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Abstract— This paper reviews the application and technology 

advancement of Gallium (Ga)-based liquid metal (LM) in high-

frequency circuits and antennas. It discusses the material 

properties of common liquid metals, the fluidic channels used to 

contain LM and their manufacturing techniques, and the 

actuation techniques, which are all critical for the design and 

implementation of LM-based devices. LM’s fluidic and pliable 

nature, together with its excellent electrical, thermal, and 

rheological (i.e. fluid flow) properties, provides some unique and 

innovative solutions to flexible/wearable electronics, 

reconfigurable circuits and antennas. The paper provides a 

comprehensive review of a wide range of LM-enabled high-

frequency circuits and antennas, including: interconnects and 

transitions, reconfigurable passive circuits (such as resonators, 

filters, and couplers), switches, phase shifters, reconfigurable 

antennas, flexible and wearable antennas, and metamaterials (i.e. 

periodic materials with properties not found in nature). The paper 

presents various design concepts and implementation techniques, 

highlights key capabilities, discusses the challenges and 

opportunities with the use of Ga-based liquid metal materials.  

  

Index Terms— Antennas, liquid metal, microfluidic channels, 

reconfigurable circuits.  

 

I. INTRODUCTION 

The term liquid metal (LM) refers to metals that are liquid at 

room temperature [1]-[10]. Liquid metals have the unique 

attribute of being highly conductive while remaining fluidic and 

pliable. These properties endow them with a wide range of 

applications in microfluidics, biomedical and wearable devices, 

and flexible electronics [1, 2, 4, 5, 8]. Mercury is the best known 

and earliest explored liquid metal material in electronics. 

However, its toxicity has prevented its wide usage. The 

widespread interest in liquid metals has only been reignited 

when the benign Gallium (Ga)-based liquid metals and alloys 

came into view of the electronic community in around 2007 

[11]. Liquid metals have been used in flexible devices, wearable 

sensors, and more recently in high-frequency circuits and 

antennas – the subject of this review. They have also been used 

for thermal managements in electronics. 

There have been several surveys and reviews on liquid metals 

focusing on actuation techniques [12]-[34], biomedical and 

wearable applications [35], or flexible electronics [36]-[38]. 

However, there is not yet a comprehensive review dedicated to 

microwave frequency circuits and antennas as this has become 

a major application area for liquid metals. The only review 

published in IEEE was Sen and Kim’s review on microscale 

liquid-metal switches [39] in 2009. A lot of the work surveyed 

then was based on mercury. 

This paper reviews the use of Ga-based liquid metals in high-

frequency circuits and antennas. We will examine a range of 

topics from the material properties of the liquid metals (Section 

II), four main actuation methods (Section III), the 

manufacturing techniques related to microfluidic channels 

(Section IV), to the applications in a variety of circuits and 

antennas. These include interconnects and transition structures 

(Section V), reconfigurable circuits (such as resonators, filters 

and couplers in Section VI), switches (Section VII), phase 

shifters (Section VIII), frequency/pattern/polarization-

reconfigurable antennas (Section IX), metamaterials (Section 

X), and flexible/stretchable/wearable antennas (Section XI). 

Finally, Section XII draws conclusions. 

II. ELECTRICAL, THERMAL, AND MECHANICAL PROPERTIES 

According to the periodic table, the following metals are 

liquid at or near room temperature: Mercury (Hg), Cesium (Cs), 

Rubidium (Rb), and Gallium (Ga) [1]. Hg has a melting point 

of -38.8°C, can evaporate at room temperature and is highly 

toxic [1]-[3]. Cs and Rb are easily oxidized in air and react 

violently with water. These properties are not conducive to the 

stable operation of electronic equipment. Ga is an important 

raw material for semiconductors, and its melting point is 29.8°C 

[1]. A eutectic is a mixture of substances that melts at a single 

temperature that is lower than the melting points of the separate 

constituents. Eutectic alloys of Ga with other post-transition 

metals such as Indium (In), Tin (Sn), and Lead (Pb) offer 

properties such as low melting temperatures or high electrical 

conductivity, making them attractive for various applications 

[1]-[9]. Among them, eutectic Ga-In-Sn alloy (Galinstan; 

68.5wt% Ga, 21.5wt% In and 10wt% Sn) and eutectic Ga-In 

alloy (EGaIn; 75.5wt% Ga and 24.5wt% In) are two 

commercially available LM alloys [4]. Table I compares the 
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properties of various LMs [1]-[10]. LMs based on alloys of Ga 

have several important advantages, including low melting 

points, low toxicity, relatively low chemical reactivity due to 

the formation of a self-limiting oxide skin, low viscosity, high 

surface tension, superior electrical and thermal conductivities 

compared with Hg, and excellent wettability to various 

substrates. 

When Ga-based alloys are exposed to air, an oxide layer 

forms on the surface, which prevents further oxidation [1, 4, 5, 

9]. Ga-based alloys have a viscosity around twice that of water, 

indicating good fluidity [1]-[4]. The electrical conductivities of 

Galinstan and EGaIn alloys are 3.8×106 S/m and 3.4×106 S/m, 

respectively, which are greater than that of other LMs [2, 4, 5]. 

The oxide skin allows LM to wet various substrates, and liquid 

Ga can amalgamate with other metals, enabling the formation 

of good connection between conductors. However, it is difficult 

to create homogeneous and mechanically robust thin films of 

LM covering a large area due to its large surface tension [10]. 

In addition, Ga forms alloys with metals commonly used in 

electronics, such as copper, gold, silver, and aluminum, 

imposing the risk of corroding the circuit [1]. It is also known 

that residues of LM are commonly deposited within the micro-

channel due to the high wettability of the oxide layer. This can 

be overcome by using an electrolyte such as sodium hydroxide 

(a solution formed from caustic soda in water). This section has 

summarized key electrical, thermal, and mechanical properties 

of various liquid metals. Once we understand the properties of 

liquid metal the next important consideration is how to actuate 

(or move) the liquid metal. 

III. ACTUATION TECHNIQUES 

The most commonly used techniques for actuating LM can 

be generally categorized as follows: mechanical [12]-[15], 

magnetic [16]-[19], thermal [20]-[21], and electrical [22]-[34]. 

The mechanical techniques generally use external pressure to 

move LM. The pressure may be applied directly to LM using a 

syringe or a micropump (e.g., Fig. 1(a)). Alternatively, the 

pressure may be applied via another medium such as air or oil 

[12]-[14]. The pneumatic approach reguires the use of a 

pressure regulator and micropump to provide the control. The 

need for bulky components limits the ability to integrate with 

RF circuits and antennas. The magnetic technique involves 

inducing Lorentz force by travelling magnetic fields [16]-[17] 

and loading the LM with ferromagnetic particles (e.g., Fig. 

TABLE I 

COMPARISON OF COMMON LIQUID METALS  

Property Hg Ga 
Ga68.5In21.5Sn10 

(Galinstan) 
Ga67In20.5Sn12.5 

Ga75.5In24.5  

(EGaIn) 
Water  

Melting point (°C)** -38.8 [2, 3, 4] 29.8 [2, 3, 4] 11* [8] 10.5 [2] 15.5 [2,4] 0 [3, 4] 

Boiling point (°C) 356 [2, 3, 4] 2205 [2, 3, 4] >1300 [4, 6, 7] >1300 [2] 2000 [2, 4] 100 [3, 4] 

Electrical Conductivity (S/m) 1.04×106 [2, 4] 6.73×106 [4] 3.46×106 [4] 3.1×106 [2] 3.4×106 [2,4] <5×10-4 [4] 

Thermal Conductivity 
(W/(m∙K)) 

8.5 [4] 29.3 [4] 16.5 [4, 6, 7] N.A. 26.6 [4] 0.6 [3, 4] 

Viscosity (Pa∙s) 1.53×10-3 [4] 1.37×10-3 [4] 2.4×10-3 [4, 6, 7] N.A. 1.99×10-3 [4] 1×10-3 [4] 

Surface Tension (N/m) 0.487 [4] 0.707 [2, 4] 0.718 [4] 0.533 [2] 0.624 [2,4] 0.072 [4] 

Density (kg/m3) 1353 [2, 3, 4] 6093 [2, 3, 4] 6440 [4, 6] 6360 [2] 6280 [2,4] 998 [3, 4] 

Vapor pressure (Pa) 1@ 42 ºC [4] 
~10-35 @ 29.9 ºC 

[4] 

<1.33×10-6 @ 500 

ºC [4, 6] 
N.A. N.A. 

