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coiling copper wire into a helix pro-
duces an inductor. In short, the shape of 
the conductor determines its electrical 
behavior and utility. The same is true for 
liquid metals. Advances in techniques 
for shaping liquid metals down to sub-
micrometer scale resolution have enabled 
a wide range of novel devices, from wear-
able sensors, to reconfigurable circuits 
and liquid electronic switches. This is a 
great motivator for studying the principles 
of liquid metal patterning and continued 
research into improving the achievable 
breadth, scale, and design complexity. 
Since liquid metals are a subset of liquids, 
the basic principles described here can 

extend broadly to other liquids. That being said, owing to cer-
tain distinguishing characteristics of liquid metals, not all pat-
terning techniques that work well with other liquids necessarily 
work well with liquid metals. For example, liquid metals have 
enormous interfacial tension, which makes it difficult to coerce 
them into non-spherical, high surface area shapes. Thus, while 
it may be easy to deposit a thin film of polymer by spin coating, 
it is not so straightforward to make a thin film of liquid metal. 
In this review, we start with a general discussion of liquids, and 
in the subsequent section, we elaborate on the unique features 
of liquid metals that make them so interesting yet sometimes 
challenging to manipulate.

It is difficult to manipulate the shape of liquids because of 
their ability to flow in response to stress into shapes that mini-
mize energy. At larger length scales, gravity typically is the 
dominant force, while at small length scales, interfacial forces 
dominate. The capillary length defines the length scale below 
which interfacial forces become relevant relative to gravitational 
forces. For most fluids (including liquid metals), this occurs 
when at least one dimension of the fluid is below ≈1  mm. 
Interfacial forces conspire to minimize surface energy, thereby 
making it difficult to create liquids with arbitrary shapes. For 
example, cylindrical streams of water from a hose or nozzle 
break into droplets via so-called “Rayleigh-Plateau” instabili-
ties.[1,2] Other forces, such as shear, magnetic fields, and electric 
fields can distort or manipulate the shape of liquids, but these 
forces are externally applied and not inherent to the fluid.

Considering these challenges, perhaps the easiest way to 
manipulate the shape of a liquid is to confine it in a container, 
as shown in Figure  1a. Examples include blood in capillaries 
or fluids in microfluidic channels. This approach is appealing 
because it enables fluids with nearly arbitrary shapes.

It is more challenging to pattern liquids without the use of 
containers. Considering that interfacial forces dominate below 

This review highlights the unique techniques for patterning liquid metals 
containing gallium (e.g., eutectic gallium indium, EGaIn). These techniques 
are enabled by two unique attributes of these liquids relative to solid metals: 
1) The fluidity of the metal allows it to be injected, sprayed, and generally 
dispensed. 2) The solid native oxide shell allows the metal to adhere to sur-
faces and be shaped in ways that would normally be prohibited due to surface 
tension. The ability to shape liquid metals into non-spherical structures such 
as wires, antennas, and electrodes can enable fluidic metallic conductors for 
stretchable electronics, soft robotics, e-skins, and wearables. The key proper-
ties of these metals with a focus on methods to pattern liquid metals into soft 
or stretchable devices are summari.

1. Introduction

This review highlights techniques to control the shape of 
liquid metals, in particular, low-melting-point gallium-based 
metals and alloys (such as eutectic gallium indium, EGaIn). 
Why liquid metals? Liquid metals possess both the properties 
of metals and liquids. The combination of fluidity and metallic 
conductivity makes liquid metals uniquely suited for stretch-
able electronics (e.g., wearable electronics, soft robotics, soft 
energy harvesters), a growing field that has attracted immense 
research and commercial interest.

The ability to shape and pattern conductors has always been 
integral to the fabrication of functional devices. For example, 
copper ingots can be drawn to form wires, copper films can 
be patterned lithographically as circuit interconnects, and 

© 2023 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial License, which permits use,  
distribution and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes.

Hall of Fame

Adv. Mater. 2023, 35, 2205196



www.advmat.dewww.advancedsciencenews.com

2205196  (2 of 31) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

the capillary length, such interfacial forces can be utilized to 
manipulate liquids to selectively wet or adhere to portions of 
a surface, as conceptualized in Figure  1b. The cross-sectional 
shape of such patterns is hemispherical, but the in-plane shape 
can be controlled based on the interactions with the substrate.

