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Abstract

Wearable biosensors have demonstrated enormous potential in revolutionizing healthcare by providing real-time
fitness tracking, enabling remote patient monitoring, and facilitating early detection of health issues. To better
sense vital life signals, researchers are increasingly favoring wearable biosensors with flexible properties that can
be seamlessly integrated with human tissues, achieved through the utilization of soft materials. Gallium (Ga)-
based liquid metals (LMs) possess desirable properties, such as fluidity, high conductivity, and negligible toxicity,
which make them inherently soft and well-suited for the fabrication of flexible and wearable biosensors. In this
article, we present a comprehensive overview of the recent advancements in the nascent realm of flexible and
wearable biosensors employing LMs as key components. This paper provides a detailed exposition of the unique
characteristics of Ga-based LM materials, which set them apart from traditional materials. Moreover, the state-of-
the-art applications of Ga-based LMs in flexible and wearable biosensors that expounded from six aspects are
reviewed, including wearable interconnects, pressure sensors, strain sensors, temperature sensors, and
implantable bioelectrodes. Furthermore, perspectives on the key challenges and future developing directions of
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LM-enabled wearable and flexible biosensors are also discussed.

Keywords: Liquid metal, flexible electronics, biosensors, wearable electronics

INTRODUCTION

Wearable biosensors are directly worn inside or outside the body in the form of watches, bracelets, glasses,
and clothing to acquire real-time and useful information related to heart rate"”, blood oxygen*?,
exercise!”™, and other physiological signals*'". The key consideration for wearable biosensors is the comfort
of individuals who wear the devices during routine activities without restricting sensing precision?.
Conventionally, wearable biosensors have been fabricated from rigid materials, limiting their comfort
during use and compromising safety for implantation. Thus, the development of biosensors with flexible
and stretchable properties is crucial to allow for conformal integration onto human skin and tissue,
facilitating optimal signal acquisition and transmission.

In recent years, gallium (Ga)-based liquid metals (LMs) have transcended their role in many fields, finding
diverse applications across multiple disciplines. From soft robotics and advanced electronics to additive
manufacturing and biomedicine, their exceptional properties have fostered innovation and paved the way
for transformative breakthroughs in various fields"**. Especially in the field of flexible and wearable
electronics, attributed to their unique mechanical/chemical properties, Ga-based LMs have attracted much
attention. These properties include (1) LMs are in a liquid state with good fluidity at room temperature,
resulting in negligible Young’s modulus that can avoid the mechanical interface mismatch between the
device and human tissue**”; (2) they are metallic materials with high electrical/thermal conductivity, which
are essential for conducting electricity and heat transfer of wearable biosensors™'”; and (3) the low toxicity
of LMs satisfies the bio-friendly requirements of wearable electronics®*". In addition, pattering
technologies depending on the native physical properties of LMs, such as channel injection”**”, direct

writing”**, and spray-printing"*”

methods, have greatly enabled the fabrication of LM-based wearable and
flexible sensors. Various wearable biosensors that are mountable on human tissue have been developed
using LMs. These biosensors have expanded the scope of wearable electronics and can be utilized in

numerous areas, such as human-machine interface, motion detection, and health monitoring.

This review aims to summarize the basic physical properties of LM-based materials and provides an in-
depth introduction to the designs/applications of flexible/stretchable interconnects, pressure sensors, strain
sensors, and implantable electrodes based on LMs [Figure 1]. This review begins with providing a detailed
description of the physical properties and electrically conductive mechanisms of LMs-based materials,
including raw LMs, LM nanoparticles (LMNPs) inks, and LM-polymer composites. The second section
summarizes recent advancements in LM-based biosensing devices, including interconnections, pressure
sensors, strain sensors, and implantable bioelectrodes. These advancements include nano-scale LM circuits
for improved bioelectronic integration, enhanced sensitivity of LM pressure sensors for monitoring
gastrointestinal pressure, fiber-featured strain sensors for breathing monitoring, and implantable
bioelectrodes capable of sensing electroencephalogram (EEG)/electrocardio (ECG) signals. These recently
developed LM-based biosensors offer exciting opportunities for in vivo/vitro monitoring of heart rate,
breath rate, body movement, and EEG/ECG signals. At last, the final section discusses the challenges and
future research perspectives of LM-based biosensors.