3169 @ 25 ºC 

[4] 

Toxicity 
Toxic 

[4, 5] 

Low toxicity  

[4, 5] 

Low toxicity  

[4, 5, 6, 10] 

Low toxicity  

[4, 5, 6] 

Low toxicity  

[4, 5, 6] 
Nontoxic 

Note: * Galinstan's melting point is usually reported as -19ºC. It refers to the freezing temperature, which may result from the proclivity of liquid metals to supercool 

[1, 8]. **The melting point of other post transition metals or eutectic alloys: In (156.6°C), Sn (231.9°C), Pb (327.5°C), Ga91.7Sn8.3 (21°C), Ga4.7Pb95.3 (317°C), and 

so on [1]. 

One-way 
Micropump

Air or mineral oil

LM

Direction of actuation

Control line

   
(a) 

Electromagnet

Working Device

Magnetic Unit

MLM

Unit 1

Unit 2

Magnetic unit (on) Magnetic unit (off)

Magnetic LM (MLM): Galinstan droplet is coated 
with iron (Fe) nanoparticles.  

(b) 

Fig. 1. Actuation of the LM: (a) Mechanical [12]. (b) Magnetic [19]. 
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1(b)) [18]-[19]. However, it usually requires a strong magnetic 

field which necessitates the use of large currents and thus 

relatively high power consumption. A change in temperature 

can also be used to move LM. This technique utilizes the 

thermal expansion of the LM or of trapped air within the 

channel to move the LM. Yet, the thermal technique is slow, 

and a considerable amount of power is consumed within the 

heating elements [20]. The electrical technique for moving LM 

utilizes intrinsic properties of the LM. It does not require a 

bulky pump to produce external pressure, and has the merits of 

reduced power consumption, miniaturization, and easier 

integration with other systems. There are four sub-categories of 

electrical actuation techniques: 1) electrocapillarity [22]-[23], 

2) electrowetting on dielectric (EWOD) [24]-[27], 3) 

continuous electrowetting (CEW) [28]-[32], and 4) 

electrochemically controlled capillarity (ECC) [33]-[34]. All of 

these techniques involve manipulating the interfacial tension of 

LM by applying an electrical potential between a pair of 

electrodes. Electrocapillary uses reductive electrochemical 

potentials to remove oxide layer of LM and causes the capillary 

action of the LM in the capillary.  This behavior is also called 

“recapillarity”. The electrocapillary phenomenon can be used 

to withdraw LM from the capillary [22], as shown in Fig. 2. 

When the applied potential is removed, the oxide layer rapidly 

reforms which stops the capillary flow on demand. Fig. 3 

illustrates the principle of another electrical actuation technique 

- electrowetting on dielectric (EWOD), which is derived from 

electrocapillarity. In EWOD, an electrical potential is applied 

between a sharp electrode, inserted into the LM, and a flat 

electrode, located beneath the LM. A thin layer of insulating 

material deposited above the flat electrode prevents current 

flow. The application of an electrical potential alters the 

equivalent surface energy at the boundary between a liquid and 

solid insulator interface to generate a driving force, which 

changes the contact angle of LM droplet [24]-[25]. More 

specifically, the application of an electrical potential creates an 

electrostatic fringing field [24]-[25] which flattens the droplet, 

leading to increased wetting. From the Young’s equation, given 

in Fig. 3, the contact angle decreases as the potential increases. 

EWOD necessitates the use of a high DC voltage, typically 

above 100 V, that must be maintained to sustain the 

deformation of the LM [26]. While EWOD is capable of 

changing the contact angle of LM droplets, the interfacial 

behavior is significantly different from conventional liquids due 

to the presence of a solid oxide layer on the LM surface. This 

oxide skin, with a thickness of 1-3 nm, causes the LM to adhere 

to the substrate and mechanically impedes its flow, thereby 

preventing the droplet from adopting shapes that can minimize 

the interfacial energy. Consequently, contact angle 

measurements can be problematic [27]. In dynamic advancing-

receding contact angle measurements, the advancing angles 

(>140°) are consistently much larger than the receding angles, 

 

Fig. 2. Electrocapillarity method [22]. 

 

Fig. 3. EWOD method [24]-[25]. C presents the capacitance per unit area, and 

θ0 is the contact angle of LM droplet without the electric field across the contact 

interface. FSL, FLG, and FSG are the solid-liquid surface tension, liquid-gas 

surface tension, and solid-gas surface tension, respectively. FLG and FSG are 

presumed to remain constant and unaffected by the applied potential. 

FSG 
FLG 

FSL q0 

Dielectric

Electrode

Substrate

FSG 
FLG 

FSL q 

Substrate

V

 

(a) 

 

(b) 

 

(c) 

Fig. 4. CEW method [28]. (a) LM droplet with initial charge. (b) Surface charge 

redistribution upon application of external field. (c) Analysis of forces exerted 

on a droplet of LM.  
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regardless of the substrate. This hysteresis in contact angles 

renders static measurements essentially uninformative [27]. 

Fig. 4 illustrates the principles of continuous electrowetting 

(CEW). As with the EWOD method, it also involves applying 

an electrical potential between a pair of electrodes. However, 

neither electrode makes direct electrical contact with the LM. 

Instead, the electrodes are situated within an electrolyte 

surrounding the LM [28]. The electrolyte is typically sodium 

hydroxide (NaOH), so no oxide is formed. Application of an 

electrical potential causes the LM to move towards the positive 

electrode. Its operation mechanism is as follows:  without 

applied potential, the ionic distribution within the electric 

double layer (EDL) is uniform, as depicted in Fig. 4(a). 

Applying an external electrical potential creates a potential 

gradient within the channel, leading to the redistribution of 

charges in the EDL, as depicted in Fig. 4(b). This redistribution 

of charges generates a gradient in surface tension at the LM-

electrolyte interface, as per Lippmann's equation, which relates 

interfacial tension to the density of charge in the EDL. The area 

with higher surface tension pulls the surrounding liquid with 

greater force, resulting in Marangoni flows that transport 

surrounding liquid from the region with lower surface tension 

towards the region with higher surface tension, as illustrated in 

Fig. 4(c). This surface flow acts like a conveyer belt that propels 

the liquid metal droplet towards the anode [29]. Coating the LM 

droplet's surface with charged nanoparticles can enhance its 

actuating speed [29]. If the LM droplet is confined, it can serve 

as a pump to drive the surrounding electrolyte instead of 

moving the droplet itself [30]. The actuation of LM droplets in 

electrolytes is feasible with a moderate external potential 

gradient. An excessively large potential gradient, however, 

would induce interfacial perturbations at the LM surface, 

resulting in the expulsion of metals dissolved in Ga, such as tin, 

indium, bismuth, and zinc, which leads to the formation of 

metallic and metallic compound nanostructures [31], [32]. 

Fig. 5 illustrates the principles of electrochemically 

controlled capillarity (ECC) [33]. Akin with CEW, the method 

involves applying an electrical potential between a pair of 

electrodes which are submerged in an electrolyte. Notice that 

one of the electrodes makes direct electrical contact with the 

LM. Application of an oxidative electrical potential to LM 

causes it to stretch. This mechanism can be used to change the 

length of LM [34]. This behavior can be attributed to the 

regeneration of a surface oxide layer on the LM. The surface 

oxide has the effect of reducing the interfacial tension between 

the metal-oxide and the electrolyte. Increasing the electrical 

potential reduces the interfacial tension (i.e. the surface tension 

at the interface between two liquids) at the leading edge of the 

LM. When the potential reaches a sufficient value, the 

interfacial tension approaches zero. At this point, the higher 

Laplace pressure in the reservoir forces the LM to spread 

towards the negative electrode. Reversing the polarity of the 

electrical potential electrochemically reduces the oxide layer 

and returns the LM to a condition of high interfacial tension. 

