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Gallium-based room-temperature liquid metals possess extremely valuable properties, 
such as low toxicity, low vapor pressure, and high thermal and electrical conductivity 
enabling them to become suitable substitutes for mercury and beyond in wide range 
of applications. When exposed to air, a native oxide layer forms on the surface of 
gallium-based liquid metals which mechanically stabilizes the liquid. By removing or 
reconstructing the oxide skin, shape and state of liquid metal droplets and flows can be 
manipulated/actuated desirably. This can occur manually or in the presence/absence 
of a magnetic/electric field. These methods lead to numerous useful applications such 
as soft electronics, reconfigurable devices, and soft robots. In this mini-review, we 
summarize the most recent progresses achieved on liquid metal droplet generation and 
actuation of gallium-based liquid metals with/without an external force.

Keywords: gallium-based liquid metal, liquid metal manipulation, liquid metal oxide skin, reconfigurable devices, 
soft electronics

inTRODUCTiOn

Room-temperature gallium liquid metal alloys have drawn increasing research interests recently. 
These alloys not only can flow easily, but also can be shaped to some extent. They own all useful prop-
erties of other solid/molten metals such as high thermal conductivity, high electrical conductivity, 
inherently high density, and low vapor pressure, while being non-toxic, unlike mercury. Two impor-
tant gallium-based alloys are GaInSn and EGaIn. GaInSn or galinstan is a eutectic alloy composed 
of 68%wt gallium, 22%wt of indium, and 10%wt of tin (Liu et al., 2012). EGaIn is a similar eutectic 
composition of 75.5%wt of gallium and 24.5%wt of indium (Dickey et al., 2008). Demonstrating 
superior performances in various aspects, gallium-based liquid metals have been explored for many 
novel applications, such as microfluidics devices (Khoshmanesh et al., 2017), stretchable electronics 
(Wang et al., 2015c; Bartlett et al., 2016), reconfigurable devices (Wang et al., 2015b), electronics 
cooling (Ma and Liu, 2007), vacuum pumping (Tang et al., 2015a), and painted conductive electrodes 
in liquid droplet actuation (Eaker et al., 2017). However, there are also some challenges in working 
with these liquid metals. When exposed to air, an oxide layer quickly forms on the surface of liquid 
metals, which is undesirable in some applications (Morley et al., 2008), since it disrupts the wetting 
behavior and impedes physical and electrical contacts (Giguere and Lamontagne, 1954). That said, 
this oxide layer is not always problematic, since it can also help stabilize the liquid mechanically. 
One of the leading research groups working on room-temperature liquid metals, discussed numer-
ous emerging capabilities, and applications of gallium-based liquid metal devices enabled by the 
native oxide layer (Dickey, 2014, 2017). One advantage provided by oxide layer is that it facilitates 
manipulation of gallium-based liquid metals. In this mini-review, we highlight the most recent 
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progress made in manipulation and actuation of gallium-based 
liquid metals (both in droplet and flow scale) and summarize the 
latest applicable techniques in this field.

COnTROL AnD MAniPULATiOn  
OF LiQUiD MeTALS

The mechanically stabilizing oxide layer on liquid metal surfaces, 
along with the high surface tension delivers potentials for gener-
ating, and manipulating liquid metal objects and droplets. The 
result can be utilized without any necessary further processing or 
can be considered as initial steps of intricate pattering methods 
which have been recently summarized by Majidi and Dickey 
(2015). Generated microdroplets can also be used as micropumps, 
microcoolers, and micromixers (Tang et al., 2016). Besides gen-
erating liquid metal objects, manipulating the motion, and shape 
of these metal objects is also of importance. In this approach, 
unique properties of liquid metals can be utilized toward applica-
tions in which flexibility and stretchability are necessary while 
the requirement of large pumps, wires, and direct contact with 
liquid metal is eliminated (Eaker and Dickey, 2016). Soft robots, 
reconfigurable electronics, and microelectromechanical systems 
(MEMS) are among these applications.

