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Abstract: Sensors are core elements to directly obtain information from surrounding objects for
further detecting, judging and controlling purposes. With the rapid development of soft electronics,
flexible sensors have made considerable progress, and can better fit the objects to detect and, thus
respond to changes more sensitively. Recently, as a newly emerging electronic ink, liquid metal is
being increasingly investigated to realize various electronic elements, especially soft ones. Compared
to conventional soft sensors, the introduction of liquid metal shows rather unique advantages. Due to
excellent flexibility and conductivity, liquid-metal soft sensors present high enhancement in sensitivity
and precision, thus producing many profound applications. So far, a series of flexible and wearable
sensors based on liquid metal have been designed and tested. Their applications have also witnessed
a growing exploration in biomedical areas, including health-monitoring, electronic skin, wearable
devices and intelligent robots etc. This article presents a systematic review of the typical progress of
liquid metal-enabled soft sensors, including material innovations, fabrication strategies, fundamental
principles, representative application examples, and so on. The perspectives of liquid-metal soft
sensors is finally interpreted to conclude the future challenges and opportunities.
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1. Introduction

Sensors are common and core devices for information acquisition, which can detect external
stimuli and transform them into measurable signals according to specific rules. In particular, biomedical
sensors are targeted at human beings and other biological organisms to monitor physiological signals
of life activity for health monitoring and disease diagnosis [1].

A typical sensor mainly consists of three components, including sensing element, conversion
element and electrical circuits. The sensing element directly perceives the measured quantity and
converts the signal into other values following a definite relationship, while the conversion element
converts the non-electric quantity sensed by the sensitive element into electrical quantity [2]. Generally,
the sensitive element and conversion unit are integrated as a whole. Diverse sensing materials are
utilized to sense environmental change and produce a useful signal, such as piezoelectric effect,
thermoelectric effect, Hall Effect etc. [2]. According to various detecting principles, existing sensors
mainly include pressure sensors, force sensors, liquid sensors, speed sensors, acceleration sensors,
radiation sensors, thermal sensors and so on [3-9].

With the rapid development of soft electronics [10-20], flexible and wearable sensors have shown
evident advantages in biomedical applications, such as health-monitoring, wearable devices, artificial
skin and intelligent robotics [10,21-31]. For instance, strain sensors can be attached to human body
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to monitor skin strain and muscle movement [32]. Introduction of soft sensors has greatly propelled
the development of intelligent artificial skin, which provides not only aesthetic functions, but also
perception of tactile sensation and temperature measurement [33,34]. They can also be applied to
realize intelligent perception and control for robots [35-37]. Moreover, flexible sensors can tightly fit
the object and maintain performance even while being stretched. In this way, they can respond to
changes more sensitively and detect position and posture alteration in real time.

Up to now, materials and techniques to achieve flexible sensors have been widely explored. To
obtain better application output for the human body, both flexibility and biocompatibility of the
substrates are required. Soft thermoplastic polymers and silicone elastomers are the most common
substrates used to fabricate flexible sensors, such as polyethylene terephthalate (PET), poly urethane
(PU), polydimethylsiloxane (PDMS) and Eco Flex [38]. Moreover, the sensing elements are other
important parts, which are mainly made up of conductive materials, including organic and inorganic
nanomaterials [39,40]. Carbon-based materials, such as carbon nanotube and graphene, have been
investigated in various soft circuits [39,41-46]. Although circuits fabricated by carbon-based materials
are highly stretchable, they are not as conductive as those fabricated by metals. Nanoparticles of rigid
metals are applied to design soft circuits with high conductivity, among which silver nanoparticles
have been extensively studied [47-53]. Moreover, liquid metal, mainly refers to metal whose melting
point is around the room temperature, is increasingly popular in the area of soft circuits because it
possesses both good deformability and conductivity [54]. The room-temperature melting alloys can be
fabricated by stirring in a liquid state, and sometimes heating is needed. For instance, the conductivity
of gallium is 2.2 x 10° S/m, which is a little lower than that of silver but is much higher than that
of organic materials [54]. Furthermore, liquid metal is more flexible and cheaper than silver. Thus,
progress in liquid metal has been expected to propel the development of soft circuits. Typical liquid
metal includes gallium, bismuth, lead, tin, cadmium, indium and their alloys. These low-melting
alloys can be produced by stirring in a liquid state, and some raw materials with high melting points
need to be heated. When exposed to the air, liquid metal will be oxidized immediately and form a
layer of protective film. Unlike conventional liquid metal like mercury, gallium and its alloys is proven
to be low-toxic and biocompatible, and has been introduced to biomedical area [55].

Due to the unique properties of liquid metal, it has been vigorously studied in soft electronics,
such as flexible conductors, antennas, transistors, electrodes, energy-harvesting devices, sensors, liquid
robots and liquid computational systems [56-68]. In particular, liquid-metal sensors are designed on the
basis of variable resistance and capacitance during stretching and bending. Compared to nanoparticles
of rigid metals, liquid metal appears more fluidic and deformable. Therefore, liquid-metal based
sensors would fit well to the targeted area, further reducing discomfort and displaying better sensitivity
and flexibility. The main problem that must be paid attention to liquid metal during application is the
risk of leaking from soft encapsulation.

In this review, the progress of soft sensors based on liquid metal is reviewed. First, we introduce
the composition of liquid metal, as well as its distinct properties thus enabled. Next, fabrication
methods of liquid-metal sensors and general comparisons among them are discussed. Subsequently, we
move to interpret the basic principles of how liquid-metal sensors work. Following that, several typical
sensors or sensor arrays based on liquid metal and their representative applications are illustrated.
Finally, we point out the existing issues that would hinder further development in this area, and
propose possible strategies for future research.

2. Materials

2.1. Composition

At this stage, liquid metal applied to soft electronics mainly refers to gallium (Figure 1A) and
its alloys, among which EGaln (gallium and indium) and Galinstan (gallium, indium and tin) are
most commonly available [55]. EGaln contains 75.5% gallium and 24.5 % indium by weight and its
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melting point is 15.5 °C, while Galinstan consists of 68.5% gallium, 21.5% indium and 10.0% tin by
weight and its melting point is 10.5 °C. Those alloys can be prepared by stirring in liquid state and
sometimes heating is required. Similar to gallium, bismuth can be mixed up with other metals to form
low-melting alloys as well. Their physical properties like melting point and electric conductivity can
be regulated according to the addition of different metals [69].

In particular, the properties of liquid metal can be optimized by mixing liquid metal with other
metal nanoparticles. The doping ratio decides the fluidity of the mixture. When the ratio of metal
nanoparticles is high enough, the mixture will be in the form of a paste. For instance, magnetism,
ferromagnetic nano powders could be dispersed in liquid metal [55]. Moreover, nickel particles could
be mixed with EGaln for fast fabrication of soft electronics by direct writing or printing [70-72]. As
shown in Figure 1B, Ni particles were wrapped by a liquid metal oxide layer after stirring for a moment.
The introduction of Ni particles could help enhance the adhesion force of liquid metal to substrate.
Furthermore, to improve its conductivity, one could load copper particles into liquid metal to make
ever superior composite [73]. Figure 1C shows the mixture of Cu-Galn. The doping ratio and particle
diameter could be adjusted according to different application requirements. Thermal and mechanical
properties were tunable as well.

| -

Figure 1. Liquid metal and its mixture. (A) Photo of gallium droplet, reproduced with permission
from [69]. (B) Schematic diagram of Ni-Galn particle, reproduced with permission from [70]. (C) Photo
of Cu-Galn mixure, reproduced with permission from [73].

2.2. Property

It is well known that liquid metal exhibits unique physical and chemical properties, which have
been extensively studied. The most outstanding feature of liquid metal is that it has both fluidity
and metallicity, making it advantageous to soft electronics. Previous experiments have testified that
although liquid metal is fluidic, its dynamic performance is different from that of water, such as
droplet shape and splashing morphology [74]. Figure 2A shows the splashing process of water and
liquid metal under 25 °C. Clearly, it is hard for liquid metal to form secondary droplets due to high
dynamic viscosity, which is really easy for splashing water. Moreover, gallium and its alloys could be
oxidized quickly when exposed to air, which would lead to an even higher viscosity, increasing the
difficulty to form secondary droplets. But on the other hand, formation of the oxide skin can increase
the adhesive force, thus providing convenience for fabrication of liquid metal circuits. Research has
found that liquid metal possesses a high surface tension and is hardly permeable on various substrate
materials [75]. Metal particles can be mixed to regulate the adhesion and wettability of liquid metal, as
mentioned above.

Liquid metal shows good electrical and thermal conductivity. The electrical conductivity of EGaln
is around 10° S/m and the thermal conductivity is much higher than that of water. Moreover, when
applying an electric or magnetic field, liquid metal would respond [76]. Coated with ferromagnetic
materials, liquid-metal manipulation could be induced by an external magnetic field. As shown in
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Figure 2B, liquid-metal droplets could move following the magnet. An electrical field could induce the
movement of liquid metal as well [77]. Figure 2C presents the movement of an EGaln droplet under
the control of an electrical filed. Furthermore, Tan et al. studied the movement of liquid-metal droplets
with and without aluminum, respectively, and found that when there existed aluminum, liquid-metal
droplets could run faster under the control of an electric field [78]. This is because that EGaln and
aluminum would constitute galvanic battery in electrolyte solution and the gas generated could propel
the movement of the liquid metal. This redox can be represented by the chemical formula below:

2A1+ 6H'T — 2APY + 3H,. (1)

Since liquid metal shows these distinctive properties, the application of liquid metal in soft circuits
is attracting increasing attention.
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Figure 2. Typical properties of liquid metal. (A) Comparison of splashing process of water (a) and liquid
metal (b), reproduced with permission from [74]; (B) Schematic of the magnet-controlled moving of an
EGaln droplet coated by ferromagnetic materials, reproduced with permission from [76]; (C) Sequential
snapshots of a EGaln droplet’s motion, reproduced with permission from [76];.

3. Fabrication

Owing to the unique physical properties of liquid metal, different methods to fabricate liquid-metal
soft circuits have been designed and explored. Up to now, printing and microfluidic technologies are
most commonly used [79]. Other methods including selective wetting, laser engraving, wiping etc.,
are investigated as well.