If the surface that the liquid wets is sufficiently thin (e.g., a 
thin film or layer of particles), then the interfacial forces can 
cause solid-like film to encase the liquid (Figure  1c).[3–5] The 
resulting structure should still adopt a shape to minimize 
energy, but in such a case the energetic analysis must account 
for the mechanical contributions of the “skin”. If the liquid 
(or material in the liquid) is reactive, it is even possible for the 
skin to spontaneously form around the liquid.[6] For example, 
gallium liquid metal can react with air to form a native oxide 
skin (Figure 1c). This approach is fascinating because it allows 

liquids to form their own container, which is a major theme of 
this review.

Finally, another route to manipulate liquids into useful 
shapes is to change the rheological behavior. Liquids with low 
viscosity, such as water, can flow readily to minimize surface 
energy. But if the rheological properties are modified, then this 
behavior can be retarded or even arrested (Figure 1d). This can 
be done by introducing other immiscible fluids to the liquid to 
produce a colloidal system that is structured by inclusion-matrix 
interfaces.[7] The addition of solid inclusions would result in 
multiphasic mixtures with more elastic character. For example, 
tooth paste—a mixture of powdered solids and liquids—can 
be extruded onto a toothbrush and hold its shape. Yet, tooth 
paste is difficult to extrude through small capillaries, such as a 
drinking straw. Thus, this approach is not without tradeoffs.

Adv. Mater. 2023, 35, 2205196

Figure 1.  In general, liquids flow to minimize energy, making it difficult to control their shape. There are four general strategies to control the shape 
of liquids, including liquid metal (LM): a) controlling shape by confining a liquid in a container; b) At small length scales, interfacial energy can be 
harnessed to coerce liquids to selectively wet surface patterns; c) Wrapping the liquid in a thin film, such as the native oxide skin that forms on LM, 
can create a mechanical shell that stabilizes unique shapes; d) Adding rheological modifiers to the liquid can limit its ability to flow in response to 
interfacial force.
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In this review, we focus on patterning and shaping of liquid 
metals. The approaches utilize the four general approaches for 
patterning liquids shown in Figure 1. Unlike conventional liquids, 
such as water, liquid metals offer some truly unique opportunities 
due to their metallic conductivity (electrical, optical, and thermal) 
and their ability to rapidly react with oxygen to form a “skin” 
(similar to Figure  1c). And unlike solid metals, the fluid nature 
of liquid metals allows them to be manipulated, dispensed, and 
patterned in ways that simply are not possible with solid metals. 
These properties allow liquid metals to be used as soft and stretch-
able electrodes, interconnects, sensors, and microfluidic compo-
nents. Applications include stretchable electronics, reconfigurable 
antennas, soft robots, wearable sensors, and e-skins.

We start by comparing liquid metal to water to underscore 
the distinct attributes of liquid metal. The main body of this 
review focuses on methods to shape (and reconfigure the 
shape) of liquid metal due to the importance of controlling the 
shape and location of materials for most devices. We conclude 
with an outlook, challenges, and opportunities.

2. Properties and Behavior of Ga-Based  
Liquid Metals
2.1. What are Liquid Metals?

In the literature, the terms “liquid metal” (LM), “fusible alloy”, 
“liquid metal alloy” (LMA), “low-melting-point alloy” (LMPA) 
have been used to refer to metals and metal alloys with low 
enough melting points that they exist as liquids at (or near) 
room temperature and pressure.[8–11] Here, we use the term 
“liquid metal” (LM). While the LMs in this review have near-
room temperature melting points (up to ≈30 °C), in some other 
reviews, metals and alloys with melting points up to ≈300  °C 
are also considered to be LM.[8,12]

