sensors with high
consistency. In another work, a standalone LM-based glucose sensing platform with multilayered structures on the cotton fabric by
using the PMA adhesive layer shows good mechanical robustness, enhanced comfort, and long-term stability [165].

Multiplexed or multichannel monitoring is critical for the precise evaluation of physiological conditions and bio-imaging, which
often requires high-density integration of stretchable electronics from precise patterning or multilayered integrations of LMs [92,166].
The high-density integration of piezoelectric array with LM-based stretchable interconnects provides a wearable ultrasonic device for
assessing continuous, real-time, and direct cardiac functions (Fig. 6b-i) [141]. After sonicating LMs in SEBS solution and blade-coating
the prepared composite ink on a SEBS substrate, laser scribing is used to obtain high-density LM patterns with the smallest linewidth of
30 pm and spacing of 24 pm. Taken together with drilled VIAs for vertical electrical connections between different layers, a high-
density piezoelectric array with a pitch of 0.4 mm on a 2 cm x 2 cm SEBS substrate can generate images with high spatial resolu-
tion (1-8 mm) and signal-to-noise ratio (30-45 dB). Capable of capturing real-time M—mode echocardiography during exercise, i.e.,
stress echocardiography, the objective and reliable diagnosis of coronary artery diseases can be made based on the extracted left
ventricular internal diameter end diastole (LVIDd) and left ventricular internal diameter end systole (LVIDs) waveforms (Fig. 6b-ii).

Surface-enhanced infrared absorption (SEIRA) can significantly enhance molecular vibration through the intensified electrical field
(i.e., the hot spot) to result in high sensitivity for molecule detection [167]. SEIRA is simple to set up and can be implemented in the
wearable form. Ga nanoparticles with intrinsic metallic properties and unique electronic structures have shown comparable perfor-
mance with traditional nanostructured Ag and Au in surface plasmon resonance [168]. A variety of resonant nanophotonic structures
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Fig. 7. LM-based flexible/stretchable mechanical or motion sensors. (a) Ultrasensitive LM-based strain sensors with a brick-and-mortar ar-
chitecture. (i) The fabrication process: uniform LM coating on the PDMS substrate with Cr/Cu as the adhesive layer is patterned by laser engraving
as the “brick”, followed by depositing Ag on the patterned sample at the regions between the “bricks” to form the “mortar”. (ii) Working principle of
the brick-and-mortar LM-based strain sensor to simultaneously achieve a large measurement range and high sensitivity, with the measured
resistance-strain curve shown in (iii). (iv) Motion sensing at the elbow and knee joints from the patterned (red) and unpatterned (black) LM-based
strain sensors. Reprinted with permission from [6]. Copyright 2021 Wiley-VCH GmbH.(b) Highly sensitive LM-based pressure sensors with knotting
structures. (i) The fabrication process and working principle. (ii) Measured resistive changes of LM-infused silicone tubing with different outer
diameters (0.64-1.96 mm), with or without an overhand knot, as a function of applied pressure. (iii) Schematic showing three modes for multiplex
pressure sensing. (iv) In vivo demonstration of the LM-based pressure sensor for gastrointestinal manometry (left). The sensing mode 1 configuration
is adopted to achieve maximum spatial resolution (central). The right panel shows the pressure colour plot from two representative events:
retraction and retention of artificial food bolus, and successive passage of two artificial food boluses in the porcine oesophagus. Reprinted with
permission from [194]. Copyright 2022, The Authors. (¢) LM-based elastic kirigami electrode (LM-eKE). (i) Schematic illustration and electro-
mechanical properties of the LM-eKE (left). The right panel shows the comparison in the maximal stretchability between LM-eKE with different
kirigami designs. (ii) Integration of the strain-insensitive LM-eKE with a pressure sensor in smart gloves to sense gripping, regardless of the bending
state of fingers, due to the strain-insensitivity of LM-eKE. Reprinted with permission from [197]. Copyright 2023, The Authors. (d) Inertial sensor
based on graphene-coated LMs. (i) Schematic showing the inertial sensor consisting of a movable graphene-coated LM droplet and an interdigitated
laser-induced graphene electrode with a straight or circular shape in a stationary or accelerated state. The position of the droplet is determined by
the acceleration rate, which can be precisely measured by the output voltage. (ii) Output of the assembled two-axis inertial sensor when the ac-
celeration is applied along the x- or y-direction. (iii) Using two inertial sensors on human arms to control the robotic arm for grabbing. Reprinted
with permission from [204]. Copyright 2022 American Chemical Society. (For interpretation of the references to colour in this figure legend, the
1;eader is referred to the web version of this article.)

<

with smaller gaps, such as dimer antennas and split-ring resonators, have been employed in SEIRA sensing for field enhancement and
improved sensing performance [169]. However, it has been a challenge to assemble molecules on the SEIRA sensor with small planar
gaps. To address this challenge, a SEIRA sensor with vertical gaps could allow target molecules to be loaded before the formation of
vertical gaps. To be specific, patterned Au nanopatches with a spin-coated nanometric dielectric layer (i.e., the target molecule) on a
glass substrate are placed on the LM droplet as the ground plane in the SEIRA sensor (Fig. 6¢-i) [170]. It should be noted that the good
flowability of LMs leads to the formation of small vertical gaps nanopatch while avoiding short circuits between the Au nanopatch and
the Ga ground plane. In a proof-of-the-concept demonstration, the LM-based SEIRA sensor is able to successfully detect the v1-octa-
decanethiol (ODT) molecule, manifested by the characteristic peak at ~ 2900 em! (Fig. 6¢-ii). However, no obvious characteristic
peaks of ODT are observed with the SEIRA sensor with the Au ground plane, possibly due to either the damaged ODT during the
deposition of the Au ground plane or the direct contact between the Au nanostrip and the Au ground plane. Most importantly, LM can
be completely removed from the top Au electrode after measurements for recycling and reuse due to the low wettability of LMs on the
organic molecule.

The combined high conductivity and stretchability of LMs make them suitable for stretchable RF devices. However, the higher
resistivity of Ga-based LM has a larger skin depth than traditional metals such as Cu, Ag, and Au in the AC/RF domain. Therefore, The
LM-based RF electronics working at 100 MHz need to have a thickness over 26 pm (i.e., the corresponding skin depth) to get rid of the
skin effect [171]. The pioneering work on LM-based stretchable RF devices includes loop and dipole antennas [172-174]. For example,
an LM-based stretchable dipole antenna exhibits a well-maintained radiation efficiency of > 95 % for 50 % stretching [174]. Also, the
resonant frequency is inversely related to the dimension, resulting in decreased resonant frequency upon stretching and tunable ra-
diation properties by mechanical deformations. To achieve the strain-insensitive resonant frequency, additional structural design
needs to be performed to mitigate the mechanically induced detuning effect [175]. In recent work, the LM-based metasurface in a
microfluidic network beneath a high-performance wearable slot antenna helps reduce resonant frequency shift to 3.23 % from 3.40 to
3.51 GHz upon 30 % stretching, maintaining an operational band from 3.3 to 3.6 GHz (Fig. 6d-i) [176]. Compared to previously
reported stretchable dipole [174] or microstrip antennas [177], the resonant frequency of the LM-based antenna in this work shifts to
the opposite direction by a much smaller value upon stretching. Unlike the straight dipole antenna, the slot antenna is less sensitive to
mechanical stretching. The opposite shift of resonant frequency is attributed to the elongation of gaps between unit cells, other than the
slot antenna itself. The resonant frequency also remains almost unchanged when conformally placed on various human parts,
including the chest, arm, stomach, and thigh (Fig. 6d-ii). The LM-based metasurface can also greatly mitigate the degradation arising
from the lossy human tissues for improved radiation performance to achieve a high gain of 5.08 dBi for 30 % stretching (Fig. 6d-iii).