GA-BASED LMS, LMNP INKS, AND LM-ELASTOMER COMPOSITES
Raw LMs
Ga and Ga-based alloys are the most popular used LMs for flexible electronics when compared to liquid-
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state metals, such as mercury (Hg), rubidium (Rb), cesium (Cs), and francium (Fr). This is due to their
unique physical properties, such as relatively stable chemical properties in air and water, low melting
point"?, high electrical/thermal conductivities”**”), low viscosity”***, and low toxicity"™. Pure Ga alloys with
a melting point of 29.8 °C are solid-state at room temperature. The addition of In and Sn alloys through
alloying can reduce the melting point (e.g., the melting point of Galinstan with 20.5 wt.% In and 12.5 wt.%
Sn is 11 °C). One important characteristic of Ga-based LMs is their low crystallization temperature, which is
significantly lower than their melting point. This phenomenon is known as the supercooling effect”"**. The
supercooling effect enables Ga-based LMs to remain in a liquid state at temperatures far below their melting
point, thereby expanding the working temperature range for LM-based flexible and wearable electronics.
This feature is critical for ensuring the working stability of these devices. In addition, viscosity is one of the
essential parameters for patterning bulk LM into specific 2D/3D structures. The viscosity of Ga-based LMs
is comparably low, approximately twice that of water™. The viscosity of LMs can be adjusted through the
alloying process. For instance, the viscosity of eutectic Ga-In (EGaln) is 1.99 x 10° kg/m/s, which is lower
than pure liquid Ga (2.04 x 10” kg/m/s).

Toxicity: Unlike mercury, Ga-based LMs can remain stable at room temperature, attributed to their
negligible vapor pressure and solubility in water"”. Although the toxicity of LMs remains controversial,
more recent reports suggest that LMs are relatively safe for biological applications. Chitambar and
White et al. have summarized the medical applications, toxicities, and health impacts of Ga and its
compounds™*. Ga-based LMs are relatively safe to be applied to medical treatment. For example, LM-
printed electronics applied to the skin for tumor-treating field therapy exhibit no obvious side effects™.
EGaln/calcium alginate hydrogel can be used as a candidate for endovascular embolization and tumor
embolotherapy with low toxicity"”. Furthermore, Ga-based LM electrodes showed no adverse effects on the
growth of neurons within the culture platform and were able to effectively simulate target neurons™. The
mechanism of the low toxicity of LMs remains elusive, and it might relate to the following factors. On the
one hand, Ga-based LMs can be degraded in body fluid, and the metabolites of LMs can be excreted to the
outside of the body in the manner of both fecal and renal excretions”. On the other hand, for wearable
flexible electronics, LMs are ordinarily encapsulated within biocompatible elastomers. Indirect contact
between LMs and tissue further ensures the safety of biological applications. However, studies about the
toxicity of LMs are unsystematic, and more rigorous research should be applied to understand the influence
of LMs on human health. Nevertheless, it is essential to continue studying the toxicity of Ga-based LMs and

to exercise caution during their fabrication and application processes">*".

Oxidation and Wettability: Similar to other metals such as aluminum, magnesium, and copper alloys, a
self-limiting growth Ga,O, oxide layer immediately forms on the surface of LMs when the oxygen
concentration is higher than the ppm level“’. The thickness of the oxide layer is associated with the oxygen
concentration (~0.7 nm under vacuum conditions and much thicker at ambient conditions)"**!. It is elastic
and stable under critical yield surface stress (~0.5-0.6 N/m). Only when the stress is above the yield strength,
the oxide layer will rupture and the fresh LM flows out*’. Attributed to the oxide layer, the wettability and
surface tension of LM droplets are significantly altered. Furthermore, oxidizing LMs is an important
method to control the wettability for patterning circuits on different substrates* ..

LMNP ink

Although Ga-based LMs possess tremendous advantages for the fabrication of flexible and wearable
biosensors, the ability to fabricate biosensors using high-efficiency preparation methods remains
constrained by their high surface tension"**”. Besides, directly using raw LMs as the patterning material

[48]

leads to high resource consumption, which will increase the costs and limit their market competitiveness'**..
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Figure 1. Schematic illustration depicting the LM-based materials for the preparation of flexible and wearable biosensors. LM: Liquid
metal; LMNPs: LM nanoparticles.