The Laplace pressure will eventually draw the LM back into the 

reservoir, thus shortening the length of the slug. The control is 

simple, requires less voltage compared with EWOD.  

This section discussed various techniques for actuating (i.e., 

moving) liquid metal. These include: mechanical, magnetic, 

thermal, and electrical techniques. In summary, each actuation 

method has its advantages and shortcomings. The selection of 

the actuation method very much depends on the specific 

application requirements. Mechanical actuation is simple to 

implement but its usability may be limited by wear and friction 

as well as the bulkiness of the actuation system. Magnetic 

actuation offers fast actuation speeds and can exert large 

magnetic force, making it suitable for driving heavy LM 

elements. However, the actuation process is often complicated 

and vulnerable to external interference due to the application of 

magnetic fields. Thermal actuation can be precise; however, it 

may be hampered by slow response time, thermal conductivity, 

and high-power consumption. Electrical actuation can be both 

fast and precise, although it may be constrained by the use of 

electrolyte and accurate electrical control requirements. In 

general, actuation techniques are very much under-developed 

for high-frequency circuits and antennas. A lot of the previous 

work reviewed in this paper focuses on concept demonstrations 

rather than the practicality and implementation of the actuation. 

There is still a long a way to go to develop and optimize the 

 

(a) 

 

(b) 

 

(c) 

Fig. 4. CEW method [28]. (a) LM droplet with initial charge. (b) Surface charge 

redistribution upon application of external field. (c) Analysis of forces exerted 

on a droplet of LM.  

 

 

(a) 

 

(b) 

Fig. 5. ECC driving method. (a) Diffusion of LM droplets when voltage is 

applied [33]. (b) ECC of a slug of EGaIn LM [34]. 
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actuation techniques for circuits and antennas. In order to 

actuate (or move) the liquid metal we must provide channels in 

which it can flow, and careful consideration must be given to 

this topic. 

IV. MICROFLUIDIC CHANNELS 

To contain and control LM, tubes or channels of various sizes 

and shapes are usually required. Microfluidic channels are often 

utilized when integration and miniaturization are among the key 

design drives. Depending on the application, microfluidic 

channels may be required to have some of the following 

properties: flexibility and stretchability, impermeability to 

water and gas, high temperature resistance, resistance to 

chemical corrosion, low cost, or transparency.  

As for the first-generation microfluidic materials, glass and 

silicon were used for capillary electrophoresis (i.e., the 

movement of charged particles in a fluid or gel under the 

influence of an electric field) applications but they are costly 

for microfabrication [35]-[37]. Elastomers, e.g., PDMS and 

Ecoflex, allow low-cost rapid microfabrication and high-

density integration, making complex fluid manipulation 

possible [35]-[38]. In recent years PDMS has become one of 

the most popular materials for fabricating microfluidic channels 

[40]-[41]. Solid PDMS is a non-toxic, non-flammable, inert, 

transparent, and elastic polymer which is hydrophobic and 

water resistant. PDMS has stable chemical properties, excellent 

biocompatibility, and is easy to combine with a variety of 

materials. As a substrate, PDMS has a predictable dielectric 

constant (𝜀𝑟 ≈ 2.67). However, its loss tangent value is high, 

namely 0.0375 at 77 GHz [41]. This needs to be carefully 

considered in many high-frequency circuit designs. PDMS 

microfluidic channels are often manufactured using soft 

lithography process [40]. A typical process flow is illustrated in 

Fig. 6. This manufacturing process allows accurate definition 

of the mold using photoresists, such as SU8, and therefore tight 

control of the channel dimensions and layouts. For less 

demanding channel structures, it is also possible to use 3D 

printing methods [41] or conventional milling techniques to 

produce the mold for making channels using PDMS or Ecoflex.    

Plastics can also be fabricated quickly and cheaply [35]-[37] 

to form fluidic channels. Their varieties have provided solutions 

for different demands. For example, thermoplastics, e.g., 

polymethylmethacrylate (PMMA), polyurethane (PU), 

polyamide (PI), polyethylene terephthalate (PET), 

polyvinylidene fluoride (PVDF), and polyvinylchloride (PVC), 

can be repeatedly reshaped even after curing which is 

convenient for molding and bonding purposes [35]-[37], 

whereas some perfluoropolymers, e.g., polytetrafluoroethylene 

(PTFE), are inert and antifouling [35]-[37]. 

For the ease of prototyping, glass, silicon, PDMS and 

Ecoflex are widely used in research laboratories. Polymers such 

as plastics have gained increased interest in commercial 

applications due to the low manufacturing costs as well as the 

ease and reliability of use. In medical and biological 

applications, silicon, glass, PDMS, Ecoflex and plastics such as 

PMMA, PU, PI, PET, PVDF, and PTFE are commonly used 

because of their biocompatibility and other beneficial properties 

[35]-[38]. Hence, the biocompatibility of Ga-based LM circuits 

and devices can be ensured if they are encapsulating with these 

materials.  

Next, we will review LM enabled circuits and devices. First, 

we will consider interconnects and transitions. This is followed 

by reconfigurable circuits, switches, phase shifters, and 

antennas, metamaterials. Finally, we will discuss a specific 

application of the LM technology to flexible, stretchable, and 

wearable antennas. 

V. INTERCONNECTS AND TRANSITIONS 

Soft-matter flexible circuits that support bending, stretching, 

and other kinds of deformations are highly desirable for use in 

emerging applications, such as wearable computing and soft 

robotics [42]-[45]. They allow better mechanical matching with 

other structures while also increasing the resilience of the entire 

system [42]. For example, soft-matter circuits can be 

incorporated into garments or placed on the skin. Stretchable 

electronics can be realized using microfluidic LM traces 

integrated within elastomers [42]-[45]. LM encapsulated within 

elastomer channels can be used to form circuits that maintain 

their electrical properties under deformations and loading 

conditions [43]. Here, we give some examples of using LM in 

flexible interconnections. Comprehensive reviews on the 

general topic of flexible electronic circuits can be found in [46] 

and [47]. 

Flexible LM interconnects have been demonstrated in 

microelectronics [42], incorporating digital and analogue 

sensors along with surface-mount IC packages. Examples are 

shown in Fig. 7(a) and (b). A series of quasistatic tensile 

experiments were performed to determine the strain limit of 

these circuits. It was found that mechanical failure occurred 

before electrical failure. 

It is highly desirable for some wearable electronics to harvest 

energy from the environment or the human body for self-

powering [44], [45]. EGaIn has been used to create a flexible 

 
Fig. 6. Fabrication process of the microfluidic channel based on PDMs [40]. 

Wafer

Photoresist
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(2) Soft bake
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     development

(5) Pour and cure PDMS
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      and  punch holes
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thermoelectric generator (TEG) to harvest body heat, as shown 

in Fig. 7 [45]. Specifically, a standard rigid TEG was converted 

to a flexible device by replacing the hard ceramic plates and 

metal connections with stretchable EGaIn [45]. The EGaIn-

based interconnects provide not only extremely low 

interconnect resistance, but also stretchability and self-healing 

abilities, both of which are critical for flexible electronics.  

LM embedded elastomer (LMEE) is another interesting 

material, based on LM. It is printable and can be used to form 

3D structures and circuits. [48] demonstrated a stretchable, 

flexible, and highly thermally conductive heat sink using 3D-

printed LMEE. Fig. 8(a) shows a 3D-printed LMEE breadboard 

with LED demonstration, and Fig. 8(b) shows how the LMEE 

can be integrated with a soft wearable TEG which provides 

heating/cooling to the skin via electrical stimulation [48]. As 

shown in Fig. 8(c), laser sintering of LM nanoparticles enables 

the creation of soft and flexible electronics [49]. Electrically 

conductive patterns are formed through the selective 

coalescence of liquid metal nanoparticle films using laser 

beams. In addition, the entanglement of Ag nanowire backbone 

and dispersed EGaIn can be controlled through laser-induced 

photothermal reaction, which enables stretchable LM-based 

conductors to be patterned with spatially programmed strain-

resistance characteristics [50]. The nanowire-assisted 

freestanding, patterned LM thin-film conductor, FS-GaIn, was 

realized by adding metal nanowires to LM and using selective 

laser processing and etching to create the desired pattern [51]. 