Combining the excellent electromagnetic interference (EMI) shielding and heating transfer properties of metals [178-182] with
mechanical pliability, LMs can be used as coatings for stretchable electromagnetic shielding and thermal interface materials. Without
the need for patterning and integration, it is convenient and straightforward to use LMs directly. Fabricated by infiltration from a
porous sugar template, an LM/polymer composite with an interconnected 3D conductive network [110] exhibits a much better
combination of EMI shielding efficiency (SE) (40-80 dB) and mechanical softness (<0.1 MPa) in a broad frequency range from 2.65 up
to 40 GHz than other nanofiller-based composites, including graphene nanoplates, carbon nanotubes, and TizC2Tx. The conductivity
and EM SE also increase with tensile strain up to 400 %, possibly due to the densification of the 3D network upon stretching. Achieving
high SE at a small thickness is challenging, so new materials and design strategies are needed. Although nanometer-thin MXene films
have shown excellent EMI SE, lack of stretchability restricts their applications [183]. Efforts to address this challenge have led to a
stretchable multi-layered graphene-LM nanocomposite with an ultrathin thickness (33 pm) and extremely high EMI SE (~80 dB)
(Fig. 6e-i) [184]. Graphene and rGO have been reported to exhibit excellent EMI SE [185]. LMPs with an average size of 646 nm
prepared by probe sonication are mixed with graphene oxide (GO) sheets with a lateral size of 10-40 pm to form a stable dispersion.
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After vacuum filtration to obtain a thin GO/LM film, GO is reduced to rGO by thermal annealing at 800 °C for 2 h followed by dip-
coating with a thin PDMS layer to complete the fabrication of slippery rGO-LM (S-rGO-LM) composites. The resulting thin S-rGO-
LM composite exhibits excellent EMI SE (>70 dB) due to multiple reflections of rGO and dipole polarization at heterogeneous rGO/LMs
interfaces (Fig. 6e-ii) even in harsh environments (e.g., at extraordinarily low or high temperatures and in corrosion solutions) and
upon cyclic mechanical deformations. As a result, EM energy is effectively dissipated in the form of thermal energy due to the ohm loss
and polarization relaxation.

LMs and LM-based composites are also excellent passive cooling materials for thermal management, which fall into three different
categories: thermal interface material (TIM), phase change material, and heat transfer fluid [186]. Among them, LM-based TIM is most
extensively studied in flexible/stretchable electronics. The aforementioned LM/polymer EMI composite also has high thermal dissi-
pation efficiency for TIM with in-plane and out-plane thermal conductivities of 4.25 and 4.05 Wm™'K~! under 60 % compression,
which is about 8.3 and 7.9 times greater than that of the undeformed (0.51 Wm K1) [187]. Non-metallic particles (e.g., GO, diamond,
graphite, and silicon carbide) above a critical size and lacking surface roughness can also be incorporated into the fluidic LM to create
highly deformable LM-based functional paste with high heat dissipation. Used as coatings or seals at the interface, the LM-based GO
putty shows a temperature-dependent and reversible morphology from a porous structure to a viscous solid due to the reduction and
oxidation between GO and rGO. Outstanding high thermal conductivity in the perpendicular direction (10.5 + 2.3 Wm™! K1) is
achieved due to the synergic contribution from LMs and rGO. Even higher values (104.5 + 2.7 W m™~ ! K™?) can be realized by replacing
GO with more thermal-conductive diamond particles [95].

5.2. LM-based flexible/stretchable mechanical or motion sensors

Different from electrical interconnects, stretchable strain sensors need large electromechanical responses to accurately measure
strain values. [21][188-191] The electromechanical response of microchannel-based LM stretchable strain sensors arising from
geometric changes upon stretching can be described as [192]: AR/Ry = €% + ¢, giving a gauge factor of 3 under 100 % stretching.
Combining the LM with Ag film as the “brick” and “mortar” in a hybrid strain sensor increases the gauge factor due to the high
sensitivity of Ag film (Fig. 7a-i) [6]. LMs blade-coated on PDMS with Cr/Cu as the adhesive layer in hydrochloric acid solution are first
patterned into separated cells with a pulse laser. An Ag film deposited on the pattern sample with electrical wiring on both sides
promotes crack formations during stretching, whereas the separated LM cells are crack-free, preventing unfavorable continuous LM
pathways (Fig. 7a-ii). The resulting strain sensor exhibits 2 orders of magnitude higher sensitivity over a wide working range of > 85 %
(Fig. 7a-iii), capable of detecting small and large bending deformation at the elbow joint. Other structural designs such as a winded LM
structure wrapped around a high-elastic-modulus rectangular elastomer prism can also boost the sensitivity. Upon stretching, the
localized strain occurs at the contact point between LMs and the prism to dramatically shrink the cross-sectional area, leading to a 400-
time increase in the sensitivity in the proposed 3D LM-strain sensor compared with its 2D counterpart [193].

Exploring novel knotting structures can also amplify the local deformations for high-sensitivity LM-based piezoresistive pressure
sensors [194]. LMs encapsulated in a thin silicone tubing go through cross-sectional narrowing upon pressure to result in increased
electrical resistance according to the ohm law (Fig. 7b-i). Simply tying knots on the LM-infused catheter can further achieve a large
change in electrical resistance upon small pressure. The resulting sensor exhibits a high sensitivity of (2.4 kPa™1), good linearity (R? >
0.985), and low-hysteresis (<0.5 %) over a large pressure range from 0 to 50 kPa (Fig. 7b-ii). With a knotted series combining spatially
distributed pressure-insensitive and sensitive regions, the knotted LM catheter can be implemented in three different modes (according
to the specific application requirements such as the implementation complexity or the capability of spatial and multiplexed mapping)
to effectively map the pressure distribution (Fig. 7b-iii). The LM-infused knotted catheter with the mode-3 configuration (for both
spatial and multiplexed pressure mapping) measures gastrointestinal (GI) motility in multiple anatomic sites of the GI tract of
anaesthetized pigs (Fig. 7b-iv). The LM-infused catheter in an 8-channel ribbon-shaped mamometry device evaluates the oesophageal
pressure during the passage of artificial food bolus attached to the tip of an endoscope and the rectoanal pressure during rectoanal
inhibitory reflex (RAIR). After insertion into the oesophagus via the oral route, the mamometry device captures the food swallow
retention process and the simultaneous pressure events due to the presence of two boluses. Compared with commercial GI manometry
devices, the LM-based one features low-cost, disposable, portable, and simple implementation, which is crucial for less developed
regions or non-hospital settings.