Liquid Metal Droplet Generation
Droplet generation has been studied extensively in the field of 
microfluidics (Xu and Attinger, 2009; Yu et al., 2011;  Khoshmanesh 
et al., 2017; Zhu and Wang, 2017). Various existing methods are 
applicable to liquid metal including manual methods (Yu et al., 
2014), flow focusing via microchannels (Thelen et  al., 2012), 
molding (Mohammed et al., 2014), and inkjet printing (Li et al., 
2015, 2016). The choice of method depends on specific applica-
tions and cost/complexity of the experiment. For instance, micro-
channel fabrication is costly and complicated. Therefore, simple 
cheap methods like manual droplet generation may be useful. 
In one attempt, liquid metal droplets were injected through a 
needle into another fluid with different surface tension such as 
sodium dodecylsulfate solution to generate microdroplets. The 
liquid self-breakup through jetting resulted in a large number of 
droplets in the scale of 50 μm (Yu et al., 2014). The downside of 
manual techniques lies in the low quality of the droplets; their 
sizes may vary and the result depends on the operator. Hence, 
methods such as flow focusing or molding can be beneficial. 
Using flow focusing, a microfluidic system was successfully 
developed to generate galinstan droplets in a highly viscous 
carrier liquid such as glycerol (Gol et al., 2015). The schematic 
of experiment is shown in Figure 1A. Right after the continu-
ous generation of droplets, a T-junction on the way, including 
NaOH solution entering from one outlet, facilitated the transfer 
of galinstan droplets from glycerol to NaOH solution to prevent 
surface oxidation.

Following the same approach, Gol et al. (2016) used two inlets 
of NaOH after the microdroplet generation to provide the transi-
tion of galinstan droplets into two parallel streams. The benefit of 
these methods is in generating uniform droplets with controllable 
sizes on demand where the latter adds to the controllability of 

experiments toward reconfigurable systems. More modifications 
have been applied to the traditional T junctions by adding an 
extra branch of NaOH solution, in order to achieve smoother and 
more continuous droplet generation (Tian et al., 2017).

Mohammed et al. (2014) developed a method using a mold 
to generate gallium-based liquid metal droplets with precise 
sizes indicated in Figure  1B. The method does not utilize any 
surfactant to prevent the coalescence of generated droplets or any 
complicated device. In the first two steps, pillars were patterned 
by a laser writer on an acrylic sheet. Next, PDMS was molded 
with the prepared patterns and EGaIn was inserted into the res-
ervoirs. The oxide layer formed on these liquid metals helped the 
located droplets on the molds to become stable. After removing 
the oxide layer with HCl, spheres with precise sizes were gener-
ated with respect to the shape of the mold. Atomized spraying 
of liquid metal is another recently explored technique by Zhang 
et al. (2014b) reporting liquid metal droplets in the size range of 
0.7–50 μm. This spraying technique was used for tape transfer 
printing toward soft microfluidic electronics (Jeong et al., 2015). 
This method was also applied for droplet generation as the first 
step of pressure screen printing used in soft electronics (Wang 
and Liu, 2015) and liquid metal radiation shielding films (Deng 
and Liu, 2015).

Liquid Metal Actuation
In addition to generating liquid metal droplets with desirable size 
and number, the actuation and controlled motion of these objects 
play a significant role for various purposes, including heat dis-
sipation (Ma and Liu, 2007), drug delivery (Sanchez et al., 2015), 
microfluidic pumps and mixers (Yang et al., 2016), and enhance-
ment of heat transfer and chemical reaction (Tang et al., 2014). 
These findings are the results of high electrical conductivity, rapid 
oxidation of liquid metals, and their elastic properties display-
ing various interesting reactions in the presence of an external 
electric field (Sheng et al., 2014), magnetic field (Kim and Lee, 
2015), or when two liquid metal droplets coalesce (Yuan et al., 
2015a). Therefore, various actuation and manipulation methods 
have been investigated either in liquid metal droplets or flow.