FS-GaIn exhibits stability, stretchability, and excellent 

electrical conductivity, and can be used in non-flat surfaces 

without extra substrates [51]. 

 

Fig. 7. Examples of stretchable electronic circuits [42] and EGaIn-based flexible TEG [45]. (a) Digital inertial measurement unit and a temperature sensor [42]. 

(b) Analog accelerometer [42]. (c) EGaIn-based flexible TEG [45]. 

 
Fig. 8. Flexible devices. (a) 3D-printed LMEE breadboard with LED demonstration. (b) 3D-printed LMEE integrated with wearable TEG. (i) Schematic. (ii) 

Physical picture [48]. (c) Soft and flexible electronics based on laser-sintered LM nanoparticles [49]. 

(a)

(b)

(c)

(ii)

Soft wearable on Peltier device

(i)

1cm

1cm

(a)

(b)

(c)
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LM has also been applied as an alternative to wire-bonding, 

used to interconnect GaAs monolithic microwave integrated 

circuit (MMIC) chips with 3-D Polystrata transmission-lines 

[52]. This significantly reduces the parasitic inductance (to ~nH 

per millimetre of length) associated with the bond wire [53]. An 

exploded view of the LM transition structure [52] is shown in 

Fig. 9. The MMIC is attached to the SU-8 structure, which is 

designed with ‘sockets’ that keep the LM in place at the bond 

pad locations. The pins are inserted into the SU-8 sockets and 

connected to LM. Electrical contact is maintained even when 

the frame and MMIC expand and shrink at different rates.  

This section discussed several examples of interconnects and 

transitions enabled by LM materials. The flexibility and fluidity 

of the LM could offer more innovative solutions in circuit 

connection, packaging and tranmission lines.   

VI. RECONFIGURABLE CIRCUITS 

A. Resonators  

By changing the effective length of a resonator or by 

altering the volume of LM in a channel, it is possible to adjust 

the resonant frequency of a resonator [54]. Fig. 10(a) shows a 

split-ring  resonator (SRR). Its resonance frequency is adjusted 

by altering the length of a parasitic element formed from LM. 

A programmable pump connected to a syringe was utilized to 

control the flow rate of LM and achieve acurate and stable 

control of the LM. Before LM is introduced into the channel, 

oil is injected as a lubricant to prevent the LM from sticking to 

the walls of the microfluidic channel. Fig. 10(b) illustrates a 

coaxial resonator tuned using LM [55]. Its inner conductor is 

replaced by LM contained within a low-loss Teflon tube. The 

movement of the LM changes the capacitive gap between the 

upper wall of the cavity and the apex of the inner conductor and 

therefore the resonant frequency. Both the inductance and 

capacitance can be adjusted in this way, allowing wideband 

tunability.  

B. Frequency Reconfigurable Filters 

Reconfigurable (also known as tunable) filters are highly 

desired to create systems that can respond to changes in 

network conditions or user demand in frequency-agile 

microwave systems for dynamic spectrum access. Filters are 

typically formed of multiple coupled resonant circuits such as 

those microstrip resonators or cavity resonators, discussed in 

Section VI-A. Similar to resonators, the operating frequency of 

a filter can be varied by tuning the equivalent capacitance or 

inductance of the constituent resonant circuits. Parameters that 

may be tuned include central frequency, bandwidth, and the 

number of pass/stop bands [56]-[62]. McClung et al [58] 

   

Fig. 9. LM assisted flip-chip assembly [52]. 

 

Fig. 10. Reconfigurable resonator. (a) Reconfigurable SRR resonator [54]. (b) Reconfigurable coaxial cavity resonator incorporating a LM post [55]. 
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presents a cavity filter based on substrate integrated waveguide 

(SIW) technology. It incorporates a number of drilled holes that 

can be filled or emptied of LM. When the hole is filled, it forms 

a via. Using different configuration of the holes creates a band-

reconfigurable filter with four operating states (see Fig. 11(a)): 

dual-band (DBC), low-band (LBC), high-band (HBC), and ‘no-

band’ configurations (NBC). The low- and high-band are 

caused by the TE110 mode and TE120 mode, respectively. The 

insertion loss ranges from 0.73 dB to 1.85 dB for the DBC, LBC 

and HBC, and the reflection coefficient is less than -16.9 dB at 

the center frequencies of 4.62 GHz and 7 GHz. This approach 

involves a large number of LM vias that must be reconfigured 

in order to change the operating state. It would be desirable to 

simplify the via implementation and actuation to reduce the 

complexity. Vahabisani et al [60] presents a filter that can be 

reconfigured between band-reject and band-pass (see Fig. 

11(b)). Two LM ‘posts’ are used. When one post is partially 

filled with LM, the filter operates in band-reject mode with a 

bandwith over 18.2 - 21.1 GHz. When both posts are employed, 

a tunable 1-pole band-pass filter with 2 states is formed. The 

reflection coefficient is less than -20 dB, while the insertion 

loss, at center frequency, is 2.3 dB and 2.8 dB for State 1 and 

State 2, respectively. This design is simpler to reconfigure than 

that in [58] due to the reduced number of LM posts. However, 

the tuning range of the band-pass filter is only 0.57%. Pham et 

al [61] presents a 2-pole band-pass filter based on rectangular 

SIW resonators (see Fig. 11(c)). Its operating frequency can be 

continuously tuned from 3.3 GHz to 5.8 GHz. This is achieved 

using LM posts which create capacitive loading in the centre of 

the waveguide. The loading capacitance can be altered by 

adjusting the height of the LM posts. The measured insertion 

loss ranges from 1.5 dB to 7.5 dB, and the fractional bandiwdth 

(FBW) ranges from 0.68% to 2.33%. The approach of using LM 

posts for capacitive loading is unsuitable for wideband 

applications. In fact, most work in the literature relies on either 

altering the length of LM or filling/emptying LM posts. Park et 

al [62] proposes a different approach which involves changing 

the width of the transmission line using LM switches. It creates 

a bandpass filter capable of reconfiguring between a number of 

discrete frequencies (see Fig. 11(d)). The low- and high-cutoff 

frequencies of the filter are dictated by the microstrip step 

impedances (SIs) and the half-mode substrate-integrated 

waveguide (HMSIW), respectively. A series of channels, which 

can be filled or emptied of LM, are used to switch the SIs and 

the HMSIW on and off. When the SI switches are on, the device 

operates as a band-pass filter within the first operating band at 

3.85 GHz and with the FBW of 44%. The average insertion loss 

is 1.25 dB. When the HMSIW switch is on, the band-pass filter 

operates within the second operating band at 5.7 GHz with the 

FBW of 30% and insertion loss of 2.5 dB. 

C. Variable Couplers 

A variable directional coupler plays an important role in 

some beam forming antennas [63], as well as in vector sum 

phase shifters [64]. A variable coupler may also be used in place 

of the PIN diode in amplitude control circuits. The approach 

leads to a reduction in the harmonics [65]. 

Couplers are generally designed using coupled transmission 

lines located in close proximity to one another. The coupling 

between the lines can be altered by varying the physical overlap 

 

Fig. 11.  Reconfigurable/tunable filters based on LMs. (a) A band-reconfigurable filter [58]. (b) A reconfigurable band-reject/1-pole band-pass filter [60]. (c) A 2-
pole continuously-tunable bandpass filter [61]. (d) A discrete reconfigurable bandpass filter [62]. 
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or separation between them. In [66], LM was utilized to 

reconfigure a multisection  broadband coupler, as shown in Fig. 

12. A series of chambers were cut into the dielectric substrate, 

between the middle pair of strips. Initially the chambers were 

filled with DialaBX lubricant with a permittivity similar to that 

of the substrate material and thus preserves the homogeneity of 

the stripline. When the DialaBX is replaced by LM, the space 

between the middle pair of strips is effectively reduced, 

resulting in a change of the coupling [66].  