On the other hand, extensive efforts have also been devoted to improving the strain-resilient properties of LM-based electronics
over a large strain range. Most of them rely on the structural engineering of the 2D or 3D LM conductive network to allow for the
reorganization and rebuilding of conductive pathways [16,110,195-197]. In a representative study, a uniform LM coating on a porous
TPU substrate (a water-on-net structure) leverages the rotation and reorganization of TPU fibers and the self-adaptable interface
between the fiber and LM to accommodate the tensile strain. It maintains conductive pathways and a small resistance change of 5 %
upon 100 % elongation [196]. Structural engineering can be applied to LM-based devices on the microscale to improve strain-
insensitivity. Depositing LMs on an Au-coated silicone substrate with a kirigami design allows the LM-based elastic kirigami elec-
trode (LM-eKE) to unfold itself like a spring upon stretching (Fig. 7c-i) [197], leading to improved maximal elongation (820 %) and
enhanced strain resilience (increased electrical resistance by 33 % upon 820 % stretching). Interconnecting a crack-based touch sensor
with the strain-insensitive LM-eKE in a smart glove accurately detects deformations on the fingertip (Fig. 7c-ii), such as the grip of a
tennis ball with different finger positions. Compared to nanocomposite-based stretchable interconnectors, the intrinsic flowability of
LMs features stable electric stability upon mechanical mismatch at the interconnect interface. However, since the strain-resilience
originates from kirigami structures, these strategies may be not suitable for fabricating LM patterns requiring small feature sizes
and high compactness.
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Fig. 8. LM-based smart, electrically reconfigurable flexible/stretchable devices, (a) Electromechanical responsive Field’s metal-filled hybrid
elastomer (FMHE) with tunable conductivity and stiffness. (i) Schematic showing FMHE with a Ni/PDMS ratio of 3:1 (FMHE3) under 15 %
compression at 25 or 80 °C. FMHE3 shows high or low conductivity and stiffness at low or high temperatures (left). (ii) The resistivity-strain curve of
FMHE; at 25 or 80°C and stress—strain curves of FMHE; at different temperatures (left), the resistance-temperature curve of FMHE; during a
heating—cooling cycle under 10 % compression and current/temperature-strain curve of FMHE3; powered by a 3 V source during compression (right).
(iii) Schematic diagram and optical image of the FMHE; compensation unit integrated into a robotic manipulator (top). Torch and current curves of
FMHE; powered by 0 or 5 V voltage (middle). The blue (or red) shaded region corresponds to the normal (or blocked) operation. The softening of
FMHE; triggered by self-heating leads to an improved compensation angle from 7.3 to 16.5. (iv) Schematic showing the FMHEj resettable fuse (left)
and the corresponding current and temperature curves in a normal-overflow working cycle. Under pre-determined compression, FMHE; changes
from a high to low-conductive state due to the heating effect under overflow, acting as a smart current-limiting fuse. Reprinted with permission from
[214]. Copyright 2023, The Authors. (b) LM-based reconfigurable metasurfaces. (i) Schematic of the LM-based metasurface and the corresponding
L-shaped resonator with tunable geometric parameters and symmetry. (ii) Measured spectra of the symmetric L-shaped resonator under normal
incident illumination with the electric field along 45° and 135°. Two orthogonal resonant eigenmodes are excited. bb Reflection (AR = R,y — Ryy)
and phase (A¢ = ¢y — @yy) differences as a function of LM-arm length in symmetric L-shaped antennas with the y-polarized incident EM wave.
Multifunctional polarization conversion can be achieved by changing the arm length. Reprinted with permission from [216]. Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Self-healable LM-based flexible electronics. (i) Schematic showing LM-based flexible elec-
tronics on self-healing hygroscopic randomly hyperbranched polymers (HRHPs). (ii) ECG signals collected by the LM/HRHP-based electrode in the
original, fractured, and self-healed state. (iii) Fabrication of 3D conformal electronics on a hemispherical surface from kirigami assembly by
leveraging the self-healing of LM/HRHP-based electronics. Reprinted with permission from [221]. Copyright 2023, The Authors. (d) An LM-based
artificial muscle (LMAM) by a reversible oxidation and reduction process. (i) Schematic of an LMAM unit reversibly switched between the (reduced)
actuated and (oxidized) contracted states. (ii) The LMAM actuator composes of four units under a load of 1 g in 100 pL 0.2 M NaOH solution, with
the measured displacement and lifting force of the LMAM actuated by a stepwise voltage (4 and —0.5 V at 0.25 Hz). (iii) optical images showing the
swing of the bionic robotic fish (top panel). The bottom panel shows timelapse images of the robotic fish swimming in the NaOH solution and the
corresponding displacement as a function of time. Reprinted with permission from [225]. Copyright 2021 Wiley-VCH GmbH. (For interpretation of
Ehe references to colour in this figure legend, the reader is referred to the web version of this article.)

Besides low sensitivity, LMs-based stretchable mechanical sensors also face challenges in poor dynamic response and hysteresis
effect. Although some studies leverage the transient deformed state of LM [198], more efforts have been devoted to mitigating the
hysteresis effect, including structural or chemical engineering of microfluidic channels [105] and formulating LM-based composites as
the sensing material [199]. The key idea of these strategies is to enhance interactions between the substrate and LM or increase the
viscosity of LMs. For example, shear stress introduced by wavy microchannels could restrain viscoelasticity during the unloading cycle
to result in low hysteresis [21]. Chemical modifications of LMs and microchannel walls to mitigate their interactions can further reduce
the hysteresis in strain sensing [105]. Considering the small temperature coefficient of resistance of metals (~0.5 % °C™!) and tem-
perature variation of human bodies (<4°C), the resulting resistance change of LM-based electronics is much smaller than that from the
deformation. Therefore, temperature change has a negligible influence on mechanical sensing accuracy. When the temperature change
covers the phase transformation threshold, the mechanical sensing performance of LM-based devices exhibits strong temperature
dependence. This is because the state of LMs (i.e., the liquid or solid state) in the polymer matrix greatly affects the deformation
distribution. In another representative work, the phase change of LMs has been leveraged in reconfigurable pressure sensors to obtain
dual modes (i.e., the low and high sensitivity) [200]. However, the switch between the low and high-sensitivity mode is achieved at a
significantly low temperature due to the supercooling effect [201], which is challenging to be triggered by the body temperature
change, especially in a reversible manner.

The high surface tension, good flowability, and conductivity of LMs also open up application opportunities in posture and inertial
motion detection. The most widely used strategy is to explore the connection or disconnection between two electrodes by the free-
moving LM drops under gravity [202]. A representative title sensor uses eight pairs of laser-induced graphene (LIG) electrodes
with circular distribution patterned on a PI thin film and then transferred to a PDMS substrate [203]. After texturing the PI/PDMS
substrate to further reduce its adhesion to LMs, the injection of a Ga droplet with optimized volume into the cavity using a syringe is
followed by sealing with a PDMS cap. The position of LMs inside the cavity caused by tilting triggers the on-off state of LIG electrode
pairs. The smart diaper with an integrated LM-based tilt sensor accurately captures standing and sleeping postures on the back, side,
and stomach of five babies. The same principle is also used in the LMs-based inertial motion sensor for real-time wireless monitoring of
movement patterns and control of a robotic arm [204]. The LM droplet modified with LIG particles improves mobility and avoids
residuals in a PDMS cavity, which rolls to the left (or right) along a LIG electrode with interdigital configurations to increase (or
decrease) the overall resistance (Fig. 7d-i). The movement of the LM droplet over a planar surface is governed by friction between the
LM and the channel surface along with air damping, according to Newton’s second law: ma = md?x/dt?> + bdx/dt, where m is the mass
of the droplet, a is the applied acceleration, x is the displacement, and b is the damping coefficient. The use of a circular channel in the
inertial motion sensor allows quick restoration of the LM droplet for dynamic measurements. In this case, the droplet movement can be
expressed as masin(2ft)cos (%) = m‘fi%‘ + b% + mgsin(¥), where g is the gravity constant, R is the radius of the circular channel, and fis
the stimulating frequency. The assembled two-axis inertial sensor can detect the acceleration along the x or y-direction with negligible
interferences (Fig. 7d-ii). The on-body standalone sensing platform integrated with two inertial motion sensors (one for horizontal and
the other for vertical movements) allows real-time monitoring of physical activities, including walking, jogging, jumping, and laying
down. When attached to human arms, the inertial motion sensor can be utilized to actuate the robotic arm to complete the grabbing
task (Fig. 7d-iii). Different from widely used wearable strain/pressure sensors [205], the inertial momentum sensor can be applied on
locations without severe deformations.
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While it is challenging to achieve high sensitivity over a wide working range [206-208], room-temperature phase transformation of
LMs can provide a simple switch between two different modes (i.e., highly sensitive or wide working range) as reconfigurable devices.
In a representative study, Ga-based LMs can switch from a stiff to soft substrate as the working temperature increases from below to
above its melting point [209]. The localized strain at the interface between the solid LM and soft elastomer leads to high sensitivity as a
result of the cut-through crack formation in the sensing layer. Melting the LM through joule heating results in reduced interfacial
mechanical mismatch and uniformly distributed cracks to provide a wide working range. The same design principle is also applied to
result in a flexible reconfigurable capacitive pressure sensor [200]. The reconfiguration results from the Ga microgranules-based
separation layer between two flexible electrodes. The separation layer features a core-shell structure with Ga droplets encapsulated
by PDMS, which is prepared by a T-junction microfluidic device fed by liquid Ga and PDMS precursors from two inlets, with the feeding
rate controlling the size and core/shell ratio. The rigid/soft switch changes the mechanical stiffness of the separation layer by more
than 611 times. As a result, the pressure sensor can measure both large loads (e.g., human weight, foot pressure, and acupressure) in
the rigid mode and subtle pressures (e.g., the carotid artery pulse and insect movements with a pressure of only 3 Pa) in the soft mode.