Manipulation by External Electric/Magnetic Field
The control of gallium-based liquid metals faces obstacles, espe-
cially when their movement is necessary. They form the oxidation 
layer rapidly, which stick to almost every surface. Therefore, it is 
essential to surpass this wetting behavior when useful electronic 
and thermal conductivity of liquid metals are needed in motion. 
One process comprises coating liquid metal droplets with nano-
particles, semiconductor, and insulating materials forming the 
so-called liquid metal marbles (Sivan et  al., 2013). Depending 
on the coating, the application can be modified; for instance, 
liquid metal marbles coated with semiconductor materials can 
act as transistors or diodes. Furthermore, using specific micro-/
nano-particles as coatings such as ferro-magnetic materials 
facilitated manipulations of these droplets or magnetic liquid 
metal marbles, by using an external magnetic field (Kim and Lee, 
2015). Jeon et al. (2015) investigated the lyophobicity of liquid 
metal marbles coated with ferro-magnetic Fe nano-particles. 
Large contact and sliding angles of liquid metal marbles indicated 
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FiGURe 1 | (A) Chip schematic for galinstan droplet generation and transition into NaOH solution (Gol et al., 2015). (B) Process of liquid metal generation and oxide 
layer removal with HCl vapor (Mohammed et al., 2014). (C) Schematic of liquid metal manipulation with magnetic field (Jeon et al., 2017). (D) Liquid metal cooling 
system (Zhu et al., 2016).
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the significant improvement in non-wetting specifications. The 
liquid metal marble was tested as an electrical switch that worked 
completely wirelessly. In a similar attempt, Fe coated liquid metals 
were applied to magnetically manipulate the flow and slugs in 
microfluidic channels with different geometries toward electrical 
switching (Jeon et al., 2017). In this study, Fe coated liquid metals 
were treated with HCl to get spherical shapes and afterward, they 
were collected by a syringe. The magnetic liquid metal was then 
injected into a PDMS-based channel filled with HCl or NaOH. 
As schematically shown in Figure  1C, a circular magnet was 
placed underneath the channel. Through moving the magnet, 
the magnetic liquid metal could be manipulated desirably. In the 
next step, two magnets were located beneath the channel and by 

moving them with respect to each other, merging and separating 
of liquid metal slugs were achieved.

Furthermore, the feasibility of coating liquid droplets with 
water was explored (Ding and Liu, 2016). The so-called compos-
ite liquid metal marbles were studied in different aspects such as 
shape, surface characteristics, and impact behaviors. In addition 
to preventing the oxidation, water coating on liquid metal drop-
lets facilitates potentials for applications in 3D printing, liquid 
metal jet cooling, etc.

In various recent attempts, applying an external voltage has 
been the key to manipulate the capillary behavior of liquid metals. 
Synthetically chemical-electrical mechanism approach was uti-
lized to achieve reversible deformation of liquid gallium enabling 
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liquid metals to be used as soft robots and machines (Zhang et al., 
2014a). The main idea stems from the effect of electrochemical 
oxidation and chemical dissolution process of gallium oxide with 
applying an external voltage and usage of acidic and alkali elec-
trolytes. These processes lead to a change in liquid metal’s surface 
tension allowing the reversible shape transformation.

One way to affect the interfacial properties of liquid metals is 
electrocapillary actuation (ECA). During the classically known 
phenomenon, a voltage is applied via two counter electrodes to 
liquid metal immersed in an electrolyte. The method has been 
recently applied for various purposes such as producing galinstan 
folding patterns (Wang and Liu, 2016) and directing liquid metal 
through more complicated pathways. In the following sum-
marized examples, ECA has been utilized to manipulate liquid 
metal.

Electrocapillary actuation can be a suitable solution to the 
challenging issue of removing liquid metal residue out of the 
pathways. To tackle the problem, electrochemical processes 
were applied to the surface of gallium liquid metals to remove 
the oxide skin (Khan et  al., 2015; Morales et  al., 2016). Khan 
et al. (2015) provided a possibility to remove liquid metals out of 
microchannels. This method is not hazardous like using acids and 
moreover, does not require complicated fabrication methods to 
change the structure of microchannels. The main used property 
is a reductive electrochemical potential which can remove the 
oxide layer on liquid metals’ surfaces. In the absence of oxide 
layer, liquid metal beads up because of its high surface tension 
resulting in liquid removal dominated by capillary forces. The 
main parts of the experimental setup included two reservoirs, one 
filled with electrolyte and the other with EGaIn, where these two 
were linked to each other and were also connected to a voltage 
through electrodes. The straight borosilicate capillaries between 
the reservoirs were prefilled with liquid metal. The applied voltage 
withdrew liquid metal from the microchannel with a decaying 
velocity versus time. The interesting phenomena is that, as soon 
as applying of voltage is stopped, the oxide layer reforms, prevent-
ing the liquid metal to flow, and leave the channel anymore. The 
useful electrical control of liquid metal flow in microchannels can 
provide various advantages in applications such as reconfigurable 
antennas and sensors, soft robots, and micropumps.