3.1. Printing Technology

Based on the fluidity of liquid metal, the concept of liquid-metal printed electronics was
proposed [79,80]. Researches have proven that liquid metal can be used as ink and printed directly
by a brush or a roller ball pen [81-83]. Compared to a traditional printed circuit board, this made
electronics fabrication more convenient and rapid. Figure 3A shows how to paint a circuit with a roller
ball pen and the light-emitting diodes (LEDs) are successfully lighted. To standardize the fabrication
process of soft circuits by liquid metal ink and avoid artificial errors, automatic printing of liquid
metal by a versatile desktop printer was further developed [84,85]. The concrete structure of a desktop
printer with liquid metal ink is presented in Figure 3B. Circuits could be precisely designed by the
desktop printer and then transferred to soft substrate, such as PDMS. Those circuits would be further
encapsulated for practical application [86]. Votzke et al. designed a highly stretchable strain sensor
using printed liquid metal, which has been used to measure elbow flexion angle [87]. Furthermore,
Gannarapu et al. proposed the method of freeze-printing to fabricate 3D curvilinear paths. Liquid
metal was continuously dispensed and frozen. The printed solid network could be encapsulated in
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elastomers [88]. A shortage of direct printing lies in that the resolution of circuits is sometimes limited
by the resolution of the printer and can hardly be improved. To design liquid metal with smaller
size, Liang et al. wrote liquid metal on a prestretched elastomeric substrate surface [89]. Then the
prestretched substrate was released to recover the original size with electronic patterns shrinking on it.

Recently, mask-based printing has been designed as an alternative to promote resolution. For
instance, a rigid mask could be fabricated by micromachining technology in advance. Areas covered
by the mask would not be available to liquid metal and specific patterns could be deposited through
the mask with an airbrush (Figure 3C) [90]. Moreover, a photoresist mask was commonly used as
well, which can be removed finally, as well as the liquid metal falling on it [91,92]. However, unlike a
rigid mask, a photoresist mask cannot be recycled and the process of photoetching is complex and
time-consuming. Guo et al. introduced toner as the mask and liquid metal could selectively adhere to
area without toner [72]. A roller was applied to deposit liquid metal and the circuit could further be
transferred to elastic substrate. Figure 3D shows the whole process of Guo et al.’s method.

In general, compared to other methods, printing technology may be more convenient, but the
fabrication precision is relatively limited.

3.2. Microfluidic Technology

Meanwhile, microfluidic technology is advantageous for the fabrication of stable, uniform and
sealed liquid-metal circuits [93-99]. Figure 3E is the schematic of the microfluidic technique. Firstly,
photoetching was applied to produce a raised pattern model. Then, the mixture of PDMS prepolymer
and curing agent with the quantity ratio of 10:1 was poured onto the model to form a PDMS layer
with specific grooves. Plasma bonding was utilized to form sealed micro-channels. To fill the channels
with liquid metal and exhaust air, a pair of inlet and outlet holes must be produced before plasma
bonding. After that, liquid metal could be injected into the channels. Circuits fabricated by microfluidic
technology showed excellent stability and uniformity. Microfluidic technology has already been
applied widely and commercially.

Several types of soft force sensors have, thus, been designed by this method. As shown in
Figure 3F, the soft pressure sensor was fabricated by microfluidic technology. Research has proven that
the soft force sensors could generate a response to external pressure through the change of capacitance
and exhibit good flexibility.
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Figure 3. Printing and microfluidic technology. (A) Printing circuits with liquid metal ink by a roller
ball pen, reproduced with permission from [82]. (B) Mechanical printing of liquid metal circuits with
desktop printer, reproduced with permission from [84]. (C) Schematic of patterning liquid metal
with a rigid mask, reproduced with permission from [90]. (D) Schematic of patterning liquid metal
with toner mask, reproduced with permission from [72]. (E) Schematic of microfluidic technology:
(a) The silicon chip; (b) Silicon chip coated by photoresist; (¢) Lithography model; (d) Pouring PDMS;
(e) PDMS with micro-grooves; (f) Punching; (g) Plasma bonding; (h) Injecting liquid metal. (F) A
stretchable pressure sensor fabricated by the microfluidic technology: (a) Vertical view of the pressure
sensor; (b) Original state of the pressure sensor; (c) A pressure sensor under bending; Reproduced with
permission from [96].

3.3. Selective Wetting

Not limited to printing and microfluidic technology, fabrication methods of flexible sensors based
on liquid metal are diverse due to the unique properties of liquid metal [79]. For instance, considering
that the wetting behavior of liquid metal varies with the surface properties of the substrate, selective
wetting of liquid metal is studied.

Kramer et al. had fabricated elastomer conductors by deposition, which was based on the different
wetting behavior between liquid metal and thin metal films [100]. Figure 4A shows the whole process
of fabricating circuits by this method. The surface was sputtered with indium, which prevented liquid
metal from adhering to this area. As shown in Figure 4B, the circuits thus fabricated on a soft substrate
were proven to be highly flexible. Similarly, Li et al. presented a stretchable pulse sensor fabricated by
selective plating as well, in which a thin film of copper would be electroplated in advance to enhance
the wetting of liquid metal [101]. Clearly, surface modification could be utilized by either enhancing or
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weakening the wettability of liquid metal so as to form designed patterns. The limitation of this method
may be that the process of surface modification is complex and the edge of the pattern produced by
selective wetting is rough.
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Figure 4. Diverse techniques to fabricate liquid-metal soft electronics. (A) Fabrication process of
selective liquid metal deposition: (a) Photoetching; (b) Photoresist developing; (¢) Spinning poly acrylic
acid (PAA); (d) Sputtering the surface with indium; (e) Removing photoresist; (f,g) Flooding the surface
with liquid metal; (h,i) Removing excess liquid metal; (j) Removing indium mask; (k) Encapsulating
the circuit. Reproduced with permission from [100]. (B) A circuit embedded in elastomer patterned by
selective deposition of liquid metal, reproduced with permission from [100]. (C) Illustration of CO,
laser engraving technology, reproduced with permission from [102]. (D) Flexible circuits fabricated by
CO; laser, reproduced with permission from [102].

3.4. Laser Engraving

The laser engraving technique is commonly applied in the field of micromachining. CO; laser
engraving technology was introduced for rapid prototyping of soft electronics as well [102]. Figure 4C
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shows the direct patterning of liquid metal by a CO; laser cutter. Firstly, a thin layer of liquid metal was
sealed by two layers of PDMS and the top layer mainly functioned as protection during the laser-cutting
process. PDMS could absorb the energy from the CO, laser and be vaporized. Then liquid metal would
escape together with PDMS vapor, thus forming desired patterns. After that, a new layer of PDMS
would be cast to encase the circuit. Lu et al. have designed several systems through this technology,
including sensors and resistive circuits (Figure 4D). CO; laser-engraving technology is advantageous
for the fabrication of any 2D structure. However, it causes a higher wastage of liquid metal since a
large proportion of liquid metal escaped with vaporized PDMS, which could be avoided by collecting
the liquid metal that escaped. Recently, NdYAG lasers were applied for simpler patterning of liquid
metal [103]. Pan et al. produced a film composed of a liquid metal grid through direct laser writing,
and proved that the circuit showed high optical transmittance, high stretchability, low resistivity and
low trace width.

3.5. Dewetting and Wiping

Meanwhile, methods of dewetting [104] and wiping [105] utilized the property that liquid metal
would be oxidized immediately and form a thin oxide layer when exposed to the air or oxygen. The
oxide layer could increase the adhesion between liquid metal and micro-channels. Therefore, while
liquid metal outside the channels was removed, liquid metal in the channels would be left owing to the
higher adhesion force. The difference is that dewetting uses NaOH solution to remove excess liquid
metal and wiping uses absolute ethyl alcohol (Figure 5A). Compared to dewetting by NaOH solution,
wiping by absolute ethyl alcohol is more controllable since the reaction between NaOH solution and
liquid metal is more intense.

As shown in Figure 5A, the first few steps of wiping were similar to microfluidic technology:
photoetching was used to form the desired pattern model and micro-grooves. But inlet and outlet
holes were unnecessary, which significantly simplified the fabrication process and improved the
resolution. After spraying liquid metal onto PDMS by a nozzle, paper soaked with absolute alcohol
was applied to remove excess liquid metal. The circuits could be encapsulated by casting another layer
of PDMS. Figure 5B (a) is an electrode array with high resolution fabricated by spraying and wiping.
Figure 5B (b),(c) show the detailed micrograph of the electrode and lines. It could be concluded that
the channels were fully filled by liquid metal. A higher failure rate may be the main limitation of the
wiping technique, but this can be made up by increasing the depth of micro-channels and repeating
the operations of spraying and wiping.
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Figure 5. Technologies of spraying and wiping. (A) Fabrication process: (a) Photolithography
model; (b) Pouring PDMS onto the photolithography model; (¢c) PDMS substrate with micro-channels;
(d,e) Spraying liquid metal with an airbrush; (f) Removing needless liquid metal with the help of paper
soaked with absolute ethyl alcohol; (g) The final circuit; (h) Encapsulating the circuit. (B) An electrode
array fabricated by spraying and wiping: (a) The electrode array; (b) The micrograph of the electrode
plate; (c) The micrograph of lines. Reproduced with permission from [105].

4. Basic Principle of Liquid-Metal Sensors

4.1. Liquid Metal as Soft Connection

The simplest liquid-metal sensors are perhaps those that use liquid metal as soft connections
(Figure 6). The detecting mechanism is the same as rigid ones, but the stretchability is greatly
improved. Liquid metal possesses both good conductivity and fluidity, ensuring the reliability of the
connections during stretching and bending. For instance, based on photoplethysmography (PPG)
technology, Li et al. designed a stretchable pulse biosensor with liquid-metal interconnections and soft
substrate [101]. This system was proven to be convenient and comfortable for heart-rate monitoring.
In addition, Hong et al. designed a soft polyaniline nanofiber temperature sensor array, whose
interconnections were made up of Galinstan [106]. It could be used as a portable and wearable device
to measure body temperature. Combining liquid-metal wiring with graphene sensors, Jiao et al.
developed several strain sensors, which could be used for health-monitoring and motion-sensing [107].
Meanwhile, Hu et al. put forward the idea of using liquid metal to connect the sensing element and
successfully produced a sensor array, which had the ability to sense temperature and force [108].
All these research works prove that a liquid-metal connection provides advantages in fabricating
flexible sensors.
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Liquid metal

Sensing element

Figure 6. Illustration of circuits using liquid metal as soft connection.
4.2. Resistive Sensors

Resistive sensors based on liquid metal have been widely researched. External change can be
reflected through the fluctuations in resistance. The resistance R follows the formula:

R = pL/(S), @)

where p is the resistivity of liquid metal; L is the length and S is the cross-sectional area. External heat
and force can lead to the deformation of liquid metal, including thermal expansion, stretching and
pressing, which further causes a change in resistance. As shown in Figure 7A, stretching can influence
the length and cross-sectional area of liquid-metal lines, while pressing can change the cross-sectional
area. When being bent, the shape of liquid metal does not change significantly, as well as the resistance.
Generally, liquid-metal resistive sensors include temperature sensors and force sensors. For
instance, Li et al. has found the matching metal of liquid metal and designed a printable tiny
thermocouple base on them. This thermocouple showed an excellent linear property when the
temperature ranged from 0 to 200 °C [109]. Likewise, some force sensors were fabricated on the
basis of resistive response, including pressure sensors [95,110], strain sensors [97,111] and shear force
sensors [111]. To accurately measure the change of resistance, several specific circuit organizations
were applied. Figure 7B is the schematic of a Wheatstone bridge with a Galinstan based sensor. The
application of a Wheatstone bridge helps detect resistance of the sensor with high precision. When
the voltage V, is equal to V}, which means that the output sensor V,,; is zero, the resistance of the
Galinstan based sensor can be calculated by the following equation:
Re = 22Ro ©
Vout is the amplification of V}, — V,. This circuit can sensitively reflect the change of voltage and thus
the resistance of the sensor. For instance, when applying external force to the Galinstan-based pressure
sensor, deformation of the soft circuit would cause the change of resistance, which further influences
the output voltage V,,;. The resistance of Ry should be adjusted until V,,; is zero again. Then the new
resistance of the pressure sensor can be calculated, as well as the external force.
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Figure 7. Working principle of resistive sensor. (A) Deformation of liquid metal under external force.
Blue represents soft substrate and gray represents liquid metal: (a) Stretching; (b) Pressing; (c) Bending.
(B) Wheatstone bridge to detect the resistance of the liquid-metal pressure sensor, reproduced with
permission from [95].