The captured body gestures or movements from various LM-based physical (e.g., strain) sensors promise applications in human-
-machine interfaces [204,210-212]. For example, the motion of human fingers captured by highly linear LM-based strain sensors in a
smart glove is wirelessly transmitted to robotic fingers for real-time control [192]. LM-based capacitive sensors also enable non-contact
sensing based on the dielectric constant change induced by the vicinity of objects for manipulation, smart identification, and trajectory
monitoring. Patterning LMs into interdigital electrodes on electrospun PVA film as the capacitive sensor and arranging four sensors
into an “arrow key” configuration results in a wireless car control system to control the movement of a toy car or play video games
[213].

5.3. LM-based smart, electrically reconfigurable flexible/stretchable devices

The room-temperature phase transformation in LMs-based mechanically reconfigurable devices is mainly achieved by external
heating modules [209], which need extra control and lack self-adaptness or smartness for operation. Efforts to address these challenges
exploit the self-heating effect and the interplay between the mechanical and electrical properties of LMs. For instance, combining the
Field’s metal particle (i.e, eutectic tin-bismuth—indium) with spiked Ni microparticles in PDMS as a stretchable hybrid elastomer
(FMHE) (Fig. 8a-i) offers tunable electrical and mechanical properties, as well as the interplay between them (Fig. 8a-ii) [214]. The
spiked Ni particles increase the separation between LMPs to result in higher initial resistance, which decreases dramatically upon
compression (more than 4 orders of magnitude) with the LMP in a solid state at 25 °C in FMHEg3 (Ni/PDMS mass ratio of 3:1). The large
change and high strain sensitivity result from the spike shape that facilitates the formation of conductive pathways under deformation.
Compared with the one without spiked Ni (i.e., FMHE(), FMHEg3 exhibits opposite piezoresistive responses under stretching, which is
attributed to the hybrid conductive pathways induced by spiked Ni microparticles. Melting of LMPs at 80 °C decreases the electrical
resistance of FMHE3 upon both compression and stretching, manifesting a lower electromechanical response. Therefore, FMHE3 shows
a switch from a low (with solid LMPs) to a high (with fluidic LMPs) resistance state during the phase transformation of LMs. Attributed
to the supercooling effect, the resistance curve of FMHE3 does not coincide during a full heating—cooling process under 10 %
compression and the resistance becomes higher than the initial value because of the conserved deformation of LMPs during solidi-
fication, leading to resistance hysteresis. Changing the environment temperature or exploiting the self-heating effect to trigger the
phase transformation of LMs also varies the mechanical stiffness of the composite by ~ 3 times. Under a constant bias, the increasing
applied strain decreases electrical resistance and increases the current and resulting heating power. After reaching the critical strain,
the LMP starts to melt to trigger the phase transition, leading to the recovery of the high resistance to avoid overheating. The critical
strain is inversely related to the applied bias. The self-heating effect can also correlate the reconfigurable electrical with mechanical
properties. As a proof-of-concept demonstration, the FMHE3-based compliance compensation unit can bend to prevent damage to
servomotors from excessive torque by self-heating-induced softening for buffering when a robotic manipulator is blocked (Fig. 8a-iii).
As the constant bias increases from 0 to 5 V, the FMHEj softens at a critical bending angle of 5° to increase the compensation angle from
7.3° to 16.5°. In another scenario, the compression of the FMHE; fits it in a trapezoidal groove with a controllable size and also adjusts
its initial resistance and fusion current in a smart current-liming fuse (Fig. 8a-iv). Different from the traditional fuse for one-time use,
the FMHEj3-based one features unique reusability enabled by reversible and resettable resistance change.

Although the mechanical deformation-induced reconfigurability has spurred the development of the LMs-based stretchable RF
devices [215], they are often associated with a slow response. Possible solutions include the use of LM-based microfluidic devices to
change the dimension of radiation units and LM distribution in microchannels with syringe pumping or electrical actuation, which can
also modulate the other RF properties such as polarization and gain. The acid or alkaline electrolytes fed from different inlets from LMs
remove the oxide residuals on the wall of microchannels during manipulation. The electrical actuation is based on a surface-tension
gradient that generates Marangoni forces to attract LMs toward the anode, whereas straightforward mechanical pumping often needs
bulky equipment and has high power consumption.

Consisting of L-shaped units that have one LM input and two HCI inputs/outputs with two LM/HCI interfaces, the reconfigurable
metasurface exhibits a broadband multifunctional polarization and large angular tolerance of incidence (Fig. 8b-i) [216]. The LM in
the two arms can be changed symmetrically or asymmetrically by separate pumping. The symmetric L-shaped resonator exhibits two
orthogonal resonant eigenmodes when the incident electric field is along or perpendicular to the symmetric axes of the structure
(Fig. 8b-ii). The polarization of the reflected EM wave is determined by the magnitude and phase difference of the two eigenmodes.
With a symmetric resonator, the reflected EM wave has no x-component (AR = — 1) for the arm length within the range of 1.5-2.2 mm,
which means that the polarization converter acts as a perfect reflector. Increasing arm length to 3 mm increases AR from — 1 to 0 with
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Fig. 9. LM-based energy storage devices. (a) Wearable LM-based thermoelectric generator (TEG). (i) Exploded view of the stretchable TEG
mainly composed of printed LM elastomer composite (LMEC) interconnects, LMEC-based thermal interface layers, Bi;Tes thermoelectric semi-
conductors, and thermal insulation layers. The bottom panel shows the printing process of LMEC interconnects and a wearable TEG device on a
stretchable fabric armband. (ii) Open-circuit voltage of the freestanding TEG device and TEG on the armband as a function of the temperature
difference. (iii) Open-circuit voltage of the freestanding TEG under various working conditions such as with a heatsink and/or fan (temperature
difference of 60 °C). Reprinted with permission from [140]. Copyright 2022 Wiley-VCH GmbH. (b) LM-based hydrogel composites used as the anode
of Zn-ion batteries. (i) The image and schematic of the composite made of LMPs, polyacrylamide, and hemicellulose microparticles with double-
covalent hydrogen-bonding networks. (ii) Simulated stress distribution in the anode during Zn?* plating and stripping. The double-bonding
network can effectively dissipate the stress by dynamic breaking and reforming. CV curves of the full cell with the composite or pure Zn foil as
the anode at a scan rate of 10 mV/S. Comparison of galvanostatic charge/discharge profile of the full battery at the first scan with a current density
of 500 mA/g. Long-term stability of the full cell with the composite anode at charging/discharging current density of 500 mA/g. Reprinted with
permission from [137]. Copyright 2023 Wiley-VCH GmbH. (c¢) LM-based soft hermetic seals for stretchable systems. (i) Schematic showing the
exploded view of the LM-based seal integrated into a stretchable lithium-ion battery (LIB) (top) and the good mechanical and hermetic properties
(bottom). (ii) Mass change of LIBs with and without the LM-based seal, with water-based electrolyte used for all LIBs (left). The right panel shows
the room-temperature-cycle life comparison of LIBs with or without the LM-based seal at a current density of 0.6 mA/cm? The pink dot is the
Coulombic efficiency of the LIB with the LM-based seal. (iii) Output voltage (black curve) and discharge capacity (pink dot) of the LIBs with the LM-
based sealing before and after stretching (left), bending (middle), and twisting (right). Reprinted with permission from [233]. Copyright 2023, The
éuthors,(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A fixed as /2, realizing the linear-to-elliptical polarization conversion. A linear-to-circular polarization conversion is achieved for an
arm length ranging from 3.3 to 4.8 mm. A linear, circular, or elliptical reflected EM wave can be realized by simply changing the length
of LM arms. Reconfigurable radiation patterns have been demonstrated in the Fabry-Pérot antenna and dipole antenna by selectively
pumping the LM into microchannels [217]. The integration of LM components in a Thz waveguide allows control of the power flow
such as a reconfigurable directional coupler, as the existence of LMs between the two waveguides changes the electromagnetic
coupling between them [218]. By arranging three reconfigurable directional couplers in series, the input power threshold for a specific
output port to reach error-free performance can be modulated by as large as 6 dB at 0.1 THz, which demonstrates the great potential of
LM-based reconfigurable device in active THz communication modulations.