There are only five known elemental LMs, namely gal-
lium (melting point, Tm = 29.76 °C), mercury (Tm = −38.83 °C), 
francium (Tm = 27  °C), cesium (Tm = 28.44  °C), and rubidium  
(Tm = 39.3 °C). Unfortunately, most of them are not safe for prac-
tical use. Cesium and rubidium react violently with gases in the 
atmosphere,[13] while mercury and francium are toxic and radio-
active, respectively.[14,15] Process of elimination leaves gallium, 
which happens to have some of the most interesting properties of 
any element: 1) It has low toxicity and effectively zero vapor pres-
sure at room temperature.[16] The latter means it can be handled 
without concern for breathing it via evaporation. 2) It expands 
when it freezes, yet it is difficult to freeze since it supercools well 
below its melting point of 29.76 °C.[17,18] 3) It boils at 2400 °C.[19] 
4) It has water-like viscosity (≈2× that of water).[20,21] 5) It is dense 
(≈6× that of water).[21] 6) It has the largest surface tension of any 
liquid at room temperature (720 mN m−1, ≈10× that of water).[9,22]

Although gallium’s melting point is slightly higher than 
room temperature,[9,23] it can be mixed with certain metals at 
certain compositions to produce alloys with even lower melting 
temperatures than that of their constituents. For example, 
eutectic gallium indium (EGaIn, 75 wt% Ga and 25 wt% In, 
Tm = 15.7 °C) and gallium indium tin (Galinstan, 66.5 wt% Ga, 
20.5 wt% In, and 13 wt% Sn, Tm = 11  °C) are two alloys with 
lower than room temperature melting points.[9,23] Henceforth, 

unless otherwise specified, we imply Ga-based liquid metals 
when we use the term “LM”.

2.2. Passivating Oxide Skin on LMs

Gallium is a post-transition metal that belongs to the 13th column 
in the periodic table. It resides directly below aluminum. Thus, 
it is not surprising that gallium forms a passivating oxide very 
quickly at ambient condition, similar to aluminum.

Although native oxides are thin (typically a few nanometers),[9] 
their importance for our society cannot be overstated because of 
their role in protecting metals—such as aluminum and stainless 
steel—against destructive oxidation. Metals like Al and Ga are 
extremely reactive and would readily oxidize if it were not for the 
protective nature of the passivating native oxide layer.

The native oxide forms rapidly at low temperature and 
even under oxygen deficient environments.[24–27] The growth 
of native oxides is often described by Cabrera–Mott modeling, 
which claims that electrons from the metal can tunnel through 
the surface oxide to combine with oxygen from the air to form 
an oxy-anion. This results in an electric field between the posi-
tively charged metal surface and negatively charged anions that 
reside across the thin oxide. This field drives these charged spe-
cies towards each other and causes the oxide to grow. As the 
oxide thickens, this driving field decreases until the thickness 
reaches a stable “passivated” value.[28,29] Ligands on the surface 
can affect the final thickness of the oxide.[30,31]

In the case of LM, the oxidation significantly slows when the 
thickness reaches ≈3 nm as measured by transmission electron 
microscopy.[29,31–33] Ga3+ is the most stable form of oxidized gal-
lium and the native oxide is thought to be amorphous or poorly 
crystalline Ga2O3 (or slightly off-stoichiometry) based on X-ray 
grazing-incidence measurements.[34] Despite the incorporation 
of other secondary metals (such as indium) to lower the melting 
point of gallium alloys, the surface remains primarily gallium 
oxide since it is thermodynamically favorable.[35,36] Given that 
rationale, it is indeed possible to change the composition of 
the oxide by dissolving metals into LMs that have lower Gibbs 
free energy of oxidation compared to gallium.[36] For example, 
it is possible to form aluminum oxide on the surface by adding 
small amounts of Al to Ga, yet doing so under ambient con-
ditions can result in a breakdown in passivation.[20,36,37] The 
chemical composition of the gallium oxide could also be tuned 
by changing the surrounding environment.[31] For example, it 
converts to GaOOH in water.[38]

2.3. Unique Features of LMs

In this section, we contrast the behavioral differences between 
water and LMs to highlight unique attributes of LMs, many of 
which are important for patterning.

2.3.1. The Importance of the Oxide

Due to surface tension, water spontaneously forms hemispher-
ical shapes on substrates to minimize its energy (Figure  2a). 

Adv. Mater. 2023, 35, 2205196
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Although bare metals have enormous surface tension (≈10× that 
of water) and should therefore form spherical caps like water, 
the mechanical properties of the oxide stabilize non-spherical 
shapes, such as cones (Figure 2a).[39] This property is enabling 
for many methods for patterning LM discussed herein.