4.3. Capacitive Sensors

Some capacitive force sensors have been designed as well, which mainly work based on the
variation of capacitance [66,112-115]. The theory of capacitive sensors is similar to that of resistive
sensors. In principle, the capacitance is decided by the formula below:

C = (eS)/d, 4)

where ¢ is the dielectric constant; S is the facing area and d is the vertical distance (Figure 8A).
When applying an external force, parameters of the capacitor will be altered, causing the change
of capacitance.

More complex and precise sensors can be fabricated through the series and parallel combination
of capacitors. Figure 8B is a stretchable sensor with two liquid metal fibers, whose capacitance would
change when being twisted. It could be used to measure torsion, strain and touch through the change
of capacitance. Moreover, an inertial sensor based on a liquid metal droplet was designed as well.
The liquid droplet was not fixed, so that it could modulate the capacitance between electrode 1 and
2 during movement. Compared to rigid sensors, these capacitive sensors based on liquid metal has
good flexibility and stability.
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A

Conductor

Insulating medium

Figure 8. Working principle of capacitive sensor. (A) Illustration of capacitor: s is the facing area
and d is the vertical distance. (B) Stretchable capacitive sensors with double helix liquid metal fibers,
reproduced with permission from [114].

4.4. Electrochemical Sensors

Electrochemical sensors utilize the chemical reaction occurring in solution. EGaln shows good
electrochemical behavior. Liquid metal with nickel and aluminum has been proven to be propelled
by hydrogen in NaOH solution [78,116]. The movement can be controlled by an external electrical
or magnetic field. Combined with saline solution, liquid metal can oxidize quickly and become gray
gradually. Based on these reactions, liquid metal can be used to detect the existence of some substance
and electrical field.

Moreover, Sivan et al. found that liquid-metal marbles could enhance the sensitivity of heavy
metal ion sensors [117]. They produced liquid-metal marbles with controlled coating density and
proved that these marbles showed enhanced electrochemical sensitivity towards heavy metal ions
with excellent selectivity. It had been used to detect some specific heavy metal ions, such as Pb** or
Cd?*. Compared to resistive sensors and capacitive sensors, studies on electrochemical sensors are
relatively fewer.

4.5. Metamaterial Biosensors

With the development of metamaterials, liquid-metal metamaterials are on the rise. Among all the
metamaterials, split-ring resonator (SRR) arrays and complementary split-ring resonator arrays (CSRR)
are the most commonly used structures for electromagnetic metamaterials, as shown in Figure 9A,B.
Single SRR unit and SRR arrays based on liquid-metal have been fabricated successfully by printing
(Figure 9C,D). All those results prove that liquid-metal based metamaterials are possible. The primary
limitation of a liquid-metal SRR structure is that the fabrication size is not fine enough to generate
electromagnetic response. Besides SRR and CSRR structures, several other types of liquid metal
electromagnetic metamaterials have been proposed as well. For instance, Xu et al. fabricated a
switchable metamaterial exploiting liquid metal [118]. The interference between copper and liquid
metal resulted in an electromagnetically induced transparency (EIT)-like spectrum, which could be
switched on or off on the basis of the fluidity of liquid metal. Moreover, a flexible metamaterial absorber
based on liquid metal and PDMS was proposed [119-121]. Reichel et al. also designed a terahertz
signal-processing device with liquid metal, which was electrically reconfigurable [122].

Recent studies have also applied metamaterials to biosensors for molecule detection. The sensing
mechanism of metamaterials is that a change in the resonant frequency would happen when different
biomolecules bind onto metamaterial resonators [123]. It is hoped that metamaterials can be combined
with with liquid metal to design soft metamaterial biosensors. Generally, research on electromagnetic
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metamaterials based on liquid metal are still in the initial stage and more efforts are needed. Upcoming
research could be conducted to find out the feasibility of liquid-metal metamaterial biosensors.

A B

E P i A TR
2mm

Figure 9. Metamaterial. Schematic diagram of split-ring resonator (SRR) (A) and complementary
split-ring resonator (CSRR) (B), where the gray color represents metal and the white represents gaps.
(C) An SRR unit fabricated by liquid metal. (D) SRR arrays fabricated by liquid metal.

4.6. Liquid-Metal Antenna

Antennas are important components in wireless devices for remote communication and
sensing [124]. Several flexible antennas fabricated by liquid metal have been designed for implanted
medical devices, interactive gaming and aeronautic remote sensing to avoid the mechanical failure
of solid parts due to material fatigue, creep or wear [124-127]. A radiation pattern reconfigurable
antenna was designed by Rodrigo et al., which could operate at 1800 MHz with 4.0% bandwidth [124].
Mazlouman et al. produced a frequency-reconfigurable antenna as well by injecting liquid metal into a
square reservoir. Their antenna allowed frequency tuning from 1.3 to 3 GHz. Hayes et al. proposed a
flexible antenna with a novel multi-layer construction based on liquid metal [126]. It was proven to
be mechanically flexible and perform stably during flexing. Cheng et al. fabricated a flexible planar
inverted cone antenna for ultrawideband applications [127]. It is expected that antennas based on
liquid metal with improved durability and stability will be presented in the near future.

5. Typical Applications

Sensors play an important role in biomedicine and bionic area. So far, the application of soft
sensors includes force sensors, temperature sensors, blood glucose sensors and so on. Based on
the fluidity and metallicity of liquid metal, sensors enabled from them possess good flexibility and
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sensitivity. Obviously, sensors fabricated by liquid metal will become critical components for wearable
devices and robots.

5.1. Force Sensors

Soft force sensors based on liquid metal, which can tolerate large deformation, have shown
advantages in force detection and motion-monitoring.

For instance, pressure sensors have been researched vigorously. Previous experiments showed
that when directly applying pressure to a printed liquid metal pressure sensor, the resistance would
change accordingly [110]. As shown in Figure 10A, when there existed external pressure, the resistance
of the liquid-metal sensor would increase. Moreover, Jung et al. manufactured a pressure sensor
embedded in a microfluidic channel, which could be used to measure the viscosity of various fluids [95].
The change of the fluids’ viscosity would lead to a pressure to the membrane and then the electrical
resistance would increase due to the decrease in the cross-sectional area (Figure 10B). A Wheatstone
bridge circuit was applied in their research to detect the change of electrical resistance accurately.
Kim et al. integrated liquid metal microchannels with a 3D-printed microbump array to increase the
sensitivity of the pressure sensor, which has been proven to have a wide range of applications in health
monitoring [93]. Oh et al. injected liquid metal into PDMS and designed a pressure-conductive rubber
sensor. This could be used to detect wrist pulse and respiration [128]. Besides pressure sensors, strain
sensors are also important types of force sensors. For instance, Zhou et al. fabricated a flexible strain
sensor with asymmetric structure. This could detect various human joint motions simultaneously [129].

Vogt et al. have designed a multi-axis force sensor with microfluidic channels recently [106]. This
could detect not only normal shear force, but also in-plane shear force. Meanwhile, Shi et al. reported
a flexible force sensor to detect normal and shear forces as well based on the piezoresistive effect and
further designed an artificial hair cell sensor [130]. Figure 10C shows the working principle of the hair
cell sensor. The polymer hair would be deformed when there was a shear or normal force, causing the
deformation of circuits connected to the hair. The change of capacitance between liquid metal could
reflect the movement of polymer hair. It perfectly imitated the operating mode of hair cells in the inner
ear, which might further propel the research of an artificial ear.

Cooper et al. proposed a stretchable capacitive sensor with double-helix liquid-metal fibers,
which was capable of detecting torsion, strain and touch [114]. When being twisted or elongated, the
geometry of fibers as well as the capacitance between the fibers would change accordingly. Moreover,
a soft inertial sensor was introduced by Varga et al. based on the alteration of capacitance between two
electrodes when the liquid-metal droplet moved [66]. This inertial sensor was sensitive to motion and
position detection.

Recently, wearable transient epidermal sensors were fabricated by liquid-metal hydrogel [131].
Liquid-metal marbles were distributed evenly into polyvinyl alcohol by sonication to form liquid metal
hydrogel. This material was flexible and self-healing. Epidermal sensors made by it could detect some
human activities, like swallowing and finger bending.

Furthermore, soft force sensors are expected to be applied to electronic skin and intelligent robots
to further promote the function of artificial products. Combining the advantages of traditional artificial
skin and sensors, a soft electronic skin can provide not only aesthetic function, but also a perception
function [132,133].

5.2. Temperature Sensors

Several types of temperature sensors based on liquid metal have been studied. Hong et al. applied
liquid metal as the interconnection between temperature-sensing units to fabricate soft temperature
sensor arrays [106]. Their sensor array could be easily attached to the skin, which was important for
electronic skin as well. A thermocouple based on liquid metal was proposed by Li et al. [109]. Ga with
0.25 wt. % Ga oxides and EGaln21.5 with 0.25 wt. % Ga oxides were chosen as the thermocouple
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elements. The thermocouple was directly printed on paper (Figure 10D) and could be bent and twisted
to some extent.