The interaction of the LM with solid metal in reconfigurable electronics may impede the movement of the LM or cause damage to
metal circuits, so the liquid-liquid contact is preferred in reconfigurable RF electronics. A Laplace barrier can be used at the interface to
facilitate the merge and separation of LMs [219]. A large pressure threshold is needed to pump LMs into the barrier at the narrowed
microchannels for a controllable switch. Once LMs merged, the circuit remains closed even after the pressure release. The off-state of
the switch is achieved by applying a negative pressure to retract LMs and replacing LMs with NaOH in the barrier. Another issue in LM-
based reconfigurable electronics is that the LM recovers to its equilibrium shape to minimize its free surface energy upon removal of
the applied bias voltage, so it is difficult to maintain a nonequilibrium deformation without the bias. Geometric modifications of the
microchannel could provide a metastable locking effect to eliminate the need for a continuous DC bias and the recovery of LMs can also
be achieved by simply applying a reverse bias [220].

The flowability of LMs is also directly related to their self-healing properties, as damaged LM patterns tend to coalesce after
removing the oxide layer with mechanical sintering to recover the electrical conductivity [215,221,222]. The self-healing LMs are
often combined with the specific supporting polymer either acting as a substrate [215,221] or forming a composite with LMs [177,222]
to yield the self-healing electronics. These polymers feature a large quantity of non-covalent interactions, including hydrogen bonds,
metal-ligand coordination, or van der Waals bonds for dynamic breakdown and rebuilding [223]. In a recent representative study, a
hygroscopic randomly hyperbranched polymer (HRHP) synthesized by one-pot Michael addition between N, N'-methylene dia-
crylamide (MBA) and 1,4-butane diamine (BDA) at a molar ratio of 1:1 provides a rapid self-healing substrate (Fig. 8c-i) [221]. The
secondary and tertiary amines generated from BDA serve as branching points and chain-extending units to provide abundant dynamic
hydrogen bonds. LMPs prepared by sonication can be facilely patterned on the HRHP substrate by air-spraying through a paper mask to
serve as electrical interconnects or electrodes. The LM-based electronics can recover its function in 5 min at room temperature after
damage. The ECG signals collected from the self-healed LM-HRHP electrode show no signs of degradation, compared to the pristine
one (Fig. 8c-ii). Combining self-healing with the strong adhesion of HRHP also allows the fabrication of LM-based electronics on 3D
complex surfaces through the piece-by-piece assembly of the constituent parts designed by the 3D modeling and surface expansion
method (Fig. 8c-iii). Self-healing between adjacent parts on a target 3D surface forms conformal LM-based electronics to measure the
temperature and motion of the 3D objects for future Internet-of-Things.

LMs can also be combined with polymers as constituent components to form self-healing conductive hydrogels that can be
patterned with a stencil or inkjet printing [222]. LMs not only improve the conductivity but also provide radicals to initiate the
polymerization in adhesive hydrogels. The dynamic hydrogen bonding in the hydrogel network results in super-stretchability and
autonomous self-healing in an ambient environment. However, the self-healing hydrogel has a lower conductivity, due to the low LM
content and limited conductive pathways.

The reduced surface tension of LMs from the oxidized to reduced state in electrolytes induces a dramatic shape change, promising
their use as artificial muscle for applications in soft robotics, human-machine interface, and prosthetics [74,224]. For instance,
switching the driving voltage from a positive to a negative value triggers the state change for the LM droplet placed between a pair of
copper electrodes, generating substantial actuation forces in the LM artificial muscle (LMAM) (Fig. 8d-i) [225]. The actuated
displacement of the LMAM with four units reaches ~ 1.1 mm under a stepwise driving voltage from —0.5 to 4 V at 0.25 Hz for a load of
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Fig. 10. LM-based adhesive bioelectronics. (a) LM-based electronics using a water-based acrylic pressure-sensitive adhesive. (i) Optical image
(top) and exploded schematic (bottom) of a multilayered LM-based adhesive electronic transfer tattoo on the dorsum of a human hand. (ii) Optical
images of the LM-based tattoo electronics conformally attached to fingers and proximal interphalangeal joints. The thin LM-based tattoo electronics
with strong adhesion allow full embedding into the crease structure for highly sensitive strain mapping. (iii) Optical images and the strain sensing
performance of LM-based electronics on different substrates (i.e., adhesive PSA, Ecoflex, PDMS, and PU) with different thicknesses. The conformal
attachment to the crease structure is the key to achieving the amplification effect. Reprinted with permission from [236]. Copyright 2021, The
Authors. (b) LM-based adhesive electronics fabricated on a chemically modified PDMS substrate. (i) Schematic showing adhesive PDMS with
reduced crosslinking density by adding a small fraction of PEG oligomers into PDMS precursors. (ii) The Young’s moduli, stretchability, and
adhesion strength of the chemically modified PDMS as a function of the additive PEG concentration. (iii) Fabrication process of LM patterns on the
adhesive PDMS substrate. (iv) Application of the LM-based adhesive electronics in long-time biopotential (EMG and ECG) measurements and
electrical therapy for wound healing. Reprinted with permission from [238]. Copyright 2022 Wiley-VCH GmbH. (c) In situ deposition of skin-
adhesive LM-based epidermal electronics. (i) Schematic showing the chemical structure of skin-adhesive liquid metal particles (ALMPs). The
oxide layer forms hydrogen bonds with the hydroxyls on the polyvinyl alcohol (PVA) to achieve strong adhesion to tissues. (ii) Patterning process of
the PVA-modified LMP on human skins. (iii) Optical images of LMP and ALMP patterns before and after a rubbing, washing, and drying cycle.
lzeprinted with permission from [245]. Copyright 2022 American Chemical Society.