Furthermore, the oxide complicates contact angle measure-
ments because the interface of the droplet is not free to flow.[40] 
Bare LMs, which are free to flow, interact with surfaces pri-
marily by metallic bonding (so-called “reactive wetting”) and 
therefore typically have large θ on non-metallic surfaces. Inter-
estingly, dispensing LM (with the native oxide) on a surface also 
results in a large apparent contact angle, yet such large angles 
do not necessarily mean that the substrate is “metallophobic”. 
Instead, the oxide typically causes the droplets to adhere to 
surfaces since the oxide can form van der Waals or hydrogen 
bonding interactions with the surface.[41,42] Rough surfaces 
can minimize adhesion due to the poor contact between the 
substrate and oxide.[43–45] Due to the mechanical effects of the 
oxide, advancing and receding contact angles should be utilized 
rather than static contact angles; the advancing angle is large 

on all surfaces regardless of surface chemistry due to the need 
to rupture the oxide, whereas receding provides a measure of 
whether the oxide adheres (pins) to the substrate.[40]

The surface yield stress of the oxide has been measured via 
rheological techniques to be ≈0.3–0.5 N m−1.[20,46,47] Because 
the oxide is a thin surface film that can reform rapidly when 
it breaks, this value can effectively be considered like an inter-
facial tension that resists flow. But unlike interfacial tension, 
the solid oxide film does not drive flow. Although oxides are 
naturally brittle and break at low strains, the ability of the oxide 
to rapidly reform on exposed metal means the liquid will stop 
flowing immediately when the applied stress no longer exceeds 
the critical value. This unique feature of LM makes it possible 
to stabilize LM into useful shapes such as wires, strips, and 
even freestanding 3D structures.[48–50]

When two droplets of water are brought into contact, 
they coalesce into a larger droplet with a spherical interface 
(Figure 2b). LMs typically have low bulk viscosity (≈2 cps), com-
parable to that of water (≈1 cps) and pose little resistance to flow. 
Yet, LM droplets with diameters of hundreds of micrometers  

Adv. Mater. 2023, 35, 2205196

Figure 2.  Comparison of water and liquid metal (LM). a) The surface tension of water causes it to adopt a hemispherical shape and form a contact 
angle θ with a substrate. Although LM has an enormous surface tension, the presence of the oxide can preserve non-spherical shapes (such as the 
tip on top of the droplet) and prevent the liquid from flowing, complicating contact angle analysis. b) At small length scales, two LM droplets can be 
stacked vertically without complete coalescence. Conversely, when two water droplets touch, they coalesce. c) Water slowly evaporates and diminishes 
in volume at room temperature. However, LM has negligible vapor pressure at room temperature. d) Water is an ionic conductor, whereas LM is a 
metallic conductor.
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can be stacked on top of each other without complete coales-
cence. Upon contact, the oxide breaks and allows the metal in 
the droplets to make metal–metal contact, but the oxide shell 
prevents complete coalescence. As the diameter of the droplet 
gets smaller, it becomes more difficult to merge the drop-
lets. The pressure required scales inversely with diameter.[51]  
The stability imparted by the oxide makes it easier to incorpo-
rate LM particles into polymers and fluid media to form mul-
tiphase composites and mixtures.[52–57] Such droplets can be 
forced to merge into conductive traces, which is a patterning 
method discussed herein.

In summary, the presence of the oxide skin: 1) changes the 
mechanical properties of the interface of LM from a liquid to a 
solid, 2) changes the chemical properties of the interface of LM 
from a metal to an oxide, 3) replaces the metal/ambient inter-
face with two new interfaces (metal/oxide interface and oxide/
ambient interface), thereby separating the metal from the 
ambient, 4) stabilizes the shape of the metal below a surface 
stress of ≈0.5 N m−1, and 5) enables adhesion to smooth surfaces.

2.3.2. Volatility

Typical liquids like water and oil evaporate slowly at room 
temperature, and rapidly approaching their boiling tempera-
tures (100  °C for water, and 200–300  °C for most oils). LMs, 
on the other hand, have effectively zero vapor pressure at room 
temperature (Figure  2c). This means that there is no risk of 
inhaling metal vapors while handling LMs. LMs have extremely 
high boiling temperatures (e.g., 2400  °C for Ga)[9,58] which 
makes them suitable for processing and handling outside the 
fume hood. LMs also do not evaporate at ambient temperatures 
when placed within a low-pressure environment, such as a 
vacuum chamber, making them suitable for a variety of spectro-
scopic studies that require vacuum.