Currently, temperature sensors based on liquid metal have not been investigated deeply because
compared to existing rigid metal temperature sensors, liquid metal temperature sensors are not
sensitive and convenient enough. Tremendous efforts will be made in the near future.
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Figure 10. Photos of force sensors, temperature sensors and blood glucose sensors. (A) The resistance

@) Liquid metal

of a printed pressure sensor according to external pressure, reproduced with permission from [110].
(B) A micro-channel pressure sensor: (a) Structure of the sensor; (b) Working principle of measuring
viscosity of various fluids; Reproduced with permission from [95]. (C) Schematic of artificial hair cell
sensor: (a) No external force; (b) Deformation under a shear force; (¢) Deformation under a normal force.
(D) Thermocouple based on liquid metal printed on paper, reproduced with permission from [109].

5.3. Blood Glucose Sensors

Yi et al. have designed an electrochemical sensor for wireless glucose-detecting based on liquid
metal [134]. They fabricated liquid-metal electrodes by direct hand printing on polyvinyl chloride
(PVC) substrate. In their research, those electrodes were modified by enzyme to detect glucose. When
the enzyme reacted with glucose, the electrodes could transfer it to an electrical signal. Overall, this
flexible sensor has been proven to be reliable by cycle voltammetry. They also designed a wireless
system to transmit testing data to a smart phone via Bluetooth.

5.4. Sensor Array

An array is a common circuit arrangement for sensors, which can improve their sensitivity and
accuracy. For instance, the temperature sensors [106] and the pressure sensor [95] mentioned above
are all in the form of arrays. Specially, Zhang et al. developed a sensor array for application in
robotic electronic skin [135]. They used cross-grid liquid-metal layers as electrodes. Both capacitance
mode and triboelectric nanogenerators (TENG) [136] mode could be realized by this sensor array.
There were two layers of cross-grid arrays constructed by liquid-metal electrodes. The capacitance
between the top and bottom electrodes would increase or decrease when the environment changed.
The adoption of liquid metal made the whole device highly flexible. It could function as an E-skin
sensor with complementary capacitance mode or TENG mode, respectively. Compared to a single
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sensing element, sensor arrays can provide large-area and multi-functional detecting, especially for
human health-monitoring.

5.5. Pneumatic Artificial Muscles

Pneumatic artificial muscles have been increasingly investigated owing to the potential in wearable
devices. Inspired by biological muscle, Jackson et al. designed an artificial muscle with both force
and position sensors [137], as shown in Figure 11A. The Golgi tendon organ and muscle spindle were
fabricated by EGaln. Figure 11B shows the form alterations when the sensorized, flat, pneumatic
artificial muscle was at rest and inflated to the pressure of 82.8 kPa. Liquid metal was injected
into micro-channels to form contractile and force sensors (Figure 11C). It has been proved that this
artificial muscle could mimic the behavior of biological muscle well. The progress in artificial muscle
is meaningful to wearable devices, as well as soft robots.
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Figure 11. Artificial muscles and liquid metal microsphere sensors. (A) Schematic comparison between
biological muscle and artificial muscle, reproduced with permission from [136]. (B) The sensorized,
flat, pneumatic artificial muscle at rest and inflated to 82.8 kPa, reproduced with permission from [137].
(C) Ilustration of the contraction and pressure sensors, reproduced with permission from [137]. (D) The
electrical environment of a liquid-metal microsphere in NaOH solution (above) and two methods
of communicating for liquid-metal microspheres in a circuit (below), reproduced with permission
from [77]. (E) Microscopy images showing liquid-metal microspheres produced by capillary-based
microfluidics, reproduced with permission from [77]. (F) Schematic diagram of the photothermal
conversion of liquid-metal microspheres and the near-infrared (NIR) sensor based on the liquid metal
microsphere, reproduced with permission from [138].

5.6. Liquid-Metal Microsphere Sensors

The potential application of liquid-metal microspheres is increasingly attractive as well. The
concept of liquid-metal enabled droplet circuits in solution was proposed previously [77]. Liquid
metal droplets, ions and carbon nanotubes were combined in electrolyte solution to enhance electrical
conductivity. Figure 11D shows the electric charge distribution of a liquid-metal microsphere in NaOH
solution, and the communication methods between liquid-metal microspheres and carbon nanotubes
in a circuit. The quantum tunneling effect is the fundamental principle lying behind liquid-metal
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droplet circuits. Besides the theoretical liquid-metal droplet circuits, sensors based on liquid-metal
microsphere were researched recently [138]. Wei et al. designed a method to fabricate liquid-metal
microspheres with different sizes through a capillary effect, as shown in Figure 11E. The size of
liquid-metal microspheres could be precisely and stably controlled by the co-flowing configuration
in the micro-channels. These liquid-metal microspheres had been proven to exhibit outstanding
photothermal properties, which could be utilized to produce optical sensors, such as near infrared
ray (NIR) sensors (Figure 11F). There is a photo-thermal conversion in liquid metal microsphere,
which is promising to not only liquid-metal optical sensors, but also light-driven actuators and as an
energy conversion medium. Moreover, Zhang et al. presented a flexible capacitive sensor based on
liquid-metal microsphere as well [138]. It worked through the multi-plateau capacitance waveform
when liquid metal sphere passed through the sensing area. It is believed that more applications of
liquid-metal microspheres could be explored.

6. Perspective

In the near future, we may expect the appearance of metal-enabled liquid sensors. By contrast
with traditional rigid and soft sensors, metal-enabled liquid sensors will be in the form of fluidity
on the basis of liquid metal. The environment of the human body is liquid as well and all organs
work in this environment. According to the ideas of bionics, research on liquid sensors may be an
inevitable trend.

6.1. Concept of Liquid Sensors

As shown in Figure 12A, a liquid sensor is fabricated by wrapping liquid metal with a flexible
membrane. Liquid metal inside the membrane has greater freedom than that printed on soft substrate
or injected into micro-channels. Thus, the liquid sensors are more flexible and transformable. To ensure
good mechanical property of liquid sensors and avoid leakage of liquid metal, the membrane must
exhibit excellent flexibility and compactness. Figure 12B gives the details of a liquid-sensor system.
Processing circuits are required in order to amplify, transform and filtrate the electrical signal output by
the liquid sensors. Then, the processed signal could be measured by the detecting device. Compared
to existing soft sensors, liquid sensors are more suitable for in vivo detection because it is highly
transformable. Injectable electrodes based on liquid metal have been proposed for tumor treatment
already [65]. It is possible to design injectable liquid sensors with the application of liquid metal.
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Figure 12. Metal-enabled liquid sensors. (A) Illustration of liquid sensor: (a) Front view; (b) Sectional
view. (B) Working principle of liquid sensor. (C) Diagram of a liquid sensor system.

6.2. Working Principle of Liquid Sensors

Metal-enabled liquid sensors can make a response to external force, electrical field, magnetic field,
sound, light, heat and some chemical substances, on the basis of the unique physical and chemical
properties of liquid metal (Figure 12C). External stimulations will result in the changes of resistance or
capacitance, which can be converted to measurable electrical signals, such as voltage or current signal.
To reflect the alteration of the environment, the liquid sensors should be connected to a processing
unit, as shown in Figure 12C.

Qualitative liquid sensors based on liquid metal are not hard to realize. The difficulty is how to
create a quantitative liquid sensor with high sensitivity and precision. More efforts are required to
propel the development of liquid sensors.

7. Discussion

Liquid metal is characterized by good fluidity, perfect metallicity and unique electromagnetic
properties. Liquid metal-based soft sensors have attracted increasing attention. Generally, soft sensors
fabricated by liquid metal imply the following advantages.
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Firstly, sensors fabricated by liquid metal own excellent flexibility owing to the fluidity of liquid
metal. They can remain working when being twisted, stretched and bent within limits. The existence
of liquid metal ensures that the circuits are still connected during deformation and improves the
reliability of those soft sensors. This allows the application of liquid-metal sensors in wearable devices
with great promise.

Secondly, fabrication methods of liquid-metal based sensors are diverse. Due to the unique
physical and chemical properties of liquid metal, patterning methods includes printing, microfluidic
technology and others. Compared to traditional micro-/nano-machining technology, these new methods
are convenient and economical. However, the resolution should be further improved by optimizing
the fabrication process.

Last but not least, liquid metal-based sensors provide better conformability and sensing sensitivity.
Since the flexibility of liquid metal circuit is guaranteed, it can well fit different parts of human body
and promote the wearing experience. Furthermore, since sensors based on liquid metal can be tightly
attached to objects to be tested, the sensing sensitivity is higher than that of rigid sensors or common
soft sensors.

So far, liquid metal-based sensors have been vigorously researched because of their outstanding
performance. It is hoped that more soft sensors based on liquid metal, especially metamaterial
biosensors, can be designed. Through increasing endeavors, more sensing mechanisms enabled from
liquid metals are also possible in the near future. Microsphere sensors based on liquid metal, and even
metal-enabled liquid sensors, may cause a revolution in the development of soft sensors and in vivo
human signal monitoring.

8. Conclusion

This article provides a systematic review on liquid metal-enabled soft sensors as well as possible
future development. Typical sensors made in this way include force sensors, temperature sensors,
electrochemical sensors and so on. They work mainly depending on the alteration of resistance and
capacitance of liquid metal. Electromagnetic metamaterials fabricated by liquid metal may propel the
development of metamaterials and flexible metamaterial biosensors. With the excellent fluidity of
liquid metal, those sensors show excellent stretchability, which have potential in wearable device and
health-monitoring. Electrode arrays can be combined with soft sensors for large-area detection and
sensitivity improvement.

In summary, liquid metal has shown great potential in the area of soft sensors. Based on the
progress achieved, more efforts are necessary and the efforts will be worthy. Future research may
focus on resolution and repeatability as well as designing the testing principles of liquid metal-based
sensors. Microsphere sensors based on liquid metal and metal-enabled liquid sensors will be important
research fields in the future. It is believed that the soft sensors fabricated by liquid metal could be
widely applied in diverse biomedical areas and soft robots.

Author Contributions: Conceptualization, Y.R. and ].L.; literature review, Y.R.; writing—original draft preparation,
Y.R.; writing—review and editing, Y.R., X.S. and J.L.; visualization, Y.R.; supervision, J.L.; project administration,
J.L.; funding acquisition, J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the NSFC Key Project under Grant No. 51890893, N0.91748206, Dean’s
Research Funding and the Frontier Project of the Chinese Academy of Science.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Webster, ].G. Medical Instrumentation: Application and Design; John Wiley & Sons Inc.: Hoboken, NJ, USA,
1998.

2. Harsanyi, G. Sensors in Biomedical Applications: Fundamentals, Technology and Applications; CRC Press:
Boca Raton, FL, USA, 2000.