1 g, with a maximum pushing and pulling force of 43 and 16 mF in one driving cycle (Fig. 8d-ii). Of note, the actuated force and
displacement can be improved by increasing the number of LM droplets with parallel and series connections. The fast response of
LMAM (~0.14 s) enables optical modulation in a reconfigurable optical reflector, with different patterns formed by the reflected light
for display. Moreover, an untethered biomimetic fish with an LMAM-based single-caudal fin and embedded driving system (i.e., a Li-
ion battery and a control PCB) can be actuated by LMAM on both sides to swing the caudal fin to 20° (in 0.2 M NaOH) when actuated by
at 2 Hz (7.4 V) (Fig. 8d-iii). After adjusting the position and weight of the fin and hollow chamber to achieve the balanced posture, the
fish can swim at an average speed of 15 mm s}, which is much faster than the speed of 0.12 mm s ! in the fish without the caudal fin
(driven by bubbles generated by electrolysis).

5.4. LM-based energy storage devices

Energy storage devices with mechanical foldability and pliability can improve energy density and operate upon extreme defor-
mation [226-229]. LMs or LM-based composites are often used as stretchable electrodes in supercapacitors [230], thermoelectric
generators [231], and biofuel cells [232], which exhibit stable performance under various deformations and power external sensing
nodes in standalone stretchable platforms.

By converting body heat to electricity, stretchability thermoelectric generators (TEGs) can power wearable sensing nodes with
improved levels of comfort and reduced thermal barriers between TEG and human skin to effectively harvest body heat and maintain
high efficiency, especially under deformations. In the stretchable TEG, the highly conductive LM elastomer composite (LMEC) can
serve as both the electrical interconnects (30 % LMPs with a size of 150 pm in PDMS) and TIMs (50 % LMPs of 3.5 pm in diluted PDMS)
(Fig. 9a-i) [140]. Except for the TE bismuth telluride (BizTes), all other components such as the LMEC interconnect, (top/bottom) TIM
layer, and (middle) thermal insulation layer can be fabricated on diverse substrates (e.g., stretchable fabric armband) by highly
efficient inkjet printing. The output open-circuit voltage increases linearly with the temperature difference (Fig. 9a-ii), but it is reduced
by 70 % after using the fabric substrate due to the thermal barrier effect. Therefore, it is highly desirable to explore the substrate with
high thermal conductivity on the hot side and a heatsink or fan to dissipate heat on the cold side (i.e., the face exposed to air).

When used in stretchable batteries, LMs may get involved in the complex chemical reaction to cause stability issues. The first LM-
based rechargeable, stretchable battery introduced in 2019 is composed of an LM anode, a carbon paste cathode coated with MnO,
slurry, a KOH/PAAm anodic hydrogel electrolyte, a LiOH/KOH/PAAm cathodic hydrogel electrolyte, and a soft elastomeric package
[179]. Using EGaln LMs as the anode material can address the issues of rigidity and dendrite formation, whereas hydrogel electrolytes
avoid potential short circuits from the free flow of LMs. Applying the carbon paste and MnO, slurry on a pre-stretched substrate
followed by releasing a wavy cathode. CaCl, additives used at the EGaln anode/hydrogel interface reduce polarization and side re-
actions. The rechargeable EGaln/MnO, battery operates through the gallium stripping/plating and a reversible MnO5 chemical
conversion, which can operate for 100 (or 60) cycles at 0.4 (or 1) mA cm 2 and continuously power on-body electronics (e.g., LED and
strain gauges) under 150 % stretching.

Efforts to address the potential short-circuit issue have led to the use of an LMP/polyacrylamide-hemicellulose hydrogel as the
anode of printable flexible batteries [137]. The unpaired electrons of Ga serve as the radical to react with the acrylamide monomer
n-bonds and initiate the acrylamide polymerization (Fig. 9b-i). To obtain shear-thinning behavior for printing, carbon black additives
are explored to reduce viscosity from 5789.9 to 5.2 Pa s and increase the shear stress from 76.2 to 2446.7 Pa. The conductivity of the
printed composite decreases dramatically from infinity to 41.0 pQ square . Hemicellulose microparticles uniformly distributed in the
composite through hydrogen bonding also avoid nonuniform polymerization caused by the sink of LMPs. The printed anode shows
reversible Zn?* plating/stripping, which can be attributed to the effective energy dissipation from the dynamic double-bonding
network (Fig. 9b-ii). The composite also exhibits a long lifetime of over 700 h (up to 1500 cycles), outperforming that of the pris-
tine Zn anode. EIS measurements indicate that the charge transfer resistance of the symmetric cell with deposited Zn (173 Q) is much
smaller than that with pure Zn (539 Q) after 100 cycles. A full cell consisting of the composite anode and a commonly used MnO,
cathode in an electrolyte containing ZnSO4 (2 M) and MnSO, (0.1 M) also exhibits reversible Zn?* plating/stripping, confirmed by the
reduction and oxidation peaks at 1.15 and 1.65 V. It maintains a high capacity in the range of 238.5-118.8 mAh g~ ! as the charging
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Fig. 11. Highly permeable LM-based electronics. (a) LM/fibrous poly(styrene-block-butadiene-block-styrene) (SBS)-based breathable elec-
tronics. (i) The fabrication process of the breathable LM/SBS-based electronics: electrospinning of SBS fiber, LM coating, and activation of
permeability by pre-stretching. The bottom panel illustrates the structure of the LM/SBS mat from the top and cross-sectional views during
stretching. The mesh-like hole and vertical wrinkle form after the pre-stretch cycles due to the destruction and reconstruction of the oxide layer. (ii)
SEM images of the SBS substrate and the LM/SBS mat before and after activation. The right panel shows the superb air and moisture permeability of
the LM/SBS mat, compared with the nylon clothes, medical patch, PDMS, and Ecoflex film. (iii) Optical images showing the skin irritation results for
different materials (1: SBS mat; 2: LM/SBS mat; 3: non-permeable LM-SBS mat). Reprinted with permission from [195]. Copyright 2021, The
Authors. (b) Highly permeable and strain-resilient LM-lyophilic Ag-SBS (LM-LAg-SBS)-based electronics. (i) Preparation of the LM-LAg-SBS mat:
electrospinning of SBS fibers, in situ growth of the Ag seed layer, LM coating, and pre-stretch activation. (ii) Optical images of the LAg-SBS mat
before and after LM coating (left). The right panel shows the mechanism of the gas permeability of the LM-LAg-SBS mat in the free or stretched state.
(iii) Measured air resistance and moisture permeability of the LM-LAg-SBS mat and other commonly used materials (i.e., cotton, silk, polyester, and
nylon). Encapsulation of the LM-LAg-SBS mat significantly reduces its air permeability. Reprinted with permission from [247]. Copyright 2021
Wiley-VCH GmbH. (¢) LM-PU-based porous composites. (i) Schematic showing the phase separation-based synthesis of porous soft LM-based
composites. The porous structures are formed due to the phase separation of THF and 1-butanol with different boiling points. (ii) Schematic
showing the mechanism of the high leakage resistance of the porous soft LM-base composites due to damping effects of the porous structure against
mechanical deformation. (iii) Water vapor transmission rates (WVTRs) of an open bottle, porous EGaln composite, nonporous EGaln composite, and
s‘kin. Reprinted with permission from [249]. Copyright 2023, The Authors.

rate increases from 1 to 10C, compared to the full cell with pure Zn anode (~125.0-50.0 mAh g~ 1). The high stability of the composite
and the resulting battery is first attributed to the porosity and self-healing of hydrogels for stress dissipation and limited dendrite
growth during charge/discharge cycles. Also, the corrosion resistance of LMP to the ZnSO,4 aqueous electrolyte could improve the
stability and enhance the Zn ion transfer.