To solve this problem, LMNP inks were developed as the pattering materials through sonicating bulk LMs
in organic solvents, as shown in Figure 2A and B. Acoustic cavitation generated by the probe induces the
transformation of bulk LMs into LMNPs, while polymers containing anchoring groups, such as thiols,
trithiocarbonate, phosphate, and silane, serve to colloidally stabilize the LMNPs*>***|. The particle size
distribution of LMNP inks is associated with output power, sonication time, and solution temperature*’.
Figure 2C shows electron microscopy images and element mappings of LMNPs, demonstrating the core-
shell structure with ~3 nm thick organic matter layers and amorphous Ga oxide layers. However, the
existence of an oxide layer and cracks induced by the internal stress produced by unsymmetrical capillary
forces make the circuit prepared by LMNP inks nonconductive [Figure 2D]*. In order to form a
conductive pathway, sintering processes, such as mechanical sintering"**, laser sintering”™*, and
evaporation sintering"”, should be used to break oxide shells of LMNPs for connecting fresh LM core. Li
et al. proposed a method that differs from traditional methods, such as mechanical sintering and laser
sintering, which are limited to rigid and heat-resistant substrates [Figure 2E]"”. Instead, this method utilizes
cellulose biological nanofibrils (CNFs) to achieve evaporative sintering of LMNP inks under ambient
conditions. During the evaporation-induced sintering process, carbon nanofibrils (NFs) produce a local
pressure that is large enough to rupture the oxide shell of LMNPs. As shown in Figure 2F, the pattern after
evaporation sintering under the ambient condition presents different optical refractive indices between the
front and back of the pattern. Moreover, LMNP inks allow for inkjet printing to fabricate ultra-high-
precision circuits. However, the grafting layer and the oxide reduce the electrical conductivity of sintered
circuits.

LM-elastomer composites

LM particles can be used as an ideal alternative to rigid fillers for making conductive composites. LM-
elastomer composites combine the electrical, mechanical, and thermal properties of the filler and the
elastomeric matrix*!. The composite is usually prepared by shear mixing the precursor elastomer and LM,
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Figure 2. The fabrication method and microstructure characterization of LMNP inks. (A) Synthesize LMNPs by a probe sonication
method. Reproduced with permission™®. Copyright 2016, John Wiley and Sons; (B) Photo and particle size distribution of LMNP inks.
Reproduced with permission™®’.Copyright 2016, John Wiley and Sons; (C) High Resolution Transmission Electron Microscope
(HRTEM) and scanning transmission electron microscopy (STEM) images, along with elements mapping of LMNPs. Reproduced with
permission®’. Copyright 2016, John Wiley and Sons; (D) Scanning electron microscope (SEM) image of the circuit patterned using
LMNP inks™. Scale bar is 20 m. Reproduced with permission. Copyright 2015, John Wiley and Sons; (E) Schematic illustration of EGaln
droplets encapsulated in oxide shell and with CNFs attached on the surface via interactions with Ga®*. Reproduced with permission™”".
Copyright 2019, The Authors; (F) Evaporation-induced sintering films with mirror-like bottom surface and grey top surface. Reproduced
with permission®””. Copyright 2019, The Authors. CNFs: Cellulose biological nanofibrils; EGaln: eutectic Ga-In; Ga: gallium; LM: liquid
metal; LMNP: LM nanoparticle.

and the composite properties, such as conductivity and elastic modulus, can be regulated by the mixing
time, mixing revolutions per minute (RPM), and curing temperature [Figure 3A and B]"***. Compared to
rigid fillers, LM fillers offer a composite with some unique electrical properties. For example, LM
composites with the autonomously self-healing properties have been demonstrated [Figure 3C]'*”. When
the composite is mechanically damaged, the droplets rupture to form new connections with neighboring
droplets and restore the electrical function without human intervention or the application of external heat.
Temperature-controlled reversible electrical transition between insulator and conductor properties has been
achieved using LM fillers [Figure 3D]*. Upon freezing, the LM droplets within the composite undergo
solidification and expand, establishing contact with one another to create conductive networks. Conversely,
melting the filler material causes the composite to revert to an insulating state. Using both LM and solid
metal particles as fillers to make hybrid composites endow the material with an unconventional positive
piezoconductive property, whereby the conductivity increases exponentially upon stretching the material
[Figure 3E]"**\. Such hybrid composites present great potential for wearable strain sensors, pressure-
sensitive heating devices, and adjustable rheostat applications. In addition, LM inclusions also allow the
adjustment of tensile modulus'*”, toughness'*”, electrical permittivity’*”, and thermal conductivity””. Owing
to their remarkable performance, composites consisting of LMs and elastomers find extensive utility across
a diverse spectrum of applications, including flexible and stretchable circuits, sensors, and electrical
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Figure 3. The preparation process and microstructure characterization of LM-elastomer composites. (A) The overview of processes for
preparing LM inclusion composites. Reproduced with permission'®”. Copyright 2020, John Wiley and Sons; (B) Photograph of a kind of
LM-elastomer composite for printing circuits. Reproduced with permission'®?. Copyright 2019, American Chemical Society; (C) An LM
composite with self-healing performances being stretched and twisted. Reproduced with permission“’ol. Copyright 2018, The Authors;
(D) A schematic illustration of mechanisms in electrical transition between insulative and conductive LM composites to temperature
change. Reproduced with permission™®®. Copyright 2019, John Wiley and Sons; (E) Microstructure characterization of LM-elastomer
composites with anisotropic and unconventional piezoconductivity. Reproduced with permission"®*’. Copyright 2020, Elsevier. EGaln:
Eutectic Ga-In; LM: liquid metal; PDMS: polydimethylsiloxane; RPM: revolutions per minute.

components. A systematic summary of LM-elastomer composites, including fabrication method and

classification, can be found elsewhere!**.