VII. SWITCHES  

RF switches are critical components in high-frequency 

electronic systems. They bridge or block the transmission path 

and can be used to switch between different circuit states or 

between multiple signal paths. The main types are: mechanical 

[67], solid-state (e.g., PIN diode, FET, transistors) [68]-[69], 

and microelectromechanical systems (MEMS) [70] switches. 

Mechanical switches offer superior power handling capability 

compared with other types. However, they are bulky in 

construction. PIN diode switches are the most widely used. 

They require DC bias. PIN diodes are nonlinear devices which 

 
Fig. 12. Variable coupler using LM [66]. (a) Side view of a five-section widerband coupler. (b) Cross-section view of the middle section. (c) Different operating 

states of the coupler when different numbers of chambers are filled with LM. 

 

Fig. 13. Switches that are reconfigured using LM. (a) [75] and (b) [76] are thermally actuated, whereas (c) [77], (d) [78], and (e) [79] are actuated using pnumatic 

pressure. 
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cause harmonic distortion in circuits and antennas [68]. PIN 

diodes also have limited power handling capability. While 

MEMS switches have excellent linear performance, they have 

poor reliability and usually require very high actuation voltages 

[70]. Compact and high performance RF switches are in great 

demand for wireless systems. In 2009, Sen and Kim [71] 

reviewed the work on microscale liquid-metal switches.  

Unlike MEMS, switches employing LM usually do not 

require high actuation voltages, nor do they require sustained 

voltage to maintain the switching states. Two approaches have 

been demonstrated: LM-wetted [71]-[74] and LM-actuated 

switches [75]-[86]. The former approach involves using LM to 

coat the contacts of a MEMS switch. The resulting switch is 

similar to a traditional reed relay [71]-[74]. [72] presents a 

single-pole single-throw along with a single-pole double- throw 

switch. These switches employ electrothermal electromagnetic 

acutation. LM is coated on the solid-solid contacts so as to 

reduce the contact resistance from 0.3 Ω to 0.015 Ω [72]. The 

operation of the LM-wetted switch is highly affected by the 

thinckness of the LM film. 

Another way to make a liquid-solid connection is to utilise 

LM as the moving element within a switch [75]-[86]. In [75], 

mercury is actuated by a bubble which is driven back and forth 

by thermal energy (see Fig. 13(a)). When current pass through 

the heater, the bubble in a reservoir expands and generates 

sufficient pressure to move the LM droplet. When the LM 

droplet is positioned over the separated electrodes, the switch is 

on. The measured contact resistance is about 120 Ω/𝜇m2. The 

measured switching speed is 10 ms, and the isolation and 

insertion loss at 2 GHz are 40 dB and 0.1 dB, respectively. 

Kondoh et al [76] reports another thermaly actuated switch (see 

Fig. 13(b)). When the thermal expansion engine is activated, the 

gas in the reservoir heats up, causing the pressure within the 

channel to rise. This forces the LM in the main channel to 

bridge the gap at switching point B while breaking the contact 

at point A. The switching speed is 0.92 ms. From dc to 18 GHz, 

the insertion loss and the isolation were found to be better than 

1 dB and 20 dB, respectively. The heater [75] and the thermal 

expansion engine [76] occupy a relatively large area and 

consumes a large amount of power. This is not conducive to 

high levels of integration, or use in low-power devices.  

Baek et al [77] presents a switch incorporating a LM droplet 

which moves vertically to make or break the switch (see Fig. 

13(c)). In the off-state the droplet is held above the stripline by 

the surface tension within the droplet. In the on-state, the 

droplet is pushed against the stripline by 35 kPa of pneumatic 

pressure, making the connection. At 3 GHz the insertion loss in 

the on-state is 1.5 dB whereas the isolation in the off-state is 50 

dB. Vahabisani et al [78] reports a waveguide switch (Fig. 

 

Fig. 14. Electrically actuated LM switches. (a) Electrostatic [80]. (b) CEW [81]. (c) CEW [82]. (d) EWOD [84]. 
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13(d)), formed from a number of tubes which are inserted into 

a straight section of waveguide. When the tubes are filled with 

LM they form a wall, and the switch is off. When the tubes are 

emptied of LM the switch is on. Oil was used to encapsulate the 

LM. The achieved insertion loss is 0.1 dB and isolation is better 

than 30 dB at 20 GHz. Alkaraki et al [79] presents a SIW single-

pole single-throw switch (Fig. 13(e)) in a junction. Each SIW 

section incorporates an array of drill holes. When filled with 

LM the holes become vias which block the waveguide. The 

state of the switch can be changed by filling or emptying 

selected walls. The insertion loss between two linked ports is 

0.7 dB, whereas the isolation between detached ports is 40 dB. 

The pneumatic means of actuation [77]-[79] requires a syringe 

or a pressure regulator along with a  micropump. This makes it 

difficult to integrate the switches with other circuits.  

Chen et al [80] presents a coplanar waveguide (CPW) switch 

(Fig. 14(a)) that is reconfigured using electrically actuated LM 

droplet. Electrostatic force induced by a bias voltage between 

the actuation electrode and LM moves the droplet. From dc to 

20 GHz, the insertion loss is less than 0.6 dB, and the isolation 

is about 15.7 dB at 10 GHz and 21.1 dB at 20 GHz. The 

actuation voltage is 110 V, which is less suitable for portable 

device applications. In [81] and [82] (Fig. 14 (b) and (c)), the 

droplet of LM is actuated by CEW, whereas in [84] the droplet 

of LM is actuated by EWOD (Fig. 14(d)). Both methods actuate 

the LM by altering the surface tension and therefore the wetting 

angle of the droplet. From Section III, the reader will recall that 

CEW is a low-voltage actuation technique. Nonetheless, the 

moderate electrical conductivity of the electrolyte means that it 

would absorb the RF signal if it were brought into contact with 

the tranmission signal. To combat this problem, air bubbles [82] 

were inserted between two droplets of LM in the main channel 

as shown in Fig. 14(b). From dc to 5 GHz, the measured 

isolation is less than 20 dB, and the insetion loss ranges from 

0.2 dB to 1.2 dB. The time required to turn the switch on was 

60 s. Fig. 14(d) [84] shows a liquid-solid contact micro switch 

based on the EWOD method. In the off-state a droplet of LM is 

placed on the ground electrode and confined to that area. When 

a voltage was supplied to the actuation line, the contact angle 

of the droplet reduces causing it to spread out due to the reduced 

surfce tension and makes contact with the signal electrode. 

Under this condition the switch is turned on. From dc-40 GHz, 

the measured insertion loss is better than 0.3 dB, and the 

isolation is around 20 dB. This EWOD based actuation method 

requires a small switching gap, complex microframe structures 

for positioning the droplet, and a high DC voltage to sustain the 

switching condition. 

VIII. PHASE SHIFTERS  

Phase shifters are used to change the phase angle of the RF 

signal either by switching between different delay lines or by 

changing the propagation properties of the transmission lines or 

passive components. For example, these properties can be 

modified by introducing adjustable capacitive or inductive 

reactance or by changing the length of the transmission line. 

Tunable phase shifters have been realised using a variety of 

approaches and technologies, including: MEMS [85]-[88], 

semiconductors [89]-[91],  ferroelectric (a substance for which 

the strength of the  electric polarization varies with the applied 

electric field) [92]-[97] and liquid crystals (LC) [98]-[101]. LM 

offers a novel alternative.  

Dang et al [102] presents a phase shifter based on an 

electromagnetic bandgap (EBG) structure (Fig. 15(a)). Its phase 

can be adjusted by using LM to fill or empty holes in the 

defected ground plane. There are several etched holes with 

different radii - 1.8 mm, 2.7 mm, and 4.05 mm - providing 1.8, 

5.7, and 9.4 phase shift, respectively. The average insertion 

loss is 1.1 dB and the maximum phase shift is approximately 

67. Alkaraki et al [103] proposed a SIW phase shifter by 

employing the switched delay line approach to achieve coarse 

  

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 15. Phase shifters. (a) EBG based phase shifter [102]. (b) SIW delay-line 

phase shifter [103]. (c) VPS based HMSIW phase shifter [104]. (d) Stretchable 

coaxial phase shifter [105]. 
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phase changes (Fig. 15(b)). The path of the delay line is altered 

using walls formed from LM vias that can be added or removed. 