Used as stretchable hermetic seals in stretchable batteries, LMs stabilize the performance of lithium-ion batteries (LIBs) with an
inner cell and outer seal against various deformations over long-term measurements (Fig. 9c-i) [233]. The fabrication of the battery
cell starts with coating cathode and anode materials on stainless steel meshes, followed by wrapping with a hydrophilic porous
polytetrafluoroethylene (PTFE) separator. After placing the two electrodes on a PDMS substrate and capping them with another PDMS
sheet, a water-based electrolyte is injected into the cavity to complete the fabrication. The large-area stretchable seal is fabricated by
vacuum-filling LMs into a PDMS chamber supported by glass beads that help avoid the collapse of PDMS sheets without loss of
stretchability. The LIB with the LM-based seal does not show obvious mass change during a one-day measurement before and after 20
% stretching, whereas the one without the seal has a mass loss of > 20 mg (Fig. 9c-ii). The LIB with the LM seal exhibits reversible
capacity retention of 90 % (or 72.5 %) after 140 (or 500) cycles, but the one without decays to almost zero after 160 cycles. Moreover,
the LM-sealed LIB exhibits stable output voltage and capacity under various deformations (e.g., stretching, bending, and twisting)
(Fig. 9c-iii). The LM-based seal is also compatible with other types of batteries, such as the one with LM/hydrogel anodes or hydrogel
electrolytes, to mitigate water evaporation and improve long-term stability and lifetime.

5.5. LM-based skin-electronics

5.5.1. LM-based adhesive bioelectronics

Skin-interfaced stretchable electronics need to have strong adhesion [234] and high gas-permeability [51] for the improved level of
comfort and long-term high-fidelity physiological monitoring. The LM and widely used polymers (e.g., silicone elastomer, TPU, and
SEBS) in LM-based electronics have poor adhesion and gas permeability. Although reducing the thickness can help both aspects, its
efficacy is very limited, so adhesive polymers have been explored [235].

It is straightforward to coat another adhesive layer on the as-fabricated LM electronics for application on the skin, similar to
commercial transfer tattoos (Fig. 10a-i) [236]. After fabricating multifunctional LM electronics layer by layer with interlayered
connections on a silicone film (as the release layer), spin-coating a water-based acrylic pressure-sensitive adhesive (PSA), followed by
the removal of the release layer with low adhesion, allows strong attachment to the skin. Due to the small thickness and strong
adhesion, the integrated strain sensor on the skin creases can accurately detect local joint movements (Fig. 10a-ii) with higher
sensitivity than others with additional glue or magic tape (Fig. 10a-iii).

The widely used biocompatible PDMS in LM-based stretchable electronics has limited adhesive strength [237], but the adhesion
can be greatly improved by reducing its crosslinking density [238,239]. Because the vinyl group reacts with the hydrosiloxane with the
catalysis of Pt to form a highly cross-linked network in the curing process, the small addition of oligomers such as PEIE [239] and PEG
[238] dramatically decreases the crosslinking density of PDMS due to the inhibited Pt catalyst by surrounding oligomers (Fig. 10b-i)
[238]. For instance, the PDMS with 4.7 wt% PEG oligomers (molecular weight: 400) exhibits strong adhesion (1 N/m) to skins even
under wet conditions, along with a reduced Young’s modulus and improved stretchability (Fig. 10b-ii). LMs patterned on a donor
substrate by stencil printing can be transferred printed to the as-fabricated adhesive PDMS for directly applying to the skin without
inducing irritation (Fig. 10b-iii), allowing for continuous and stable monitoring of joint motion and electrophysiological signals, as
well as electrical stimulation therapy for wound healing. In another work, the use of the pressure-sensitive adhesion (PSA) prepared
from acrylate monomers results in transfer printed LM electronics from a release film with a surface-enriched structure composed of
LMs and acrylate polymer adhesives, followed by biaxial stretching for activation [240]. Commercial off-the-shelf chips can be easily
welded with transferred LM patterns to form multifunctional devices by simple pressing. The elimination of the use of heating and
solvents during welding is crucial for bio-interfaced electronics.
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Instead of directly fabricating LM electronics on adhesive substrates [241], a conductive LMP composite with self-healing and
reversible wet adhesion can be created by delicately formulating the polymer matrix [242]. Introducing thioctic monomers (e.g.,
thioctic acid (TA), 5-(1,2-dithiolan-3-yl)-N-dodecylpentanamide (TA-C12) and N-(3,4-dihydroxyphenethyl)-5-(1,2-dithiolan-3-yl)
pentanamide (TA-DPA) leads to covalent crosslinking with 1,3-diisopropenylbenzene (DIB). The biological catechol groups form
physical crosslinking with multivalent ions (i.e., AI3*), which are responsible for wet adhesion and self-healing. The mechanical
properties of the as-prepared composites such as the LMP/hydrogel composite can be tuned by the covalent and physical crosslinking
density. The presence of disulfide bonds, catechol groups, and carboxyl groups provides effective binding to LMPs for uniform
dispersion. With the LMPs over 40 vol%, the resulting LM composite elastomer exhibits high electric conductivity (1.3 x 104 Sm ™)
and strong wet adhesion (670 kPa) for excellent and durable electromyography sensing even under large lifting forces (~15 N) The
design principle is also applied to the formulation of the LM adhesive based on PVA [243], PAM [244], and PSA [240].

Different from the above thick LMP composite, a low-viscosity PVA/ LMP ink can be in situ air-sprayed through a flexible conformal
mask to form thin LM-based electronics on the skin [245]. The hydroxyl group of PVA forms hydrogen bonds with the oxide layer of LM
to improve the dispersion uniformity (Fig. 10c-i) and skin adhesion (Fig. 10c-ii). The crosslinked PVA enhances interactions between
LMPs, which is important for mechanical sintering. The strong bonding between PVA and the keratin of the epidermis allows intact
contact with the skin even after rubbing (Fig. 10c-iii), which ensures high-fidelity monitoring of electrophysiological signals with high
SNRs (15 and 23 for ECG and EMG) even under deformations.

5.5.2. Highly permeable LM-based electronics

LM-based stretchable electronics with high gas permeability often leverage breathable substrates such as fibrous substrates
fabricated by electrospinning [246]. Electrospinning is an electrohydrodynamic process, during which the polymer precursor is
electrified to form a Taylor cone by the high voltage between a metal syringe tip and collector, followed by the generation of a
stretched and thinned jet. After the evaporation of solvents, fine breathable fiberous substrates are collected by a metal plate or rotator.
For instance, fibrous poly(styrene-block-butadiene-block-styrene) (SBS) prepared by electrospinning as substrates for stencil printing
of LMs yields breathable LM-based electronics (Fig. 11a-i) [195]. As revealed in SEM images (Fig. 11a-ii), uniform LM coatings
transform into a mesh structure after mechanical activation, resulting in air and moisture permeability (79.5 mm s ' and 724 g m~2
day) that is even higher than the nylon cloth (11.8 mm s! and 621 g m~2day). Besides excellent gas permeability, the LM/SBS with
mesh structure also exhibits strain-resilient electromechanical property (i.e., resistance increase of 18 % under 1000 % stretching),
with oxide wrinkles on the newly exposed LMs to help release the local strain. Different from the non-breathable counterpart, the
breathable LM/SBS mat does not cause skin rashes even after one week of continuous wearing (Fig. 11a-iii).