WEARABLE BIOSENSORS

Wearable interconnects

Interconnects are the most basic components for connecting electronic elements, such as sensors, resistors,
and capacitors. High electrical conductivity, ease of patterning, high stretchability, and non-toxicity
properties make LMs one of the best candidates for the fabrication of wearable circuits. Ga-based LMs in
the forms of raw materials””?, LM composites”””, and LMNP inks””*/ have been demonstrated to connect
rigid electrical components. They can significantly improve the flexibility and electrical performance of
wearable devices for healthcare applications, such as electrical stimulation, electrochemical sensing, and
temperature monitoring.

Among raw LMs, LMNP inks, and LM composite materials, raw LMs are the most widely studied and used
materials for the preparation of interconnects. For 3D-structured interconnects, LM fibers prepared by
directly injecting raw LMs into microchannels have been applied for digital-embroidered electronic
textiles””, magnetic resonance imaging (MRI) detectors'”, and biomimetic eyes” [Figure 4A-C]. LM fibers
are highly flexible and conductive, allowing them to be used in 3D spaces without any spatial constraints.
This greatly expands the potential applications of LM circuits due to their adaptability to different
environments. For 2D circuits, with the development of advanced patterning technologies™”, the resolution
of LM circuits has been significantly improved, which is of great significance in improving the integration of
wearable devices. As shown in Figure 4D-F, LM interconnects with the widths of 250 um, 30 pm, and even
500 nm can be prepared by injection”””), transfer printing"*>*’, and lithography methods"***’, respectively.
Interconnects prepared by raw LMs have metal-like electrical conductivity and outstanding stretchability,
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Figure 4. The circuits prepared using LM-based materials. (A) Digital-embroidered electronic textiles prepared by LM fibers.
Reproduced with permission[72].Copyright 2020, The Authors; (B) LM conductors for MRI detectors. Reproduced with permission[m.
The Authors; (C) Scheme of a biomimetic eye using LM fibers as the circuits. Reproduced with permission”®’. Copyright 2020, Springer
Nature; LM circuits with the width of (D) 250 um. Reproduced with permission'’®. Copyright 2019, John Wiley and Sons; (E) 30 pum.
Reproduced with permission®”. Copyright 2020, John Wiley and Sons and (F) 500 nm. Reproduced with permission®®”. Copyright
2020, The Authors; (G) Circuits prepared using LMNP inks and sintered by laser. Reproduced with permission™. Copyright 2018,
American Chemical Society; (H) The circuits prepared using LM composite before and after the activation. Reproduced with
permission®®. Copyright 2021, American Chemical Society; (I) LM composite circuits for “Island-bridge” structure of an energy
harvesting system[%],scale bar is 5 mm. Reproduced with permission. Copyright 2020, John Wiley and Sons. LM: Liquid metal; LMNP:
LM nanoparticle; MRI: magnetic resonance imaging.

and the stretchability is only limited by the elastomer that encapsulates LMs. On the other hand, the use of
bulk LMs may present challenges as it is susceptible to leakage. In addition, establishing a reliable
connection with electronic components can be challenging as the LM must be able to effectively wet the
surface of the component®). Therefore, LMNP inks and LM composites have been developed for the
fabrication of interconnects, which can significantly enhance the wettability to form good connections.
Compared to raw LM materials, LMNP inks have the advantages of compatibility with diverse substrates
and ease of scalability and allow for automatic fabrication methods. For example, Liu et al. proposed a
spray-printing strategy for the scalable fabrication of soft and flexible circuits based on a LMNP ink, but an
additional sintering process is needed to rupture and ablate the LMNP Ga,O, shell to allow the LM cores to
escape and coalesce [Figure 4G]"*..

LM-elastomer composites can further be used to enhance the working reliability of LM interconnects
[Figure 4H and I]®*. On the one hand, LM-elastomer composites can improve the surface wettability of
the patterned interconnects on diverse substrates. On the other hand, the bond between LM-elastomer
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composites and flexible substrates could be stronger. For example, circuits prepared by LM-
Polydimethylsiloxane (PDMS) composites can be integrated into PDMS substrates after curing, which can
significantly improve the working reliability. Since LMs are dispersed in the elastomer in the form of
microparticles, the risk of bulk LM leakage can be reduced. Similar to LMNP inks, LM-elastomer
interconnects should be activated by additional processes such as pressing or freezing®*. By adding some
rigid materials, such as copper™®), silver'*>*"), and nickel" particles, in an LM-elastomer composite, the
interconnects can be actively activated through the extrusion effect of rigid particles when it is subjected to a
stretching state. Attributed to the non-leaking performance and excellent biocompatibility of LM-elastomer
composites, we believe that interconnects prepared using LM-elastomer composites have broader prospects
in wearable electronics.