It is possible to switch between one of three pathways, resulting 

in phase tuning steps of 60, 120, and 180. Fine tuning of the 

phase, in 10 steps, is achieved by introducing reactive loading 

into each pathway. The loading is realised using drill holes that 

can be filled and emptied of LM. Wu et al [104] introduced a 

linear and self-compensating phase shifter based on half-mode 

substrate-integrated-waveguide (HMSIW), which utilizes a via-

pad-slot (VPS) structure. This structure enables phase shift by 

changing the equivalent shunt capacitance and inductance when 

the slot is covered with LM (Fig. 15(c)). The phase shifter 

achieves a phase shift range of 0 - 180, with an insertion loss 

of around 1.1 dB, which is almost independent of the phase, and 

a phase resolution of 1.68º. The key advantage of the VPS 

structure is its planar strucutre. LM, contained in microfluidic 

channels, runs on the surface of the SIW structure rather than 

through the substrate. This not only faciliates the actuation but 

also introduces minimal insertion loss. Hensley et al [105] 

introduced a streachable coaxial phase shifter, see Fig. 15(d). 

The centre conductor and outer shield are both formed from LM 

and housed within flexible EcoflexTM material. When the 

coaxial line is stretched, the phase is altered linearly. As both 

the central and shield diameters deform in the same proportion, 

the characteristic impedance can be maintained.  

Now that we have disucssed LM-enabled reconfigurable 

passive circuits such as resonators, filters, couplers, switches, 

and phase shifters, we will move on to the use of LM in 

antennas.  

IX.  RECONFIGURABLE ANTENNAS 

This section reviews antennas that can be reconfigured using 

LMs. In reconfigurable antennas, LM is used mainly to: 1) tune 

the operation frequencies of the antennas. In majority of cases, 

the resonant frequency is reconfigured by changing the 

electrical length of the resonator or the electrical length of the 

radiating element utilizing LM. In some other less common 

cases, the resonant frequency is reconfigured by changing the 

length of the ground plane of the antenna, 2) reconfigure 

antennas radiation patterns. Specifically, LM has been used to 

alter the antennas main beam directions, or their beamwidths. 

For example, in Yagi-Uda antenna which is the most widely 

used antenna structure in this category, the direction of the 

beam as well as the direction of the null are controlled by 

altering the location of reflectors and directors. Typically, the 

reflector, directors or both are formed of LM, 3) reconfigure the 

polarization of the antenna. This mostly done by changing the 

shape of the radiator using LM. For example, LM is used to 

fill/empty four different triangular channels on the edge of the 

patch antenna, which in return enables the antenna to change its 

polarization, 4) reconfigure the frequency and polarization of 

the antennas. This is the least common type of LM 

reconfigurable antennas. The reconfigurability of frequency 

and polarization is mainly achieved by changing the size and 

shape of the two-dimensional structure. For example, a liquid-

metal patch shape can be changed, so that switching between 

different frequencies and different polarization states is 

achieved. 

A. Frequency Reconfigurable Antennas 

Frequency reconfigurable antennas can be grouped into two 

broad categories, namely those providing: (1) continuous 

frequency tuning, and (2) discrete frequency reconfiguration 

(also known as frequency switching). 

Table II summarizes state-of-the-art of antennas that employ 

LM to achieve continuous frequency tuning (CFT) [13], [34], 

[106]-[116]. The majority of these designs operate at below 5 

GHz. A handful operate at frequencies up to 10 GHz. The main 

reason for this limitation on the upper frequency is the 

challenge associated with the actuation of LM. All of the 

antennas, featured in Table II, have a relatively low average 

gain (≤ 6 dBi) and a narrow instantaneous bandwidth (BW 

≈10%) within each tuning step. Most of the antennas are 

linearly polarized. One of the main advantages of the LM-

enabled CFT antennas is that they can support a very wide 

tuning range that exceeds 2:1 (or 100%), in most cases. In the 

following, we will consider several examples. 

TABLE II 

CONTINUOUS FREQUENCY TUNING ANTENNA 

Type 
Operating Frequency 

(GHz) 
BW (%) 

Tuning Ratio 

(%) 
Gain (dBi) Pol. 

Efficiency 

(%) 

Patch [13] 2 ~ 3.5 ≈ 6~8 70 ≈7 Linear N.A. 

Patch [106] 1.3 ~ 3  < 10 ≥300 ≈5  Linear 65 ~ 80 

Patch [107] 3.21 ~ 10.12 < 10 104 5 ~ 6.9 Linear 62 ~ 82 

Patch [108] 1.85 or 2.1 < 8 11.2 5.2 Linear N.A. 

Monopole [34] 0.66 ~ 3.4 ≈ 10 500 1.1 ~ 3.4 Linear 41 ~ 70 

Monopole [109] 0.78 ~ 2.42 ≈ 10 310 -4.8 ~ 2.8 Linear 34 ~ 72 

Monopole [110] 1.7 ~ 3.5 < 10 200 2.4 ~ 3.4 Linear 87 ~ 92 

Monopole [111] 2.0 ~ 9.5 N.A. 500 ≈5.2 Linear N.A. 

Quasi-Yagi dipole [112] 1.8 ~ 2.4 ≈ 10 <25 8 ~ 8.5 Linear N.A. 

L-band antenna [113] 1.5 ~ 2 < 15 94 2.9 Linear 94 

Planar inverted-F antenna [114] 0.62 ~ 0.76 < 10 <20 NA Linear N.A. 

Array [115] 1.3 ~ 11 < 10 807 4.9 Linear 54 ~ 82 

Slot [116] 1.42 ~ 1.84 ≈ 10 26 4.1 ~ 4.8 NA N.A. 
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A sizable proportion of the papers, on frequency 

reconfigurable LM antenna, concern microstrip patch antennas. 

The resonant frequency is usually reconfigured by altering the 

effective electrical length of the radiating patch. This can be 

achieved by changing its physical length [107] or by 

introducing slots that elongate the resonant current path [108]. 

By using LM to alter the length of the slot, it is possible to tune 

the resonant frequency. However, the achievable tuning range 

is generally relatively modest (<60%) [119]. Another approach 

is to alter the eigenmode distribution of current on the patch (i.e. 

the shape of the current distribution). In [13] this was achieved 

by introducing slots into the radiating patch as shown in Fig. 

16. These slots perturb certain eigenmodes (e.g., the TM30 

mode) and alter their resonant frequency. The slots can be 

added or removed by filling or evacuating fluidic channels of 

LM. In this way, it is possible to switch the resonant frequency 

discretely. Additionally, the length of those slots can be further 

altered by partially covering them by LM, allowing continuous  

fine-tuning around each discrete step. 

Dipole and monopole antennas are frequently reported 

because their resonant frequency is directly proportional to their 

length, and this can be easily changed using LM. Fig. 17 shows 

a monopole antenna whose center frequency can be tuned 

continuously over a very wide range of over 500% [34]. [112] 

presents a planar Yagi-Uda antenna. The length of the driven 

element as well as the directors are controlled by injecting LM 

into fluidic channels, as shown in Fig. 18. Several papers also 

report frequency reconfigurable LM antennas based on 

radiating slots. In [116], the frequency of the antenna is tuned 

by altering the length of the radiating slot and the feed line.  

Table III summarizes LM antennas that can switch their 

resonant frequency between two or more discrete values. Most 

of these antennas operate at frequencies below 6 GHz, are 

linearly polarized, have a narrow instantaneous operating 

bandwidth at each tuning step, and relatively low average gain 

(below 7 dBi) [117]-[122]. Typically, reconfiguration is 

achieved by using liquid metal to alter the geometrical structure 

of the antenna. A variety of different antenna types are 

employed, including monopoles [117]-[118], slots [119]-[120], 

dipoles [121], and patches [14], [122]. For example, [117] 

reports a five-element Yagi-Uda antenna, see also Fig. 19. The 

antenna consists of a driven monopole located in the center of 

 

Fig.16. Structure of patch antenna with two tunning slots [13]. 

 

Fig. 17. Schematic and prototype of two tunable monopole antennas [34]. 