Tang et al. (2015b) also utilized electrocapillarity to direct liq-
uid metal flow in microchannels with more than one path. With 
altering the polarity of voltage, two various sets of results can be 
achieved: the oxide layer might be removed by electrocapillarity 
leading to smoother liquid flow toward the desired direction, or 
it might reform decreasing the flow smoothness, helping to direct 
the flow to other outlets. The potential of this method is dem-
onstrated for more complex channels with multiple outlets. This 
capability has numerous applications such as adjustable circuits 
and MEMS devices.

Electrowetting is another useful phenomenon recently studied 
on liquid metal (Diebold et al., 2017). The method was applied 
toward radio-frequency (RF) electronics and used acidic silox-
anes to remove the oxide skin out of liquid metal surface. The 
advantage of siloxanes is that they are electrically insulating fluids 
which do not participate in the chemical reactions in the absence 
of water (Holcomb et al., 2016).

Manipulating the surface tension of liquid metals with an 
applied bias or ECA has been studied by other researchers. Gough 
et al. (2015) applied a low voltage or power (1–2 mW) between 
liquid metal and surrounding electrolyte in a reservoir connected 
to one or more capillary channels. The geometry of the device 
had a high aspect ratio (width to height) which enabled a higher 
ratio of surface area to volume of the liquid metal. It was also 
theoretically shown that ECA phenomenon is highlighted in a 
quasiplanar geometry as a result of increased sensitivity to surface 
tension changes. The process is completely reversible in a way that 
the oxide formation can be completely controlled with voltage 
acting as a switch in the middle of flow to be able to mechanically 
stabilize it whenever needed.

Applying a non-uniform electric field can also be useful to 
produce dielectrophoresis (DEP) force. For example, Tang et al. 
(2015c) developed a method to create galinstan 3D microstruc-
tures using DEP. After generating separate microdroplets of 
galinstan using ultrasonication and oxide layer, a DEP platform 
including chromium/gold microelectrodes was utilized to insert 
a DEP force to galinstan to form 3D liquid metal electrodes. In 
their more recent work, Tang et al. (2016) described a method 
combining electrocapillarity and electrochemistry for applying 
a sinusoidal wave signal to liquid metal stream. By altering the 
magnitude of voltage, the size of generated droplets changed from 
85 to 185 µm.

In a different application, a droplet of galinstan was designed 
to cool localized hot spots (Zhu et  al., 2016). As depicted in 
Figure 1D, a liquid metal droplet was fixed in a PDMS channel 
prefilled with NaOH solution while a microheater was positioned 
at the bottom of the channel. The droplet was actuated by a square 
wave DC signal induced through two electrodes. The tempera-
ture of the channel was measured by an infrared camera. Being 
electrically conductive, liquid metal droplet played the role of 
a soft pump that under actuation circulated the NaOH coolant 
because of Marangoni flow. Moreover, the thermal conductivity 
of liquid metal lead to higher heat removal rates. Eventually, a 
very simple system with no moving parts and adjustable flow 
rate was provided with the advanced properties of liquid metal 
applicable to electronics cooling.

As mentioned earlier, the oxide layer on liquid metal surface 
offers unique potentials for mechanical manipulation. One set of 
experiments carried out recently (Dickey et  al., 2016), resulted 
in the highest variations in liquid metal’s surface tension ever 
reported in literature, highlighted by the oxide layer in addition 
to electrocapillarity. The method is tunable and reversible, using 
either oxidation or reduction in order to bead up or spread a liquid 
metal droplet in an electrolyte and also to do capillary injection 
and withdrawal of liquid metal in and out of a channel or capil-
lary tube. This oxide layer/skin has been under more interesting 
studies lately, such as readily stretching liquid metal on polymeric 
substrates to draw liquid metal wires stabilized by the oxide layer 
(Lin et al., 2016) or manipulating the oxide layer of EGaIn in a 
reproducible way leading to a reconfigurable microfluidic device 
(Wang et al., 2015a). Parekh et al. (2016) utilized a 3D printing 
and direct writing method to fabricate complex microchannels 
with liquid metal as a reusable ink that can be recovered at the 
end by an aqueous solution using electrochemistry.
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FiGURe 2 | (A)a Preparation of aluminum (Al) liquid metal alloy. (A)b-c The automatically running droplets of liquid metal Al alloy (Sheng et al., 2015). (B) Oscillation 
of partially submerged GaIn droplet in NaOH solution (Yi et al., 2016).