The conductivity and strain-resilient electromechanical property of the gas-permeable LM/SBS can be further improved by
introducing a lyophilic Ag layer on the fibrous SBS mat to generate uniform LM patterns (LM-LAg-SBS) (Fig. 11b-i /ii) [247]. Ag
coating achieved by the in situ chemical reduction of CFsCOOAg with NoH4 H20 allows uniform coating of LM to provide the LM-LAg-
SBS mat with lower air resistance and higher moisture permeability (1300 g m~2day) than the above-mentioned one without the Ag
seed layer (724 g m~2day) (Fig. 11b-iii). Besides improved gas permeability, the LM-LAg-SBS exhibits an ultrahigh conductivity of
155,900 S cm ! and a marginal resistance change by only 2.5 folds upon 2500 % stretching, which can be attributed to the formation of
conductive pathways along the thickness direction. The breathable LM-based electronics with fibrous TPU substrate are also reported
for on-skin ECG recording and temperature management by leveraging their strain-resilient electromechanical properties. [196].

Phase separation is a simple, inexpensive, and scalable approach to fabricate gas-permeable elastomers or polymers with highly
ordered porous structures [205,248]. In a typical process, the polymer dissolved in a volatile solvent is mixed with another miscible
non-solvent. During the quick evaporation of the solvent, the non-solvent separates and forms nano/microscale drops with no solute
polymers, which creates uniformly distributed porous structures in the polymer matrix after complete evaporation of the non-solvent.
Based on the phase separation, LM-embedded, porous soft conductors are prepared for multifunctional on-skin electronics [249]. The
fabrication of porous LM composites starts with mixing LMPs with PU dissolved in THF and 1-butanol (Fig. 11c-i). By leveraging their
different boiling points, the phase separation between THF and 1-butanol leads to the formation of porous structures, with LMPs self-
assembled on the pore surface due to the Pickering effect. The LMPs merge to form conductive pathways after mechanical sintering
with a stainless-steel roller. The porous LM/PU composite shows outstanding moisture permeability (~5000 gm2d 1) due to the large
pore size (Fig. 11c-ii). Meanwhile, the uniform pores also serve as a buffer to avoid LM leakage under severe deformations (Fig. 11c-
iii). Although laser cutting can be employed to pattern the porous LM composite for functional electronics [250], it does not apply to

Fig. 12. Highly permeable LM-based electronics (a) High-resolution LM patterning involves the issues of yield strength, mechanical sintering,
and interacting with supporting substrates of LMPs in submicron scale. (b) Schematic showing All-LM-based stretchable electronics with spatially
dependent electromechanical properties (i.e., strain-insensitive and strain-sensitive). (¢) LM-based integrated stretchable electronics with surface
mountable devices (SMDs).
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small or complex LM patterns due to the limited resolution of laser patterning of elastomer-based composites, which may limit its
potential applications.

6. Conclusions and future perspectives

This review summarizes the intrinsic physical/chemical properties and unique applications of Ga-based LMs in biosensors,
reconfigurable devices, energy storage devices, and highly integrated standalone stretchable electronic systems. The oxide layer with
high surface tension affects the wettability of LMs and also poses a challenge for precise patterning. Various surface modifications with
conjugated surfactants and polymers have been attempted to tailor the reactivity, patternability, adhesion, and even optical absorption
of LMs for biomedicine applications. The room-temperature phase transformation and good flowability from the liquid side combined
with superior thermal and electrical conductivity from the metal side provide LMs-based stretchable electronics with unprecedented
and unique mechanical, electromagnetic, electrical, thermal, and optical properties. The strain-resilient electromechanical property of
LMs ensures stable connections even under severe deformations, while structural engineering and phase transformation with tunable
mechanical properties can also boost its electromechanical response for strain sensing. The exploration of porous and adhesive sub-
strates greatly extends the application of LM-based electronics for long-term skin-interfaced use.

6.1. Mechanical, physical, and chemical properties of submicron-sized LMPs for high-resolution LM patterning

Precise patterning techniques of LMs on stretchable substrates range from the conventional microchannel and direct printing
methods (i.e., inkjet, stencil, or screen printing) to transfer printing and the use of a pre-patterned metal seed layer (from photoli-
thography or EBL) with increasing spatial resolution. Till now, the high-resolution patterning of LMs based on metal seed layer relies
on sophisticated etching processes and is only applicable to specific stretchable elastomeric substrates. Patterning with high spatial
resolution on the submicron scale relies on deep insights into the physical-chemical and mechanical properties of LMs and LMPs, as
well as their interactions with supporting elastomeric substrates (Fig. 12a). Meanwhile, it is necessary to explore the mechanical
properties of submicron-sized LMPs and their interactions with various elastomeric substrates, especially those with strong adhesion
and high porosity, to afford high-resolution LM patterning.

6.2. All-LM stretchable electronics with spatial-tunable electromechanical properties

Although the electromechanical properties of LMs have been pushed to strain-insensitive and strain-resilient, stretchable electronic
devices often require the combination of both units in the same system (Fig. 12b). However, stretchable systems with hetero-
integrations of both units are prone to electrical failures due to interfacial mismatch, so it is desirable to exploit the homo-
integration of LM composites with different electromechanical properties for all-LM stretchable systems. In the all-AuNW stretch-
able sensor, the low strain-responsive region contributes to a stable electrical connection to external data acquisition units, whereas the
high strain-responsive region is responsible for mechanical sensing at the target location [251]. As for LMs, their electrical and
electromechanical properties are often predetermined by the fabrication process (often incompatible with one another). Therefore, it is
vital to develop a general fabrication approach for manufacturing LMs with controllable electromechanical properties for all-LM
electronics. In a recent work, inkjet printing of LMP/silicone elastomer composites allows on-demand programming of their elec-
trical and electromechanical properties by changing the printing speed [252]. It is found that the LMP evolves from a spherical to a
needle-like microstructure with increasing printing speed, allowing for the transition from an insulator to an electrical conductor
throughout a printed part. However, the spatial resolution of inkjet printing in this work is only ~ 1 mm. It is worthwhile investigating
the mechanical properties of LMPs with smaller sizes and their interactions with polymer precursors in the composite ink to explore
high-resolution printing.

6.3. Standalone LM-based device systems integrated with commercial chips

Despite the significant development in the preparation and processing techniques of LMs, the interconnects between LMs and
commercial chips (for extended multifunctionality) remain the bottleneck for LM-based electronics. Different from soldering chips
with high precision in conventional PCB or FPCB, integration in LM-based electronics is mainly based on physical contact (Fig. 12c).
Therefore, additional encapsulations at connection points are needed to avoid failure from mechanical deformations. At the same time,
the fluidity of LMs severely restricts the integration density of all-LM stretchable electronics. To circumvent these issues, LM-based
paste is introduced to solder commercial chips with LM patterns. For example, an in situ welding strategy exploits a sticky conduc-
tive composite consisting of LMPs and pressure-sensitive adhesive [240]. An LM-based isotropic conductor activated by an external
magnetic field [253] also allows simple integration with commercial chips. In another recent study, self-soldering and encapsulations
are achieved in one step by leveraging the polymer-gel transition of styrene-isoprene block copolymers (SIS) in the LM-based com-
posite ink and substrate [254]. Upon exposure to the solvent (i.e., toluene) vapor, SIS changes from the polymer to gel state and then
cures at room temperature after commercial chips sink to connect with LM patterns to encapsulate and protect the interface. However,
this strategy is only applicable to specific polymers that are compatible with LMs and exhibit polymer-gel transition induced by solvent
evaporation. Moreover, the high-precision patterning techniques of LMs such as photolithography and EBL are not compatible with the
soldering process in terms of the material system. Therefore, innovations in the preparation and integration of LM composites are still
needed to address this challenge.
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