Wearable sensors

Wearable sensors affixed to garments or directly onto the human skin have emerged as crucial tools for real-
time activity monitoring. Wearable devices necessitate highly reliable sensors that can conform to the
curvilinear surface of the human body with minimal discomfort. LM-based materials are outstanding
candidates for preparing wearable sensors due to their fluidic nature and biocompatibility. Due to the
fluidity of LMs and low elastic modulus of encapsulating polymers, LM channels inside the polymer can be
deformed upon the application of external forces, inducing the change of electrical signals. LM-based
flexible and wearable sensors have recently demonstrated immense potential for various applications,
including healthcare monitoring***?, disease early warning®”, motion detection®******!, and soft robotics"™.
These sensors, particularly stretchable and skin-mountable variants, can function as pressure, strain, optical,
and temperature sensors, as elaborated in detail below.

93]

Pressure Sensors: Wearable LM-based pressure sensors commonly use resistance or capacitance-based
detection methods to sense pressure changes. Most LM pressure sensors detect the change of resistance. The
LM encapsulated within a fluid channel deforms when an external force is applied to it
[Figure 5A and B]">*", leading to the change in cross-sectional area. Consequently, the resistance of the
sensor changes. For capacitive-based pressure sensors, the sensing mechanism mainly depends on detecting
the change in the thickness of the dielectric layer or the overlapping area between the LM and the
underlying electrode . The utilization of LM pressure sensors in devices for detecting pulse rate,

footsteps, and tactile feedback has shown great potential in biomedical applications [Figure 5C]****12%%],

The sensitivity of a sensor is a critical parameter for sensing applications, and research has demonstrated
that the Poisson’s ratio of the material, the thickness of the top layer, and the dimension of microchannels
all play significant roles in the sensitivity of microchannel-based pressure sensors"*'\. The pressure
sensitivity of previously reported LM-based pressure sensors is within the range of 0.2-80 x 107 kPa™, and
such sensitivity is not optimal due to the relatively thick elastomer dielectric layer"*. Therefore, strategies,
such as microchannel cross-sectional geometry design for enhancing the penetrating effect of channel
base!*, ‘S’-shaped microfluidic structure design with a higher and sharper deformation profile"*”, and
Wheatstone bridge circuit design®’, have been proposed to improve the sensitivity. Kim ef al. introduced
3D-printed rigid microbumps on the top of an LM microchannel that can offer extremely high sensitivity
(0.158 kPa') compared with traditional straight channel LM pressure sensors (0.2-80 x 10”° kPa™), as shown
in Figure 5D"”. Furthermore, a low-cost and highly-sensitive LM pressure sensor for gastrointestinal
manometry was prepared to refer to the quipu-knotted strings, as shown in Figure sE'"”\. By simply typing
knots on the EGaln-filled fiber, a small pressure of less than 50 kPa can be detected, while no signal can be
detected when the same pressure is applied to the unknotted region. The enhanced sensitivity is attributed
to the amplification of the effective total pressure induced by the folded and stacked channel layers. For
application demonstration, the designed ribbon-like manometry device with eight knots can clearly record
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Figure 5. Pressure sensors prepared using LMs; (A) Photograph of the pressure sensor prepared by a channel filling method, scale bars
are 5 mm. Reproduced with permission®”’. Copyright 2019, John Wiley and Sons; (B) Photograph for testing the performance of a fiber-
structured pressure sensor, and the insert is the resistance change R/R, under different force loadings. Reproduced with permission’’”.
Copyright 2020, Elsevier B.V; (C) The resistance change of LM pressure sensors prepared by channel filling method for monitoring
human neck pulses. Reproduced with permission®”). Copyright 2019, John Wiley and Sons; (D) Schematic illustration of the highly
sensitive pressure sensor enhanced by a rigid micropump. Reproduced with permission”'®®. Copyright 2019, John Wiley and Sons; (E)
Enhanced sensitivity of LM pressure sensors by resembling the quipu-knotted strings used by Andean civilizations for monitoring the
gastrointestinal pressure. Reproduced with permission“og].Copyright 2022, Springer Nature; (F) Soft and stretchable LM transmission
lines as distributed probes of multimodal deformations. Reproduced with permission™. Copyright 2020, Springer Nature. LM: Liquid
metal.

the backflow and retention of artificial food bolus by evaluating the oesophageal pressure [Figure 5E ii and
iii].