Micromachines 2020, 11, 200 20 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.; Shirinzadeh, B.; Cheng, W. A wearable and highly
sensitive pressure sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 1-8. [CrossRef] [PubMed]
Viry, L.; Levi, A.; Totaro, M.; Mondini, A.; Mattoli, V.; Mazzolai, B. Flexible three-axial force sensor for soft
and highly sensitive artificial touch. Adv. Mater. 2014, 26, 2659-2664. [CrossRef] [PubMed]

Water, W.; Chen, S.E. Using ZnO nanorods to enhance sensitivity of liquid sensor. Sensor. Actuat. B Chem.
2009, 136, 371-375. [CrossRef]

Schneditz, D.; Kenner, T.; Heimel, H.; Stabinger, H. A sound-speed sensor for the measurement of total
protein concentration in disposable, blood-perfused tubes. |. Acoust. Soc. Am. 1989, 86, 2073. [CrossRef]
Zhang, H.; Yang, Y.; Su, Y; Chen, J.; Adams, K; Lee, S.; Hu, C.; Wang, Z. Triboelectric nanogenerator for
harvesting vibration energy in full space and as self-powered acceleration sensor. Adv. Funct. Mater. 2014,
24,1401-1407. [CrossRef]

Peet, D.J.; Pryor, M.D. Evaluation of a mosfet radiation sensor for the measurement of entrance surface dose
in diagnostic radiology. Br. J. Radiol. 1999, 72, 562-568. [CrossRef]

Yang, H.; Qi, D.; Liu, Z.; Chandran, B.K.; Wang, T.; Yu, J.; Chen, X. Soft thermal sensor with mechanical
adaptability. Adv. Mater. 2016, 28, 9175-9181. [CrossRef]

Wang, C.F.; Wang, C.H.; Huang, Z.L.; Xu, S. Materials and structures toward soft electronics. Adv. Mater.
2018, 30. [CrossRef]

Koo, J.H.; Song, J.; Kim, D. Solution-processed thin films of semiconducting carbon nanotubes and their
application to soft electronics. Nanotechnology 2019, 30, 13. [CrossRef]

Djenizian, T.; Tee, B.; Ramuz, M.; Fang, L. Advances in flexible and soft electronics. APL Mater. 2019, 7.
[CrossRef]

Kang, B.; Lee, SK.; Jung, ].; Joe, M.; Lee, S.B.; Kim, J.; Lee, C.; Cho, K. Nanopatched graphene with molecular
self-assembly toward graphene-organic hybrid soft electronics. Adv. Mater. 2018, 30. [CrossRef] [PubMed]
Zhang, S.; Wang, B.; Jiang, J.; Wu, K.; Guo, C.E; Wu, Z. High fidelity conformal printing of 3D liquid alloy
circuits for soft electronics. ACS Appl. Mater. Inter. 2019, 11, 7148-7156. [CrossRef] [PubMed]

Valentine, A.D.; Busbee, T.A.; Boley, ] W.; Raney, J.R.; Lewis, J.A. Hybrid 3D printing of soft electronics.
Adv. Mater. 2017, 29, 29. [CrossRef] [PubMed]

Wang, C.; Xia, K.; Zhang, Y.; Kaplan, D.L. Silk-based advanced materials for soft electronics. Acc. Chem. Res.
2019, 52, 2916-2927. [CrossRef]

Feng, Y.; Zhu, J. Copper nanomaterials and assemblies for soft electronics. Sci. China Mater. 2019, 62,
1679-1708. [CrossRef]

Kang, J.; Tok, J.; Bao, Z. Self-healing soft electronics. Nat. Electron. 2019, 2, 144-150. [CrossRef]

Li, R.; Wang, L.; Yin, L. Materials and devices for biodegradable and soft biomedical electronics. Materials
2018, 11, 2108. [CrossRef]

Choi, C.; Choi, M.K.; Hyeon, T.; Kim, D. Nanomaterial-based soft electronics for healthcare applications.
ChemNanoMat 2016, 2. [CrossRef]

Hoshi, T. Robot skin based on touch-area-sensitive tactile element. In Proceedings of the Presented at IEEE
International Conference on Robotics & Automation, Orlando, FL, USA, 15-19 May 2006.

Bartlett, M.D.; Markvicka, E.J.; Majidi, C. Rapid fabrication of soft, multilayered electronics for wearable
biomonitoring. Adv. Funct. Mater. 2016, 26, 8496-8504. [CrossRef]

Gong, S.; Lai, D.; Su, B;; Si, KJ.; Ma, Z.; Yap, LW.; Guo, P.; Cheng, W. Highly stretchy black gold E-skin
nanopatches as highly sensitive wearable biomedical sensors. Adv. Electron. Mater. 2015, 1. [CrossRef]
Jeong, S.H.; Zhang, S.; Hjort, K.; Hilborn, J.; Wu, Z. PDMS-based elastomer tuned soft, stretchable, and sticky
for epidermal electronics. Adv. Mater. 2016, 28, 5830-5836. [CrossRef] [PubMed]

Yuan, W.; Dong, S.; Adelson, E. GelSight: High-resolution robot tactile sensors for estimating geometry and
force. Sensors 2017, 17, 2762. [CrossRef] [PubMed]

Tian, L.; Li, Y.; Webb, R.; Krishnan, S.; Bian, Z.; Song, J.; Ning, X.; Crawford, K.; Kurniawan, J.F;
Bofinas, A.P,; et al. Flexible and stretchable 3w sensors for thermal characterization of human skin.
Adv. Funct. Mater. 2017, 27, 26. [CrossRef]

Sonar, H.A.; Paik, J. Soft pneumatic actuator skin with piezoelectric sensors for vibrotactile feedback.
Front. Robot. AI 2016, 2, 10-3389. [CrossRef]


http://dx.doi.org/10.1038/ncomms4132
http://www.ncbi.nlm.nih.gov/pubmed/24495897
http://dx.doi.org/10.1002/adma.201305064
http://www.ncbi.nlm.nih.gov/pubmed/24677245
http://dx.doi.org/10.1016/j.snb.2008.11.033
http://dx.doi.org/10.1121/1.398466
http://dx.doi.org/10.1002/adfm.201302453
http://dx.doi.org/10.1259/bjr.72.858.10560338
http://dx.doi.org/10.1002/adma.201602994
http://dx.doi.org/10.1002/adma.201801368
http://dx.doi.org/10.1088/1361-6528/aafbbe
http://dx.doi.org/10.1063/1.5095596
http://dx.doi.org/10.1002/adma.201706480
http://www.ncbi.nlm.nih.gov/pubmed/29709083
http://dx.doi.org/10.1021/acsami.8b20595
http://www.ncbi.nlm.nih.gov/pubmed/30675789
http://dx.doi.org/10.1002/adma.201703817
http://www.ncbi.nlm.nih.gov/pubmed/28875572
http://dx.doi.org/10.1021/acs.accounts.9b00333
http://dx.doi.org/10.1007/s40843-019-9468-5
http://dx.doi.org/10.1038/s41928-019-0235-0
http://dx.doi.org/10.3390/ma11112108
http://dx.doi.org/10.1002/cnma.201600191
http://dx.doi.org/10.1002/adfm.201602733
http://dx.doi.org/10.1002/aelm.201400063
http://dx.doi.org/10.1002/adma.201505372
http://www.ncbi.nlm.nih.gov/pubmed/27167137
http://dx.doi.org/10.3390/s17122762
http://www.ncbi.nlm.nih.gov/pubmed/29186053
http://dx.doi.org/10.1002/adfm.201701282
http://dx.doi.org/10.3389/frobt.2015.00038

Micromachines 2020, 11, 200 21 of 25

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hu, T,; Xuan, S.; Ding, L.; Gong, X. Stretchable and magneto-sensitive strain sensor based on silver
nanowire-polyurethane sponge enhanced magnetorheological elastomer. Mater. Des. 2018, 156, 528-537.
[CrossRef]

Jiong, Y.; Cheng, W.; Kourosh, K. Electronic skins based on liquid metals. Proc. IEEE 2019, 107, 2168-2184.
Stoppa, M.; Chiolerio, A. Wearable electronics and smart textiles: A critical review. Sensors 2014, 14,
11957-11992. [CrossRef]

Rajan, K.; Garofalo, E.; Chiolerio, A. Wearable Intrinsically Soft, Stretchable, Flexible Devices for Memories
and Computing. Sensors 2018, 18, 367. [CrossRef]

Roh, E.; Hwang, B.U.; Kim, D.; Kim, B.Y.; Lee, N.E. Stretchable, transparent, ultrasensitive, and patchable
strain sensor for human-machine interfaces comprising a nanohybrid of carbon nanotubes and conductive
elastomers. ACS Nano 2015, 9, 6252-6261. [CrossRef]

Chen, S.; Jiang, K.; Lou, Z.; Chen, D.; Shen, G. Recent developments in graphene-based tactile sensors and
e-skins. Adv. Mater. Technol. 2017, 3. [CrossRef]

Wang, C.; Xia, K.; Zhang, M.; Jian, M.; Zhang, Y. An all silk-derived, dual-mode e-skin for simultaneous
temperature-pressure detection. ACS Appl. Mater. Inter. 2017, 9, 39484-39492. [CrossRef] [PubMed]
Tajima, R.; Kagami, S.; Inaba, M.; Inoue, H. Development of soft and distributed tactile sensors and the
application to a humanoid robot. Adv. Robot. 2002, 16, 381-397. [CrossRef]

Ozel, S.; Keskin, N.A; Khea, D.; Onal, C.D. A precise embedded curvature sensor module for soft-bodied
robots. Sensor. Actuat. A Phys. 2015, 236, 349-356. [CrossRef]

Li, S.; Zhao, H.; Shepherd, R.F. Flexible and stretchable sensors for fluidic elastomer actuated soft robots.
MRS Bull. 2017, 42, 138-142. [CrossRef]

Yeo, ].C.; Lim, C.T. Emerging flexible and wearable physical sensing platforms for healthcare and biomedical
applications. Microsyst. Nanoeng. 2016, 2. [CrossRef]

Dinh, T.; Phan, H.; Nguyen, K.; Qamar, A.; Md Foisal, A.R.; Viet, T.; Tran, C.D.; Zhu, Y.,; Nguyen, N.T,;
Dao, D.V. Environment-friendly carbon nanotube based flexible electronics for noninvasive and wearable
healthcare. J. Mater. Chem. C 2016, 4. [CrossRef]

Wang, D.; Mei, Y.; Huang, G. Printable inorganic nanomaterials for flexible transparent electrodes: From
synthesis to application. J. Semicond. 2018, 39. [CrossRef]

Fu, K,; Yao, Y,; Dai, J.; Hu, L. Progress in 3D printing of carbon materials for energy-related applications.
Adv. Mater. 2016, 29. [CrossRef]