 

 

   
Fig. 18. Frequency-reconfigurable Yagi-Uda antenna [112]. 

 
Fig. 19. Reconfigurable Yagi–Uda monopole array antenna incorporating 

seven elements that can be adjusted using LM [117].  

TABLE III 

FREQUENCY SWITCHING ANTENNAS 

Type Operating Frequency (GHz) BW (%) Gain (dBi) Efficiency (%) 

5 elements Yagi-Uda monopole [117] 2.4 and 3.87 N.A. 6.5 ~ 7.65 N.A. 

Monopole Antenna [118] 1.29 ~ 5.17 <7 6.2 ~ 8.6 65 ~ 80 

Dual band slot [119] 1.8 ~ 3.1 and 3.2 ~ 5.4 (5 bits) ≈40 1.1 ~ 5.4 78 

CPW Slot [120] 2.4, 3.5, and 5.8 <5 1.2 ~ 3.5 N.A. 

Magnetoelectric dipole [121] 1.79 ~ 3.85 ≈ 20 7.8 ~ 9.3 80 

Patch antenna [14] 3.59 ~ 11.69 N.A. 7.2 95 

Patch antenna [122] 1.6 ~ 2.4 N.A. N.A. N.A. 

 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

14 

the antenna, along with six parasitic elements. All the elements 

are formed from pipes that can be filled to different lengths 

using LM. Altering the length of the driver tunes the operating 

frequency. Withdrawing LM from some of the elements will 

change the number of directors and the antenna gain, whereas 

altering the length of the parasitic elements located adjacent to 

the driven monopole could change their function from reflector 

to director or vice versa. In addition, by switching the location 

of the reflector and director it is possible to switch the direction 

of the main beam. [14] shows a patch antenna that can switch 

its operating bandwidth between ultrawideband and 

narrowband by connecting/disconnecting the ground plane for 

the feedline from that of the radiator as shown in Fig. 20.  [118] 

presents a monopole antenna whose length can be tuned 

between several discrete values. The antenna is fed via a 

microstrip line which is capacitively coupled to the monopole. 

A micropump is used to actuate the LM. 

 [119] and [120] both present slot antennas capable of multi-

band operation. Their operating bands can be turned on/off 

independently by filling and emptying fluidic channels. [122] 

presents an inset fed microstrip patch antenna that can switch 

between the 2.4 GHz ISM band and the 1.6 GHz GPS band. The 

LM is actuated using pressure and moved from a reservoir 

above the patch.  

B. Pattern Reconfigurable Antennas 

LM has been used to reconfigure antenna radiation patterns. 

Specifically, it has been used to alter their main beam 

directions, or their beamwidths. For the former, there are beam 

switchable antennas [122]-[131], and continuous beam 

steerable antennas [12], [132]-[133]. Beam switching is 

achieved using antennas such as the Yagi-Uda [123]-[128], or 

a focal plane array [129]-[130]. For the Yagi-Uda antennas 

[123]-[127], their direction of the beam as well as the direction 

of the null is controlled by altering the location of reflectors and 

directors. For instance, the design reported in [125] consists of 

a driven dipole, fed through a balun. It also incorporates a pair 

of stretchable parasitic elements implemented using LM. 

Pattern reconfiguration is achieved by varying the length of the 

parasitic elements. [129] presents a focal plane array antenna 

placed at the back surface of a lens, as shown in Fig. 21. The 

array consists of 8 reservoirs. Each reservoir, when filled with 

LM, acts as a patch antenna. The LM is immersed in low-loss 

Fluorinert (FC-77). By moving LM using external pump 

between the reservoirs, the main beam is scanned over a range 

of ±  30 ° . The focal plane arrays, in [129] and [130], are 

amongst a handful of LM antennas demonstrated at millimeter 

wave frequencies (e.g., 30 GHz or above).  

A limited range of designs provide continuous beam steering 

[12], [132]-[133]. A novel circular Yagi-Uda array [12], 

actuated as shown in Fig. 1(a), consists of a driven Alford 

dipole surrounded by a curved reflector and director. It can steer 

the beam in fine steps over 360. The reflector and director can 

be rotated to face different directions, with the aid of a 

piezoelectric micropump. The antenna operates at 1.8 GHz and 

has a 4.0% instantaneous bandwidth. The movable parasitic 

directors and reflector are implemented using LM injected into 

a semi-circular fluidic channel. [134]-[137] present antennas 

that can reconfigure their beamwidth and hence directivity. For 

example, LM was used in a wired reflector antenna in [135]. 

This enables the reflector to expand its size in the H-plane and 

produces controllable and reconfigurable beamwidth. 

C. Polarization reconfigurable antennas 

Table IV summarizes antennas that use LM to switch their 

polarization: (1) from linear polarization (LP) to circular 

polarization (CP) [138], [143], [146]-[147]; (2) between 

different states of LP (e.g. horizontal and vertical) [139], [140], 

[141], [144]-[145]; and (3) between left-hand CP (LHCP) and  

right-hand CP (RHCP) [138], [142], [146]. For example, the 

patch antenna, proposed in [142] and shown in Fig. 22 operates 

 

(a) 

 

(b) 
Fig. 21. LM based focal plane array antenna. (a) Conceptual illustration of the 

array located behind a dielectric lens. (b) Microfluidic structures [129]. 

 
Fig. 20. Frequency switching patch antenna [14]. 
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at 2.45 GHz and can reconfigure its polarization between linear, 

LHCP and RHCP. Reconfiguration is achieved by 

filling/emptying 4 different triangular channels at the corners of 

the patch with LM.  

D. Antennas Capable of Reconfiguring both Frequency and 

Polarization 

A multi-parameter reconfigurable antenna is one that is 

capable of reconfiguring two or more properties (e.g., 

frequency and polarization, frequency and pattern, etc.) at once. 

Table V summarizes LM antennas that are capable of providing 

both frequency and polarization reconfiguration. All [148]-

[154] operate at below 5.5 GHz. The types of antennas 

employed include: dipoles [148]-[149], slots [150], patches 

[151]-[152], [154] and helices [153]. [151] presents a multi-

parameter reconfigurable crossed dipole antenna. 

Reconfiguration is achieved by varying the length of each 

dipole arm separately, as shown in Fig. 23. The resonant 

frequency of each arm can be tuned from 0.8 GHz to 3 GHz. 

Over a portion of this frequency-tuning band, the polarization 

of the antenna can be switched from linear to circular. [154] 

presents a novel pixel array antenna incorporating two-

dimensional interconnect nodes formed from LM. 

Reconfigurability is achieved by merging or splitting adjacent 

nodes to change the size and shape of the two-dimensional 

structure. The concept is used to create a liquid-metal patch that 

can be reshaped to switch between different frequencies and LP 

states. In summary, this section discussed antennas that can 

reconfigure different performance parameters such as 

frequency, pattern, polarization, etc. Antenna is one of the most 

explored areas for using LM. There is still more innovation 

space due to the unique properties of LM on the one hand and 

the demand for multi-functional reconfigurable antennas on the 

other.   

X. METAMATERIALS 

LM has been used in several metamaterial structures for 

various applications [155]-[171], such as microwave absorbers 

TABLE V 

FREQUENCY AND POLARIZATION RECONFIGURABLE ANTENNAS 

Type 
Frequency 

(GHz) 
Gain (dBi) Polarization 

Pixelated dual-

dipole [148] 
1.41, 1.93 -4.41 ~ 2.03 V and H 

Dipole [149] 
0.8 ~ 3 (LP), 

0.89 ~ 1.63 (CP) 
0.3 ~ 1.7 LP, CP 

Slot [150] 

2.03 ~ 2.28 

(LP), 
2.3 ~ 3 (CP) 

2.5 ~ 4 
-45° LP, 45° LP, 

RHCP, LHCP 

Patch [151] 

2.5 ~ 2.75 (LP), 

4.2-4.55 
(LHCP, RHCP),  

5-5.4 (RHCP) 

2.7 ~ 3.7 LP, LHCP, RHCP 

Patch [152] 1.6, 2.1, 2.45 1.5 ~ 5 RHCP, LHCP 

Helical [153] 1.575 11 RHCP, LHCP 

Array [154] 3.61 3.3 H, V 

 

Fig. 23. Schematic of the reconfigurable crossed dipole antenna [151]. 