Quantifying and spatially sensing dynamic multipoint deformations remain a challenge. Skin-like multi-
tactile sensors have shown significance for acquiring tactile information of multiple points"**"*?. For LM-
based multi-tactile sensors, a two-layer core-shell fiber-based tactile sensor has been designed and fabricated
via the coaxial ink writing of a continuous single core-shell fiber™. When two fingers are placed on the two
sensing nodes, the resistances of both the top and bottom layer fibers of the sensing nodes are
simultaneously recorded. The resistance values can be used to determine the specific position of the fingers.
Furthermore, based on time-domain reflectometry, Leber et al. proposed a soft and stretchable LM
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transmission line as distributed probes for sensing multimodal deformations, as shown in Figure sF"**. In
this sensor, soft transmission line probes were integrated into a piece of stretchable fabric, and a custom
pulse generator was used in conjunction with a standard laboratory oscilloscope to induce time-domain
reflection. When the transmission line is pressed, steps of signal appear in the waveform and peaks equal to
the number of pressed points emerge in the distributed resistance profile, the height of which corresponds
to the applied pressure. These points can then be accurately positioned on the spatial map.

Strain Sensors: Similar to LM pressure sensors, sensors based on the change of resistance!*"?,
capacitance"'”, and resonant frequency"” have been employed to detect strain. For LM-filled fiber and
microchannel strain sensors, LM elongates along the strain direction, leading to an increase of resistance
that conforms to the equation R = R, (1 + ¢)* (R, initial resistance, : strain, R: the resistance corresponds to
¢). For most applications, these types of strain sensors are integrated into wired/wireless gloves to detect
hand gestures by monitoring the output voltage or resistance in real-time"*******""/. Tang et al. developed a
layer-by-layer fabrication method for integrating strain sensors with a multilayer electronic transfer tattoo
that can be stretched up to 800% strain and conformably attached to the skin [Figure 6A]"**. This tattoo can
amplify the output signal of integrated strain sensors by three times and achieve the monitoring of hand
movements in real time [Figure 6B]. In addition, Dong et al. proposed a fiber strain sensor with a surface
texture and six LM electrodes to realize the breath monitoring based on self-powered sensing [Figure 6C]“.
The strain sensor consisted of fiber extremities fixed to the two ends of a longer stretchable belt. During
respiration, the movement of the abdomen caused friction between the belt and the fiber, resulting in a
slight relative movement that generated an electrical signal. This signal can be detected to evaluate the
inward and outward movements of the upper chest and abdomen [Figure 6C iv].

The gauge factor (GF), which reflects the sensitivity of the LM-based straight channel strain sensor, is
relatively low (below 5 under 100% strain). Theoretically, the relatively low average GF of a straight-channel
strain sensor, as described by the formula GF = ¢ + 2, fails to meet the criteria set for commercial wearable
strain sensors. To increase the sensitivity, Kramer et al. introduced a curvature sensor with a hollow
structure, in which an embedded strut can exert pressure on the microchannel during bending, leading to a
greater change in resistance""'”’. Moreover, a nacre-inspired and LM-based ultrasensitive strain sensor by a
spatially regulated cracking strategy has been developed [Figure 6D i and ii]®". The biphasic pattern (LM
with Cr/Cu underlayer) acts as “bricks”, and strain-sensitive Ag film acts as “mortar”. Compared to LM
conductors, this strategy allows the conductive pathways to form a certain number of cracks under strain
[Figure 6D iii]; thereby, the sensitivity was increased by two orders of magnitude [Figure 6D iv]. In
addition, Li et al. designed a highly sensitive LM strain sensor based on strain redistribution and 3D-
structured circuit strategies [Figure 6E]"*". In the middle of the strain sensor, a high-elastic-modulus cuboid
elastomer (E650) is winded with the Ga-10In solid wire [Figure 6E i]. When the sensor is stretched, the
cuboid elastomer squeezes the LM channel to reduce its cross section, further increasing the sensitivity
[Figure 6E ii]. The average GF of 100% strain is improved more than 400 times compared with the
previously reported 2D LM strain sensor [Figure 6E iii]. Generally, the channel structure design strategy and
strain redistribution strategy can lead to a more significant resistance change under a small strain.