2.3.3. Conductivity

LMs conduct electrons whereas water conducts ions. Conse-
quently, the electrical conductivities of LMs, such as EGaIn,[59] 
are much higher (6–10 orders of magnitude) than typical liq-
uids like water or even salt water (Figure  2d). For example, 
the electrical conductivities of EGaIn, Galinstan, and mercury 
are 3.4  × 106, 3.46  × 106, and 1.0  × 106 S m−1, respectively.[60] 
On the other hand, the electrical conductivity of water is sig-
nificantly lower and depends on the concentration of ions 
(e.g., drinking water and sea water are 5 × 10−4 to 5 × 10−2 and  
4.8 S m−1, respectively). LMs also have superior thermal con-
ductivity, >10  W m−1 K−1 versus ≈0.6  W m−1 K−1 for water.[61] 
LMs have constant conductivity even as they flow under applied 
shear. This is not the case with solid metals that accumulate 
crystalline defects the more they are deformed. The properties 
of LMs are highly favorable for stretchable electronics, in which 
low and stable electrical resistance are needed under repeated 
mechanical deformation. In fact, several studies on LM-com-
posites have shown a moderate increase in resistance R relative 
to the initial resistance (R0) of R/R0 ≈1 under high mechanical 
strain (0–100%).[62,63]

3. Methods to Pattern LMs

We organize this section by categories of approaches to pattern 
LM.[64,65] These approaches typically involve one or more of the 
strategies to pattern liquids depicted in Figure 1. In each subsec-
tion, we describe the capabilities and limitations of the methods. 
This is not intended to be a comprehensive review, but rather a 
summary of key concepts, advances, and opportunities.

3.1. Injection

One way to physically constrain LM within a desired shape is 
by injecting the fluid into a container. Examples include elasto-
meric microchannels, hollow polymer fibers, and cavities in 3D 
printed plastics. Refs. [46,70] feature some of the earliest reports 
of injection filling of LM into microchannels. Figure 3a shows 
the concept of injection. To inject a liquid is to literally force it 
within a confined space, which requires a pressure differential 
that can be applied with a syringe. The container should have 
a pathway for displaced air to escape. The applied pressure dif-
ferential must be sufficient to break the oxide layer. To a first 
approximation, the pressure differential, P, across the interface 
follows the Laplace equation, as shown in Equation (1).

γ≈ Θ2 cos /P R � (1)

In Equation  (1), the effective interfacial tension, γ, is compli-
cated because the surface of the metal has two interfaces (metal/
oxide and oxide/air) plus a ≈3 nm-thick shell of solid oxide. Thus, 
the term “effective tension” is used to capture this complexity. 
The oxide must be broken continuously to induce the metal 
to flow in the presence of oxygen. Rheological measurements 
report the value necessary to break the oxide to range from  
≈0.3–0.5 N m−1.[20,46] In Equation (1), R is the radius of curva-
ture, which is approximately the radius of the cross-section of 
the channel. This equation assumes the container (e.g., micro-
channel) has round, cylindrical walls and a contact angle θ, 
which is typically large (≈150°). Equation (1) suggests that filling a 
channel that is 10–20 µm in diameter will require ≈1 atm of gauge 
pressure. Likewise, Equation  (1) predicts that filling channel 
1–2 µm in diameter will require ≈10 atm of gauge pressure.

Once the LM is injected, it naturally stays within the chan-
nels due to the stabilizing effects of the oxide layer. In most 
cases, the oxide forms on all LM interfaces. For example, mate-
rials such as silicones, which are highly permeable to oxygen, 
are commonly used for microfluidics. The permeability ensures 
that oxide forms on any exposed metal, including metal in con-
tact with the silicone walls.[46] In contrast, mercury—which 
does not rapidly form an oxide[71]—can be injected into micro-
channels, but it rapidly withdraws from the channels due to 
capillary forces.[46] After injecting the LM, the inlet and outlet 
can be sealed (e.g., with silicone) to prevent leakage. If needed, 
additional wiring can be connected to the LM before sealing the 
holes to provide electrical connections.