Choi, Y,; Kang, J.; Secor, E.; Sun, J.; Kim, H.; Lim, J. Capacitively coupled hybrid ion gel and carbon nanotube
thin-film transistors for low voltage flexible logic circuits. Adv. Funct. Mater. 2018, 28, 28. [CrossRef]
Zhang, D.; Chi, B.; Li, B.; Gao, Z.; Du, Y.; Guo, J.; Wei, J. Fabrication of highly conductive graphene flexible
circuits by 3D printing. Synth. Met. 2016, 27, 79-86. [CrossRef]

Saidina, D.; Eawwiboonthanakit, N.; Jaafar, M.; Fontana, S.; Hérold, C. Recent development of graphene-based
ink and other conductive material-based inks for flexible electronics. J. Electron. Mater. 2019, 48, 3428-3450.
[CrossRef]

Yang, W.; Wang, C. Graphene and the related conductive inks for flexible electronics. J. Mater. Chem. C 2016,
4,7193-7207. [CrossRef]

Park, J.; Zhou, C.; Yang, C.Y. Carbon-based Nanostructures for Flexible Electronics. In Proceedings of the
IEEE International Conference on Electron Devices and Solid State Circuits, Shenzhen, China, 6-8 June 2018.
Hao, Y;; Gao, J.; Xu, Z.; Zhang, N.; Luo, J.; Liu, X. Preparation of silver nanoparticles with hyperbranched
polymers as a stabilizer for inkjet printing of flexible circuits. New J. Chem. 2019, 43, 2797-2803. [CrossRef]
Stephan, T.D.; Vimolvan, P. Humic acid assisted synthesis of silver nanoparticles and its application to
herbicide detection. Mater. Lett. 2008, 62, 2661-2663.

Sun, J.; Zhou, W.; Yang, H.; Zhen, X.; Ma, L.; Williams, D.; Sun, D.; Lang, M. Highly transparent and flexible
circuits through patterning silver nanowires into microfluidic channels. Chem. Commun. 2018, 54, 4923-4926.
[CrossRef]

Seung, H.K. Low temperature thermal engineering of nanoparticle ink for flexible electronics applications.
Semicond. Sci. Technol. 2016, 31, 31. [CrossRef]

Tan, S.; Zu, X; Yi, G,; Liu, X. Synthesis of highly environmental stable copper-silver core-shell nanoparticles
for direct writing flexible electronics. J. Mater. Sci. Mater. Electron. 2017, 28, 15899-15906. [CrossRef]


http://dx.doi.org/10.1016/j.matdes.2018.07.024
http://dx.doi.org/10.3390/s140711957
http://dx.doi.org/10.3390/s18020367
http://dx.doi.org/10.1021/acsnano.5b01613
http://dx.doi.org/10.1002/admt.201700248
http://dx.doi.org/10.1021/acsami.7b13356
http://www.ncbi.nlm.nih.gov/pubmed/29065259
http://dx.doi.org/10.1163/15685530260174548
http://dx.doi.org/10.1016/j.sna.2015.09.041
http://dx.doi.org/10.1557/mrs.2017.4
http://dx.doi.org/10.1038/micronano.2016.43
http://dx.doi.org/10.1039/C6TC02708C
http://dx.doi.org/10.1088/1674-4926/39/1/011002
http://dx.doi.org/10.1002/adma.201603486
http://dx.doi.org/10.1002/adfm.201802610
http://dx.doi.org/10.1016/j.synthmet.2016.03.014
http://dx.doi.org/10.1007/s11664-019-07183-w
http://dx.doi.org/10.1039/C6TC01625A
http://dx.doi.org/10.1039/C8NJ05639K
http://dx.doi.org/10.1039/C8CC01438H
http://dx.doi.org/10.1088/0268-1242/31/7/073003
http://dx.doi.org/10.1007/s10854-017-7485-2

Micromachines 2020, 11, 200 22 of 25

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Shao, W.,; Li, G.; Zhu, P; Zhang, Y.; Ouyang, Q.; Sun, R.; Chen, C.; Wong, C.P. Facile synthesis of low
temperature sintering Ag nanopaticles for printed flexible electronics. . Mater. Sci. Mater. Electron. 2018, 29,
4432-4440. [CrossRef]

Chiolerio, A.; Rajan Roppolo, I.; Chiappone, A.; Bocchini, S.; Perrone, D. Silver nanoparticle ink technology:
State of the art. Nanotech. Sci. Appl. 2016, 9, 1. [CrossRef]

Yi, L.; Liu, J. Liquid metal biomaterials: A newly emerging area to tackle modern biomedical challenges.
Inter. Mater. Rev. 2017, 62, 1-26. [CrossRef]

Wang, Q.; Yu, Y;; Liu, J. Preparations, characteristics and applications of the functional liquid metal materials.
Adv. Eng. Mater. 2017, 20. [CrossRef]

Jackson, N.; Buckley, J.; Clarke, C.; Stam, F. Manufacturing methods of stretchable liquid metal-based antenna.
Microsyst. Technol. 2019, 25, 3175-3184. [CrossRef]

Ordonez, R.; Hayashi, C.; Torres, C.; Hafner, N.; Adleman, J.; Acosta, N.; Melcher, J.; Kamin, N.M.; Garmire, D.
Conformal Liquid-Metal Electrodes for Flexible Graphene Device Interconnects. IEEE Trans. Electron Dev.
2016, 63, 4018-4023. [CrossRef]

Li, Q; Lin, J.; Liu, T.; Zheng, H.; Liu, J. Printed flexible thin-film transistors based on different types of
modified liquid metal with good mobility. Sci. China Informa. Sci. 2019, 62. [CrossRef]

Nayak, S.; Li, Y.; Tay, W,; Zamburg, E.; Singh, D.; Lee, C; Koh, SJ.A.; Chia, P.; Thean, A.V.Y.
Liquid-metal-elastomer foam for moldable multi-functional triboelectric energy harvesting and force
sensing. Nano Energy 2019, 64. [CrossRef]

Kim, S.; Oh, J.; Jeong, D.; Bae, J. Direct wiring of eutectic gallium-indium to a metal electrode for soft sensor
systems. ACS Appl. Mater. Inter. 2019, 11, 20557-20565. [CrossRef] [PubMed]

Kim, T.; Kim, D.; Lee, B.; Lee, J. Soft and Deformable Sensors Based on Liquid Metals. Sensors 2019, 19, 4250.
[CrossRef]

Yang, Y.; Jie, Z.; Jing, L.; Sabato, D. Biomedical implementation of liquid metal ink as drawable ECG electrode
and skin circuit. PLoS ONE 2013, 8. [CrossRef]

Zhao, Z.N.; Ju, L; Jie, Z,; Yang, Y.; Bo, Y.; Fan, C.C.; Wang, L.; Liu, J. Liquid metal enabled flexible electronic
system for eye movement tracking. IEEE Sens. ]. 2018, 18, 2592-2598. [CrossRef]

Jin, C,; Zhang, J.; Li, X,; Yang, X.; Li, J.; Liu, J. Injectable 3-D fabrication of medical electronics at the target
biological tissues. Sci. Rep. 2013, 3, 3442. [CrossRef]

Sun, X.; Yuan, B.; Rao, W.; Liu, J. Amorphous liquid metal electrodes enabled conformable electrochemical
therapy of tumors. Biomaterials 2017, 146, 156-167. [CrossRef] [PubMed]

Varga, M.; Ladd, C.; Ma, S.; Holbery, ].; Troster, G. On-skin liquid metal inertial sensor. Lab. Chip. 2017, 17,
3272-3278. [CrossRef] [PubMed]

Chiolerio, A.; Quadrelli, M. Smart Fluid Systems: The advent of autonomous liquid robotics. Adv. Sci. 2017,
4. [CrossRef] [PubMed]

Adamatzky, A.; Chiolerio, A.; Szacilowski, K. Liquid metal solves maze. Soft Matter 2019. [CrossRef]
Zhang, Q.; Zheng, Y.; Liu, ]J. Direct writing of electronics based on alloy and metal (dream) ink: A newly
emerging area and its impact on energy, environment and health sciences. Front. Energy. 2012, 6, 311-340.
[CrossRef]

Guo, R.; Wang, X.; Chang, H.; Yu, W,; Liang, S.; Rao, W. Ni-Galn amalgams enabled rapid and customizable
fabrication of wearable and wireless healthcare electronics. Adv. Eng. Mater. 2018, 20. [CrossRef]

Chang, H.; Guo, R.; Sun, Z.Q.; Wang, H.Z.; Hou, Y.; Wang, Q.; Rao, W,; Liu, J. Flexible conductive materials:
Direct writing and repairable paper flexible electronics using nickel-liquid metal ink. Adv. Mater. Interfaces
2018, 5. [CrossRef]

Guo, R;; Yao, S;; Sun, X; Liu, J. Semi-liquid metal and adhesion-selection enabled rolling and transfer
(SMART) printing: A general method towards fast fabrication of flexible electronics. Sci. China Mater. 2019,
62,982-994. [CrossRef]

Tang, J.; Zhao, X.; Li, ].; Guo, R.; Zhou, Y.; Liu, J. Gallium-based liquid metal amalgams: Transitional-state
metallic mixtures (TransM2ixes) with enhanced and tunable electrical, thermal, and mechanical properties.
ACS Appl. Mater. Interfaces 2017, 9, 35977-35987. [CrossRef]

Li, H.; Mei, S.; Wang, L.; Gao, Y,; Liu, J. Splashing phenomena of room temperature liquid metal droplet
striking on the pool of the same liquid under ambient air environment. Inter. |. Heat Fluid FL 2014, 47, 1-8.
[CrossRef]


http://dx.doi.org/10.1007/s10854-017-8390-4
http://dx.doi.org/10.2147/NSA.S68080
http://dx.doi.org/10.1080/09506608.2016.1271090
http://dx.doi.org/10.1002/adem.201700781
http://dx.doi.org/10.1007/s00542-018-4234-2
http://dx.doi.org/10.1109/TED.2016.2599879
http://dx.doi.org/10.1007/s11432-019-9918-4
http://dx.doi.org/10.1016/j.nanoen.2019.103912
http://dx.doi.org/10.1021/acsami.9b05363
http://www.ncbi.nlm.nih.gov/pubmed/31066540
http://dx.doi.org/10.3390/s19194250
http://dx.doi.org/10.1371/journal.pone.0058771
http://dx.doi.org/10.1109/JSEN.2018.2796121
http://dx.doi.org/10.1038/srep03442
http://dx.doi.org/10.1016/j.biomaterials.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28918265
http://dx.doi.org/10.1039/C7LC00735C
http://www.ncbi.nlm.nih.gov/pubmed/28836638
http://dx.doi.org/10.1002/advs.201700036
http://www.ncbi.nlm.nih.gov/pubmed/28725530
http://dx.doi.org/10.1039/C9SM01806A
http://dx.doi.org/10.1007/s11708-012-0214-x
http://dx.doi.org/10.1002/adem.201800054
http://dx.doi.org/10.1002/admi.201870097
http://dx.doi.org/10.1007/s40843-018-9400-2
http://dx.doi.org/10.1021/acsami.7b10256
http://dx.doi.org/10.1016/j.ijheatfluidflow.2014.02.002