Liquid Metal Self-Actuation
Self-propelled micro- and nano-motors are among the most 
appealing research areas recently (Zhao and Pumera, 2013; 
Sanchez et al., 2015). In the past few years, attentions have been 
drawn to innovative applications of these motors/robots in soft 
matter and biological studies. These chemically powered devices 
can be utilized in drug delivery and duplicating the behavior of a 
biological organ (Majidi, 2014). Among various materials chosen 
for this specific purpose, liquid metal soft robotics has indicated 
a novel and significant impact (Xu, 2015).

All previously mentioned actuation methods require an exter-
nal power supply. However, liquid metal can be manipulated eas-
ily without an electric/magnetic field as a result of its exceptional 
properties. Self-actuation of liquid metals can facilitate new 
techniques beyond soft robot applications such as self-powered 
machines, tunable RF, and microfluidics devices. Recently, it was 
indicated that liquid metal objects could be self-actuated in the 
presence of aluminum (Al) flakes (as fuels) resulting in a self-
powered soft machine (Sheng et al., 2015; Zhang et al., 2015a,b). 
Figure  2A demonstrates examples of this method. The main 

reason behind these results is the Marangoni effect empowered by 
the electrochemical reaction between Al and liquid metal EGaIn 
coupled with the hydrogen evolution at the reaction sites. In 
Figure 2A (a), a droplet of EGaIn is dropped in NaOH solution, 
and a small sheet of Al is placed next to the liquid metal droplet. 
Liquid metal then breaks into the passivation layer on Al sheet, 
and an alloy of Al and liquid metal is made. Figure 2A (b) shows 
the highlighted rotation of alloyed droplet with ink. When this 
alloy (Al dissolved in liquid metal) is collected and injected again 
in NaOH solution as indicated in Figure 2A (c), a stream of small 
liquid metal droplets is generated, and these droplets move to 
different directions as running motors.

Similarly, Yuan et  al. (2015b) demonstrated a method to 
develop self-powered liquid metal motors with Brownian motion 
in an alkali electrolytes, by dissolving 1% of Al in GaIn10 (Ga 
90%, In 10%). The main driving force here is also enabled by 
hydrogen bubbles, however with some differences compared 
with previous work. These tiny motors were further actuated by 
an electric field (20 V) to achieve much higher moving speeds 
(Tan et al., 2015).
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exposed part of the droplet diffused along the droplet interface 
and the thin liquid film surrounding the droplet causing a surface 
tension gradient (Marangoni effect) which lead to a periodic 
oscillation. The self-oscillation droplet is an interesting non-
hazardous model for mimicking the behavior of living organisms 
such as a beating heart, breathing air to produce energy. The latter 
work (Liu et al., 2016) explored the possibility of flowing galinstan 
in its own oxide layer acting as a channel with nano-meter thick 
walls. Galinstan was first injected through a stationary needle 
on a moving stage coated with PDMS. Various dog bone-shaped 
structures of galinstan were printed and the thin oxide layers 
surrounding these lines were observed. It was indicated that 
galinstan could be injected and withdrawn into and out of the 
thin oxide layer. These oxide layer channels are very flexible; in 
the case of fully withdrawal of liquid metal, they collapse and in 

case of injection, they inflate. When ruptured, these oxide layers 
can readily reform with the liquid metal residue. The novelty of 
this technique contributes to directly printed microfluidics which 
can collapse on its own.

COnCLUSiOn

Gallium-based liquid metal as a substitute for mercury, possesses 
fascinating specifications such as high surface tension, high 
thermal, and electrical conductivity combined with low toxicity. 
Moreover, the formed oxide layer on its surface, enable gallium 
liquid metal to be easily shaped, and desirably manipulated. 
Therefore, liquid metal manipulation: the generation of droplets 
with desired size and shape and manipulation/actuation of the 
generated objects and flows has been recently widely studied and 
investigated. In this mini-review, we focused on recent advances 
in these studies. The manipulation of liquid metals can occur 
in both liquid metal droplet and flow scale, with or without an 
external magnetic/electric field. The facile methods to manipulate 
them and their low toxicity empower gallium-based liquid metals 
to bring a bright future in numerous applications such as drug 
delivery, microfluidics, reconfigurable, and soft electronics.
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