Temperature sensors: Temperature is a critical and fundamental parameter to evaluate human health. The
volume expansion of fluid in a closed pipe correlated to a specific temperature value is a commonly used
principle in thermometers, as seen in the traditional mercury thermometer. In contrast to mercury-based
thermometers, the preeminent merit of Ga-based thermometers for wearable biosensors is their neglected
toxicity. This remarkable trait, coupled with their supercooling performance, empowers Ga-based
thermometers-founded upon the principle of volume expansion-to reliably operate in environments as
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frigid as -5 °C and, in some cases, even down to -10 °C. Evidencing their practicality, medical-grade Ga-
based thermometers from esteemed manufacturers, such as Geratherm and Mediblink, have gained
substantial traction in commercial utilization.

The Seebeck effect is another commonly used principle for designing and fabricating thermometers in the
industry"”*"*?) and occurs when the ends of a thermocouple are subjected to a temperature difference,
resulting in an electrical current flowing between them. Thermometers prepared based on the Seebeck effect
exhibit much higher sensitivity compared to those utilizing the volume expansion principle”. Li et al.
prepared a thermocouple using Ga and EGaln as the materials of two branches, respectively
[Figure 7A i]"*. By utilizing the setup shown in Figure 7A ii, the temperature sensor exhibits a good linear
correlation between thermoelectric voltage and the temperature in the range of 0~200 °C. The accuracy of
the thermocouples is + 0.5 °C, but the Seebeck coefficient is limited to 0.14 pV/°C [Figure 7A iii].
Furthermore, Wang et al. developed a handy flexible micro-thermocouple by injecting bismuth/Ga-based
mixed alloys into microchannels [Figure 7B i]"**. A small microchannel was fabricated near the sensing area
to vent the air from the microchannel and allowed EGalnSn to overflow from the small microchannel
[Figure 7B ii]. The experimental results suggest that the Seebeck coefficient of the thermometer is about
-10.54 uV/°C [Figure 7B iii], which is much higher than the temperature sensor given in Figure 7A. A higher
Seebeck coefficient of the temperature sensor is due to the presence of Bi-based alloys in the mixture.
However, it should be noted that an increase in the Bi-based alloy content can make the sensor more
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susceptible to damage when bent. Therefore, the thermocouple with a 40% mass ratio of EBiln was used for
the temperature sensor. This type of temperature sensor is flexible due to the fluidic nature of Ga-based
LMs, which could be beneficial for long-term wearing.

Implantable bioelectrodes

Ga-based LMs have shown great potential for bio-related applications due to their excellent electrical
conductivity, fluidic properties, and negligible toxicity. Reports suggest that LMs can be directly patterned
onto the skin for ECG monitoring"*'*", fabricated into external stents and electronic blood vessels"*'*"),
and acted as nerve connectors"”. Despite the promising properties of LM-based stretchable and
implantable electronics, there are still practical issues that need to be addressed. One major concern is the
fluidic nature of LMs, which can lead to insufficient structural stability when in direct contact with
dynamically moving organs and tissues. This lack of stability can compromise the security and reliability of
the electronics. One approach to solve this problem is to alter the rheology of LMs by increasing the content
of In in a Ga-In alloy. For instance, Timosina et al. reported that the Ga-In alloy with 50 wt% of In has a
non-Newtonian shear-thinning property, exhibiting high viscosity when still, and can flow similarly to an
LM when sheared"””. This property can prevent material leakage and enhance processability. Also, the rapid
formation of an insulating Ga,O, layer severely affects the conductive performance between LMs and
tissues. Another challenge with using LMs for long-term service in bioelectronics applications is their
susceptibility to chemical corrosion under physiological conditions. This presents significant challenges to
the efficiency and safety of the devices. To address this issue, LMs are often encapsulated in bio-friendly
polymers for flexible bioelectronics applications. By using LMNPs, Dong et al. proposed an LM electrode
array prepared using the screen-printing method for in vivo neural recording*". In addition, by utilizing
the low melting point property of pure Ga, a flexible and multifunctional neural probe with ultra-large
tunable stiffness for deep-brain chemical sensing and agent delivery has been developed, as shown in
Figure 8A"?. This neural probe was designed with three layers, and pure Ga LMs were used to fill the top
stiffening channel layer and medium conductive channel. At room temperature, the neural probe is stiff due
to the solid state of pure Ga. When the probe is inserted into the brain, the body temperature will induce the
melting of Ga so that the neural electrodes restore flexibility [Figure 8B].
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Although electrode arrays show stable electrical properties under high strain, the deposited solid-state
conductors at the sensing site significantly affect the long-term stability due to the mechanical mismatch of
the interface between the metal and polymer. Therefore, deposited conductive polymers have been adapted
to encapsulate LM interconnects inside the polymer*>*l. Wang et al. selected carbon nanotube composites
and microcracked conductive poly 3,4-ethylene dioxythiophene : polystyrene sulfonate (PEDOT:PSS)
polymer as the sensing sites of electrodes, as shown in Figure 8C"**. Combining LM interconnects with a
highly stretchable styrene-ethylene-butylene-styrene (SEBS) elastomer allows the electrode array to exhibit
ultrahigh stretchability (up to 400% tensile strain) and a low interfacial impedance. In addition, the long-
term in vivo epicardial recording on a rabbit [Figure 8D and E] further demonstrates the vast potential of
the electrodes for health monitoring applications. Li et al. fabricated a stretchable 8-channel neural electrode
array by depositing an Au film onto the surface of an LM-PDMS composite [Figure 8F]"*". The electrode
array can conformally match the cortical surface of a rat due to its high flexibility and stretchability
[Figure 8G]. The electrode array was effectively utilized for the in vivo identification of epilepsy by
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monitoring electrocorticogram (ECoG) signals [Figure sH]. However, there is still a risk of leakage of raw
LMs in implantable bioelectrodes. Therefore, we propose that implantable bioelectrodes based on LM-
elastomer composites should be given more attention in future research, as they have the potential to
address the issue of LM leakage.