Micromachines 2020, 11, 200 23 of 25

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Liu, T; Sen, P; Kim, C.J. Characterization of nontoxic liquid-metal alloy galinstan for applications in
microdevices. |. Microelectromech. Syst. 2012, 21, 443-450. [CrossRef]

Kim, D.; Lee, J.B. Magnetic-field-induced liquid metal droplet manipulation. J. Korean Phys. Soc. 2015, 66,
282-286. [CrossRef]

Ren, Y.; Liu, J. Liquid-metal enabled droplet circuits. Micromachines 2018, 9, 218. [CrossRef] [PubMed]

Tan, S.C.; Yuan, B.; Liu, J. Electrical method to control the running direction and speed of self-powered tiny
liquid metal motors. Proc. Roy. Soc. A Math. Phy. 2015, 471, 32-38. [CrossRef]

Khondoker, M.A.H.; Sameoto, D. Fabrication methods and applications of microstructured gallium based
liquid metal alloys. Smart Mater. Struct. 2016, 25. [CrossRef]

Gao, Y,; Li, H,; Liu, ]. Direct writing of flexible electronics through room temperature liquid metal ink. PLoS
ONE 2012, 7. [CrossRef]

Wang, L.; Liu, J. Advances in the Development of Liquid Metal-Based Printed Electronic Inks. Front. Mater.
2019, 6. [CrossRef]

Sheng, L.; Teo, S.; Liu, J. Liquid-metal-painted stretchable capacitor sensors for wearable healthcare electronics.
J. Med. Biol. Eng. 2016, 36, 265-272. [CrossRef]

Zheng, Y.; Zhang, Q.; Liu, J. Pervasive liquid metal based direct writing electronics with roller-ball pen.
AIP Adv. 2013, 3, 6459-6463. [CrossRef]

Zheng, Y.; He, Z.; Gao, Y.; Liu, ]. Direct desktop printed-circuits-on-paper flexible electronics. Sci. Rep. 2013,
3,1786. [CrossRef]

Tabatabai, A.; Fassler, A.; Usiak, C.; Majidi, C. Liquid-phase gallium-indium alloy electronics with
microcontact printing. Langmuir 2013, 29, 6194-6200. [CrossRef] [PubMed]

Wang, Q.; Yu, Y,; Yang, J.; Liu, J. Fast fabrication of flexible functional circuits based on liquid metal dual-trans
printing. Adv. Mater. 2015, 27, 7109-7116. [CrossRef] [PubMed]

Votzke, C.; Daalkhaijav, U.; Mengtig, Y.; Johnston, M. Highly-stretchable biomechanical strain sensor using
printed liquid metal paste. In Proceedings of the IEEE Biomedical Circuits and Systems Conference,
Cleveland, OH, USA, 17-19 October 2018.

Gannarapu, A.; Gozen, B.A. Freeze-printing of liquid metal alloys for manufacturing of 3D, conductive, and
flexible networks. Adv. Mater. Technol. 2016, 1. [CrossRef]

Liang, B.; Wei, J.; Fang, L.; Cao, Q.; Tu, T.; Ren, H. High-resolution rapid prototyping of liquid metal
electronics by direct Writing on Highly Prestretched Substrates. ACS Omega 2019, 4, 21072-21077. [CrossRef]
[PubMed]

Zhang, Q.; Gao, Y.; Liu, J. Atomized spraying of liquid metal droplets on desired substrate surfaces as a
generalized way for ubiquitous printed electronics. Appl. Phys. A 2013, 116, 1091-1097.

Roberts, P.; Damian, D.D.; Shan, W.; Lu, T.; Majidi, C. Soft-matter capacitive sensor for measuring shear and
pressure deformation. In Proceedings of the 2013 IEEE International Conference on Robotics and Automation
(ICRA), Karlsruhe, Germany, 6-10 May 2013.

Jeong, S.H.; Hagman, A.; Hjort, K.; Jobs, M.; Sundqvist, J.; Wu, Z. Liquid alloy printing of microfluidic
stretchable electronics. Lab. Chip. 2012, 12, 4657. [CrossRef]

Kim, K.; Choj, J.; Jeong, Y.; Cho, I.; Kim, M.; Kim, S.; Oh, Y.; Park, I. Highly Sensitive and Wearable Liquid
Metal-Based Pressure Sensor for Health Monitoring Applications: Integration of a 3D-Printed Microbump
Array with the Microchannel. Adv. Healthc. Mater. 2019, 8. [CrossRef]

Wong, R.D.P; Posner, ].D.; Santos, V.J. Flexible microfluidic normal force sensor skin for tactile feedback.
Sensor. Actuat. A Phys. 2012, 179, 62—-69. [CrossRef]

Taekeon, J.; Yang, S. Highly stable liquid metal-based pressure sensor integrated with a microfluidic channel.
Sensors 2015, 15, 11823-11835.

Zhang, L.].; Gao, M.; Wang, R H.; Deng, Z.; Gui, L. Stretchable pressure sensor with leakage-free liquid-metal
electrodes. Sensors 2019, 19, 1316. [CrossRef]

Yang, Y.; Sun, N.; Wen, Z.; Cheng, P,; Lee, S.T. Liquid metal-based super-stretchable and structure-designable
triboelectric nanogenerator for wearable electronics. ACS Nano 2018, 12, 2027-2034. [CrossRef] [PubMed]
Khoshmanesh, K.; Tang, S.; Zhu, ].; Schaefer, S.; Mitchell, A.; Kalantar-zadeh, K.; Dickey, M.D. Liquid Metal
Enabled Microfluidics. Lab Chip. 2017, 17, 974-993. [CrossRef] [PubMed]

Gao, M.; Gui, L. Development of a fast thermal response microfluidic system using liquid metal.
J. Micromech. Microeng. 2016, 26. [CrossRef]


http://dx.doi.org/10.1109/JMEMS.2011.2174421
http://dx.doi.org/10.3938/jkps.66.282
http://dx.doi.org/10.3390/mi9050218
http://www.ncbi.nlm.nih.gov/pubmed/30424151
http://dx.doi.org/10.1098/rspa.2015.0297
http://dx.doi.org/10.1088/0964-1726/25/9/093001
http://dx.doi.org/10.1371/journal.pone.0045485
http://dx.doi.org/10.3389/fmats.2019.00303
http://dx.doi.org/10.1007/s40846-016-0129-9
http://dx.doi.org/10.1063/1.4832220
http://dx.doi.org/10.1038/srep01786
http://dx.doi.org/10.1021/la401245d
http://www.ncbi.nlm.nih.gov/pubmed/23659455
http://dx.doi.org/10.1002/adma.201502200
http://www.ncbi.nlm.nih.gov/pubmed/26414428
http://dx.doi.org/10.1002/admt.201600047
http://dx.doi.org/10.1021/acsomega.9b02440
http://www.ncbi.nlm.nih.gov/pubmed/31867499
http://dx.doi.org/10.1039/c2lc40628d
http://dx.doi.org/10.1002/adhm.201900978
http://dx.doi.org/10.1016/j.sna.2012.03.023
http://dx.doi.org/10.3390/s19061316
http://dx.doi.org/10.1021/acsnano.8b00147
http://www.ncbi.nlm.nih.gov/pubmed/29420011
http://dx.doi.org/10.1039/C7LC00046D
http://www.ncbi.nlm.nih.gov/pubmed/28225135
http://dx.doi.org/10.1088/0960-1317/26/7/075005

Micromachines 2020, 11, 200 24 of 25

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Kramer, RK.; Majidi, C.; Wood, R.J. Masked deposition of gallium-indium alloys for liquid-embedded
elastomer conductors. Adv. Funct. Mater. 2013, 23, 5292-5296. [CrossRef]

Li, G.; Lee, D.W. Advanced selective liquid-metal plating technique for stretchable biosensor applications.
Lab. Chip. 2017, 17. [CrossRef]

Lu, T,; Finkenauer, L.; Wissman, ].; Majidi, C. Rapid prototyping for soft-matter electronics. Adv. Funct. Mater.
2014, 24, 3351-3356. [CrossRef]

Pan, C.; Kumar, K,; Li, J.; Markvicka, E.; Herman, P.R.; Majidi, C. Visually imperceptible liquid-metal circuits
for transparent, stretchable electronics with direct laser writing. Adv Mater. 2018, 30, 10-1002. [CrossRef]
Kim, T; Kim, K; Kim, S; Lee, J; Kim, W. Micropatterning of liquid metal by dewetting.
J. Microelectromech. Syst. 2017, 99, 1-4. [CrossRef]

Ren, Y.; Wang, X.L.; Liu, J. Fabrication of High-Resolution Flexible Circuits and Sensors based on Liquid
Metal Inks by Spraying and Wiping Processing. IEEE Trans. Biomed. Circ. Syst. 2019, 1, 1545-1551. [CrossRef]
Hong, S.Y,; Lee, YH.; Park, H; Jin, SW.,; Jeong, Y.R.; Yun, J.; You, I; Zi, G.; Ha, ].S. Stretchable active
matrix temperature sensor array of polyaniline nanofibers for electronic skin. Adv. Mater. 2016, 28, 930-935.
[CrossRef]

Jiao, Y,; Young, C.; Yang, S.; Oren, S.; Ceylan, H.; Kim, S. Wearable graphene sensors with microfluidic liquid
metal wiring for structural health monitoring and human body motion sensing. IEEE Sensor. J. 2016, 16,
7870-7875. [CrossRef]

Hu, H.; Shaikh, K.; Liu, C. Super flexible sensor skin using liquid metal as interconnect. IEEE Sensor. 2007,
815-817. [CrossRef]

Li, H; Yang, Y,; Liu, ]J. Printable tiny thermocouple by liquid metal gallium and its matching metal.
Appl. Phys. Lett. 2012, 101. [CrossRef]

Mohammed, M.G.; Kramer, R. All-printed flexible and stretchable electronics. Adv. Mater. 2017, 29.
[CrossRef] [PubMed]