 

TABLE IV 

POLARIZATION RECONFIGURABLE ANTENNAS 

Type 
Frequency 

(GHz) 

Gain 

(dBi) 
Polarization 

Slot [138] 2.5 ≈7.8 RHCP and LHCP 

Dielectric 
resonator [139] 

≈2.7 6 -45°, 45° and 90° 

Dielectric 

resonator [145] 
2.2 N.A. -45° and 45° 

Patch [140] 4.3 ~ 5.3 14.4 V and H 

Patch [141] 5.19 N.A. V and H 

Patch [142] 2.45 7.3 LHCP and RHCP 

Patch [143] ≈1.6 ≈6.5 RHCP and LP 

Patch [146] 2.45 7 LP, RHCP, LHCP 

Patch [147] 3 ≈2 LP and CP 

Antipodal dipole 
[144] 

≈2.8 
1.8 to 

2.3 
-45° and 45° 

 

Fig. 22. LM patch antenna in its RHCP State [142]. 
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[157]-[163], sensors [164]-[165], antennas and arrays [166]-

[167], flexible and reconfigurable metasurfaces [168]-[170] and 

even THz metamaterials [171]. [160] proposes a switchable 

metasurface whose absorption spectrum can be switched using 

LM. It is capable of broadband and polarization-insensitive 

absorption. Fig. 24 shows the unit cell of the absorber, which 

consists of a patterned metallisation on the top layer, a flexible 

substrate, a polydimethylsiloxane substrate, and a metallic 

ground plane. A microfluidic channel was added with a circular 

ring capillary and four isolated patches. The absorber comprises 

of 10×10 cells. The amount of absorption can be reconfigured 

by filling and emptying the metasurface with LM. When it is 

empty the absorption is greater than 90%, from 6.23 GHz to 

12.14 GHz. When LM is injected into the metasurface, the 

absorptivity is greater than 90%, from 5.44 GHz to 6.12 GHz 

[160]. [170] reports a frequency selective surface (FSS) which 

can be reconfigured using LM. The surface comprises a 

meandered channel that is engraved into a flexible dielectric 

substrate, as shown in Fig. 25. The FSS can switch between two 

operation modes. The first mode provides band-pass/band-stop 

performance at 1.36 GHz and 2.63 GHz, when LM is injected 

into the channel. The second mode provides an all-pass 

response when LM is withdrawn from the channel [170].  

There are opportunities to do more with LM especially with 

the recent research and development effort on reconfigurable 

intelligent surfaces (RISs). Traditional tuning elements based 

on PINs or varactors face significant challenges due to their 

power consumption and low efficiency. LM offers a new tuning 

method that can be explored for RISs. 

XI. FLEXIBLE, STRETCHABLE AND WEARABLE ANTENNAS 

The fluidic and pliable nature of LM lends itself the perfect 

properties for realizing flexible [172]-[179], stretchable [183]-

[185] and wearable antennas [178], [180]-[182]. For example, 

[176] presents a flexible microstrip patch antenna having a 

multi-layer construction. As shown in Fig. 26, the fluidic 

channel is formed from an elastomer. When LM is injected into 

the channel it forms a patch antenna resonating at 3.4 GHz 

[176]. [178] reports a flexible 3D printed antenna using LM as 

shown in Fig. 27. It is a miniaturized inverted-F antenna (IFA) 

operating at 885 MHz, proposed for wearable applications. LM 

is used to realize the radiating element by filling the channels 

inside the 3D printed dielectric substrate, used to encapsulate 

the liquid metal. There are more examples of LM enabled 

wearable and stretchable antennas of various configurations. 

One factor that commonly limits the performance (e.g. radiation 

efficiency in particular) of such antennas is the ohmic loss from 

the flexible substrates or encapsulating materials due to their 

 

(a) 

 

(b) 

Fig. 24. Reconfigurable absorber based on LM. (a) Unit Cell and (b) 

fabricated metasurface with LM [160]. 

 

Fig. 25. Frequency selective surface which can be reconfigured using LM 

[170]. 

 

Fig. 26. Flexible patch antenna consisting of LM encased in elastomer [176]. 

 

Fig. 27. 3D printed flexible antenna enabled by LM [178]. 
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usually high dielectric loss tangent. This should be one of the 

major design considerations. 

XII. CONCLUSIONS 

The Ga-based LM has enormous potential for use in 

reconfigurable circuits and antennas as well as flexible and 

wearable devices.  

Ga-based LMs have enabled many new and novel passive 

high-frequency circuits, such as interconnects and transitions 

for flexible circuits, tunable/reconfigurable passive circuits 

(e.g. resonators, filters, couplers), switches, and phase shifters. 

The fluidic and shape-shifting properties of the liquid metals 

can be used to devise innovative tuning or switching structures 

for enhanced functionalities and frequency agility. The afforded 

tuning mechanism is largely ‘passive’ without involving active 

nonlinear components. This potentially gives the LM-based 

tuning elements higher power handling capability and better 

linearity. More comparative studies may be required to 

establish detailed and deep performance parameters of the LM-

based devices beyond the offering of new tuning approaches. 

For similar reasons, without using active components, liquid 

metal could also offer advantages in its low loss being akin to a 

mechanical ‘movable’ structure in tuning. Diode based tuning 

elements usually introduce significant insertion losses. A lot 

can be done to leverage the ‘passive’ nature of the LM-based 

tuning elements in overcoming the excessive losses associated 

with tuning and reconfigurations in circuits such as phase 

shifters and switches. 

LM can be integrated with a wide range of antennas to deliver 

new and novel capabilities. LM can be used to reconfigure the 

operating frequency and bandwidth of antennas, their radiation 

patterns, as well as their polarization. Here the main advantages 

of using LM include: (1) the ability to achieve wide frequency 

tuning range, exceeding 100% in many cases and even over 

500%; (2) increased capability to achieve multiple parameter 

reconfiguration, such as changing both the frequency and 

polarization of the antenna; and (3) the potential to handle 

higher power than those reconfigurable antennas relying on 

semiconductor devices [186]. The majority of the 

reconfigurable antennas based on LM operate at below 5 GHz 

and few operate at frequencies up to 10 GHz. This is due to the 

difficulty in containing and actuating LM at high frequencies as 

the antennas have smaller sizes. Therefore, there is innovation 

space to extend the LM-based antenna technology to 

millimetre-wave or even higher frequencies. In addition, LM 

could also be used with metamaterial structures for microwave 

absorbers, sensors, and antennas. It is conceivable LM-based 

tuning mechanism may be applied to reconfigurable 

metamaterials or intelligent surfaces. 

The actuation techniques are the key to the application of LM 

based devices and the wider adoption of the technology. The 

non-electric actuation techniques, such as mechanical, 

magnetic and thermal techniques, require extra motivation 

equipment to move the LM. These additional bulky components 

limits the ability to integrate with RF devices. Most electric 

actuation techniques need electrolyte, which require well-

sealed liquid-liquid or liquid-solid systems and cause additional 

losses. In addition, most electric actuation techniques operate 

efficiently in strong acidified potassium iodide or base solution, 

which limits the applications of electric actuation techniques in 

neutral and non-ionic liquids. When the applied potential 

difference is higher than 1.2 V, the electrolysis reaction may 

produce hydrogen bubbles at the cathode, which affects the 

actuation of LM and reduces the efficiency. A potential 

approach is to use ionic liquids instead of NaOH solutions 

[187]. There is still a long way to go in optimizing the actuation 

techniques for high-frequency circuits and antennas. Important 

considerations are multifold, such as the footprint and 

complexity of the actuation systems, the actuation speed (a key 

parameter for some applications in switches and reconfigurable 

circuits), controllability (e.g. the precision, accuracy and 

repeatability in moving liquid metals in microfluidic channels) 

and reliability. There are certainly no shortage of obstacles and 

challenges in the development of the technologies. This also 

means the opportunities are plenty for scientists and engineers 

from various disciplines. 
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