CONCLUSIONS AND OUTLOOKS

Unique properties such as fluidity, metallic electrical/thermal conductivity, and low toxicity of LMs
contribute to their broadening applications of biosensors in the healthcare area. This review illustrated the
recent advances in flexible and wearable LM-based biosensors, including interconnects, pressure sensors,
strain sensors, temperature sensors, and implantable electrodes. However, there remain some challenges
and opportunities associated with Ga-based biosensors, which are shown in Figure 9 and summarized
below:

(1) Despite that many works have reported the low cytotoxicity of Ga and its alloys, it deserves to be noted
that some reports revealed that Ga-based LMs are toxic at the cellular level”***”, and the threshold
concentrations of Ga, Ga-based alloys, and Ga ions need to be systematically investigated by conducting in
vitro/vivo experiments. An important consideration when using bulk Ga-based LMs in biomedical
applications is whether the Ga ions released from these materials can be absorbed through the skin"*. In
addition, further research is needed to investigate the metabolic process and potential toxicity mechanisms
of Ga ions in the body"*.For instance, further investigations are warranted to elucidate the mechanism by
which Ga ions induce damage to normal cellular components.

(2) Advanced connection technologies should be further developed to connect flexible LM biosensors to
rigid electrical components. Currently, most LM-based biosensors use rigid metal wires to connect the
encapsulated LM patterns with the external printed circuit board. However, the soft-rigid connection
between the LM patterns and the wires is a weak point due to the mechanical mismatch between the two
materials. For example, the rigid metal wire is very easy to be pulled out from the polymer. Besides, LMs
would leak along the interface between the rigid metal wire and polymer while the biosensor is under long-
term usage. Therefore, it is urgent to develop a more reliable encapsulation method to connect LM patterns
and rigid electrical components. We recommend that the conductive LM-elastomers possess the potential
to address the connection problem.

(3) The fluidic nature of LMs makes them susceptible to leakage from the encapsulating polymer, which can
lead to contamination. This risk is exacerbated by stress concentrations generated by external forces during
long-term stretching or folding. The leaked Ga-based LM can solder with electrical components without
heating, which is destructive for electronic circuits. To prevent leakage of LM during long-term usage,
effective encapsulation measures should be taken. Additionally, controlling the fluidity and wettability of
LMs through oxidation, mixing with solid metal microparticles, and the development of novel LM-
elastomer composites are effective strategies to address this problem.

(4) The resolution of LM-based biosensor patterns is another area that requires attention. Although LM
nano-patterns with ~500 nm line width have been fabricated using lithography, the resolution is relatively
lower than that achievable on a silicon wafer. High resolution is crucial for the integration of LM-based
biosensors into flexible electronics. Therefore, future research should focus on developing precision
instruments and optimizing processes, such as oxide formation and phase transition, during the patterning
process to improve the resolution of LM patterns.
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(5) One last issue that needs to be considered is the integration of LM-based biosensors. In addition to
increasing the LM patterns resolution, fabricating 3D-structured biosensors is another effective solution to
improve the integration of biosensors. However, obtaining free-standing LM traces and stable interconnects
is challenging due to the fluidity of LMs. The commonly used microchannel filling methods and 3D
printing methods cannot meet the requirements of efficient fabrication of highly integrated biosensors. We
believe it is necessary to design new LM materials, such as alloys with plastic deformation performance, to
develop a highly efficient fabrication method for highly integrated LM biosensors. In addition, creating
multifunctional 3D printing holds a prominent advantage for achieving high precision and integrated 3D-
structured biosensors.
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