Otake, S.; Konishi, S. Integration of flexible strain sensor using liquid metal into soft micro-actuator.
In Proceedings of the IEEE Micro Electro Mechanical Systems (MEMS), Belfast, UK, 21-25 January 2018.
Vogt, D.M.; Park, Y.L.; Wood, R.J. Design and characterization of a soft multi-axis force sensor using
embedded microfluidic channels. IEEE Sensor. J. 2013, 13, 4056—4064. [CrossRef]

Ali, S.; Maddipatla, D.; Narakathu, B.B.; Chlaihawi, A.A.; Emamian, S.; Janabi, F; Bazuin, B.].; Atashbar, M.Z.
Flexible capacitive pressure sensor based on PDMS substrate and Ga-In liquid metal. IEEE Sensor J. 2018, 19,
97-104. [CrossRef]

Cooper, C.B.; Arutselvan, K; Liu, Y.; Armstrong, D.; Lin, Y.; Khan, M.R.; Genzer, J.; Dickey, M.D. Stretchable
capacitive sensors of torsion, strain, and touch using double helix liquid metal fibers. Adv. Funct. Mater.
2017, 27. [CrossRef]

Zhang, R.; Ye, Z.; Gao, M.; Gao, C.; Zhang, X.; Li, L.; Gui, L. Liquid metal electrode-enabled flexible
microdroplet sensor. Lab. Chip. 2019, 20, 496-504. [CrossRef]

Zhang, ].; Yao, Y.; Sheng, L.; Liu, J. Self-Fueled Biomimetic Liquid Metal Mollusk. Adv. Mater. 2015, 27,
2648-2655. [CrossRef]

Sivan, V;; Tang, S.; OMullane, A.; Petersen, P.; Eshtiaghi, N.; Kalantar Zadeh, K.; Mitchell, A. Enhanced
electrochemical heavy metal ion sensor using liquid metal marbles - towards on-chip application.
In Proceedings of the Optoelectronic & Microelectronic Materials & Devices, Melbourne, VIC, Australia,
12-14 December 2012.

Xu, J.; Fan, Y,; Yang, R.; Fu, Q.; Zhang, F. Realization of switchable EIT metamaterial by exploiting fluidity of
liquid metal. Opt. Express. 2019, 27, 2837-2843. [CrossRef]

Ling, K,; Kim, K.; Lim, S. Flexible liquid metal-filled metamaterial absorber on polydimethylsiloxane (PDMS).
Opt. Express. 2015, 23, 21375-21383. [CrossRef] [PubMed]

Kyeongseob, K.; Dongju, L.; Seunghyun, E.; Sungjoon, L. Stretchable metamaterial absorber using liquid
metal-filled polydimethylsiloxane (PDMS). Sensor 2016, 16, 521.

Kenyu, L.; Hyung, K.; Minyeong, Y.; Sungjoon, L. Frequency-switchable metamaterial absorber injecting
eutectic gallium-indium (EGaln) liquid metal alloy. Sensor 2015, 15, 28154-28165.

Reichel, K.S.; Lozada-Smith, N.; Joshipura, 1.D.; Ma, J.J.; Shrestha, R.; Mendis, R.; Dickey, M.D.;
Mittleman, D.M. Electrically reconfigurable terahertz signal processing devices using liquid metal components.
Nat. Commun. 2018, 9, 4203. [CrossRef]


http://dx.doi.org/10.1002/adfm.201203589
http://dx.doi.org/10.1039/C7LC00768J
http://dx.doi.org/10.1002/adfm.201303732
http://dx.doi.org/10.1002/adma.201706937
http://dx.doi.org/10.1109/JMEMS.2017.2723628
http://dx.doi.org/10.1109/TBCAS.2019.2935026
http://dx.doi.org/10.1002/adma.201504659
http://dx.doi.org/10.1109/JSEN.2016.2608330
http://dx.doi.org/10.1109/ICSENS.2007.4388525
http://dx.doi.org/10.1063/1.4746397
http://dx.doi.org/10.1002/adma.201604965
http://www.ncbi.nlm.nih.gov/pubmed/28247998
http://dx.doi.org/10.1109/JSEN.2013.2272320
http://dx.doi.org/10.1109/JSEN.2018.2877929
http://dx.doi.org/10.1002/adfm.201605630
http://dx.doi.org/10.1039/C9LC00995G
http://dx.doi.org/10.1002/adma.201405438
http://dx.doi.org/10.1364/OE.27.002837
http://dx.doi.org/10.1364/OE.23.021375
http://www.ncbi.nlm.nih.gov/pubmed/26367985
http://dx.doi.org/10.1038/s41467-018-06463-z

Micromachines 2020, 11, 200 25 of 25

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Roychoudhury, S.; Rawat, V.; Jalal, AH.; Kale, S.N.; Bhansali, S. Recent advances in metamaterial
split-ring-resonator circuits as biosensors and therapeutic agents. Biosens. Bioelectron. 2016, 86, 595-608.
[CrossRef]

Rodrigo, D.; Jofre, L.; Cetiner, B. Circular beam-steering reconfigurable antenna with liquid metal parasitics.
IEEE Trans. Antenn. Propag. 2012, 60, 1796-1802. [CrossRef]

Mazlouman, S.; Jiang, X.; Menon, C.; Vaughan, R. A reconfigurable patch antenna using liquid metal
embedded in a silicone substrate. IEEE Trans. Antenn. Propag. 2011, 59, 4406-4412. [CrossRef]

Hayes, G.; So, ].; Qusba, A.; Dickey, M.; Lazzi, G. Flexible liquid metal alloy (EGaln) microstrip patch antenna.
IEEE Trans. Antenn. Propag. 2012, 60, 2151-2156. [CrossRef]

Cheng, S.; Wu, Z.; Hallbjorner, P; Hjort, K.; Rydberg, A. Foldable and stretchable liquid metal planar inverted
cone antenna. IEEE Trans. Antenn. Propag. 2012, 57, 3765-3771. [CrossRef]

Oh, J.; Woo, J.; Jo, S.; Han, C. Pressure-conductive rubber sensor based on liquid-metal-PDMS composite.
Sensor. Actual. A Phys. 2019, 299. [CrossRef]

Zhou, Y.; Wu, Y.; Asghar, W.; Ding, J.; Su, X,; Li, S. Asymmetric Structure Based Flexible Strain Sensor for
Simultaneous Detection of Various Human Joint Motions. ACS Appl. Electron. Mater. 2019, 1, 1866-1872.
[CrossRef]

Shi, X.; Cheng, C.H. Artificial hair cell sensors using liquid metal alloy as piezoresistors. In Proceedings of
the IEEE International Conference on Nano/micro Engineered & Molecular Systems, Suzhou, China, 7-10
April 2013.

Liao, M,; Liao, H.; Ye, J.; Wan, P; Zhang, L. Polyvinyl alcohol-stabilized liquid metal hydrogel for wearable
transient epidermal sensors. ACS Appl. Mater. Inter. 2019, 11, 47358-47364. [CrossRef] [PubMed]

Kim, J.; Lee, M.; Shim, H.J.; Ghaffari, R.; Cho, H.R.; Son, D.; Jung, Y.H.; Soh, M.; Choi, C.; Jung, S.; et al.
Stretchable silicon nanoribbon electronics for skin prosthesis. Nat. Commun. 2014, 5. [CrossRef] [PubMed]

Spina, F,; Pouryazdan, A.; Costa, J.; Ponce, C.L.; Miinzenrieder, N. Directly 3D-printed monolithic soft robotic
gripper with liquid metal microchannels for tactile sensing. Flex. Print. Electron. 2019, 4. [CrossRef]

Yi, L.; Li, J.; Guo, C.; Li, L.; Liu, J. Liquid metal ink enabled rapid prototyping of electrochemical sensor for
wireless glucose detection on the platform of mobile phone. J. Med. Devices. 2015, 9. [CrossRef]

Feng, Y.; Huang, X; Liu, S.; Guo, W.; Li, Y.; Wu, H. A self-powered smart safety belt enabled by triboelectric
nanogenerators for driving status monitoring. Nano Energy 2019, 62, 197-204. [CrossRef]

Wang, H.; Xiang, Z.; Giorgia, P; Mu, X,; Yang, Y.; Wang, Z.L.; Lee, C. Triboelectric liquid volume sensor for
self-powered lab-on-chip applications. Nano Energy 2016, 23, 80-88. [CrossRef]

Wirekoh, J.; Valle, L.; Po, N.; Park, Y.L. Sensorized, flat, pneumatic artificial muscle embedded with biomimetic
microfluidic sensors for proprioceptive feedback. Soft Robot. 2019, 6, 768-777. [CrossRef]

Lin, P.; Zhan, W.Z,; Yan, Q.; Xie, J.; Fan, Y.; Wu, M.; Chen, Y.; Cheng, Z. Capillary-based microfluidic
fabrication of liquid metal microspheres toward functional microelectrodes and photothermal medium.
ACS Appl. Mater. Interfaces 2019, 11, 25295-25305. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.bios.2016.07.020
http://dx.doi.org/10.1109/TAP.2012.2186235
http://dx.doi.org/10.1109/TAP.2011.2165501
http://dx.doi.org/10.1109/TAP.2012.2189698
http://dx.doi.org/10.1109/TAP.2009.2024560
http://dx.doi.org/10.1016/j.sna.2019.111610
http://dx.doi.org/10.1021/acsaelm.9b00386
http://dx.doi.org/10.1021/acsami.9b16675
http://www.ncbi.nlm.nih.gov/pubmed/31755694
http://dx.doi.org/10.1038/ncomms6747
http://www.ncbi.nlm.nih.gov/pubmed/25490072
http://dx.doi.org/10.1088/2058-8585/ab3384
http://dx.doi.org/10.1115/1.4031659
http://dx.doi.org/10.1016/j.nanoen.2019.05.043
http://dx.doi.org/10.1016/j.nanoen.2016.02.054
http://dx.doi.org/10.1089/soro.2018.0110
http://dx.doi.org/10.1021/acsami.9b03007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials 
	Composition 
	Property 

	Fabrication 
	Printing Technology 
	Microfluidic Technology 
	Selective Wetting 
	Laser Engraving 
	Dewetting and Wiping 

	Basic Principle of Liquid-Metal Sensors 
	Liquid Metal as Soft Connection 
	Resistive Sensors 
	Capacitive Sensors 
	Electrochemical Sensors 
	Metamaterial Biosensors 
	Liquid-Metal Antenna 

	Typical Applications 
	Force Sensors 
	Temperature Sensors 
	Blood Glucose Sensors 
	Sensor Array 
	Pneumatic Artificial Muscles 
	Liquid-Metal Microsphere Sensors 

	Perspective 
	Concept of Liquid Sensors 
	Working Principle of Liquid Sensors 

	Discussion 
	Conclusion 
	References