LM can be used to “metallize” a variety of microchannels, 
cavities, fibers, and parts. Typically, microchannels are formed 
by molding silicone against a topographical mold and then 
sealing the replica against another layer of silicone. Hollow 
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fibers and capillaries are available commercially. Stretchable 
fibers with customized internal structure and composition can 
be achieved by elegant thermal drawing techniques that avoid 
the need for injection.[72,73] It is also possible to inject LM into 
cavities and channels within 3D printed parts (cf. Figure 3f).[60]

As an example of injection, Figure 3b shows stretchable, con-
ductive wires consisting of LM injected into hollow elastomer 
fibers.[66] The LM maintains metallic conductivity between the 
ends as the fiber stretched up to ≈700%, which was the failure 
point of the polymer shell. Recent studies have demonstrated 
conductivity to strains of 1800% by using other polymers.[74,75] 
As LM has low viscosity and flows readily in response to applied 
stress, the mechanical behavior of the LM-filled tube and the 
hollow tube were effectively the same, although in some cases 
the LM can enhance the mechanical properties (e.g., tough-
ness).[76 77] Such fibers can be strain-cycled many thousands of 
times without hysteresis.

Figure  3c shows another example of injection: soft electro-
magnetic actuators consisting of LM-filled coil-shaped micro-
channels made of a commercial silicone elastomer.[67] By 
passing electrical current through the conductive LM coils, a 
magnetic force that is orthogonal to the plane of the coil is pro-
duced, which causes the soft elastomer to deform, as depicted 
in the photo (Figure 3c).

There are several drawbacks of injection. It requires cavities, 
which must be fabricated prior to injection. Wide or extremely 
soft structures are difficult to pattern by injection due to the 
risk of channel collapse. Injection requires an inlet and outlet 
port,[78,79] which may result in undesirable features of LM in the 
final structure and makes it difficult to pattern dense, isolated 
features. The need to apply larger pressures to fill smaller chan-
nels can lead to leakage or device failure.

Most of these limitations can be addressed using vacuum 
filling. Figure 3d shows the principle of vacuum-filling, which 

Adv. Mater. 2023, 35, 2205196

Figure 3.  Injection of LM into microfluidic “containers” a) To fill a microchannel with LM by injection, an inlet and at least one outlet are necessary.  
A pressure gradient breaks the oxide and pushes metal into the channel while displacing air to the outlet(s). b) Hollow elastomer fibers injected with LM 
could remain electrically conductive even while being stretched and twisted.[66] c) Soft electromagnetic actuators made by injecting LM into coil-shaped 
Ecoflex elastomer microchannels.[67] d) To vacuum-fill a microchannel with LM, only one opening is necessary. First, LM should be deposited over the 
opening, covering it entirely. When the pressure outside the sample is reduced, air within the channel will vent by bubbling through the LM puddle or 
diffusing through the walls of the channel. After removing the air within the channel, increasing the pressure outside the sample causes the LM sitting 
on the opening to flow into the channel and fill it to its edges. e) Vacuum-filling is particularly suitable for filling channels with complex designs and fine 
features.[68] f) LM can vacuum-fill cavities in 3D printed parts for metallization of plastics. Here, the metal serves as a functional antenna.[69] b) Repro-
duced with permission.[66] Copyright 2013, Wiley-VCH. c) Reproduced with permission.[67] Copyright 2020, American Association for the Advancement 
of Science. e) Reproduced with permission.[68] Copyright 2017, Royal Society of Chemistry. f) Reproduced with permission.[69] Copyright 2017, Elsevier.
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was first described for aqueous solutions[80] and then later dem-
onstrated for LMs.[68] First, LM is placed over the inlet(s), com-
pletely covering all the openings of the microchannel. Then, the 
entire structure is placed in a vacuum chamber, which forces 
the air within the microchannel to bubble out through the LM 
and permeate through the microchannel walls. Returning the 
chamber to atmospheric pressure produces positive pressure 
relative to the vacuum inside the channels. This pressure differ-
ential pushes the LM sitting on the inlet(s) into the microchan-
nels with dimensions as small as 5–10 µm.

Compared to injection filling, vacuum filling results in more 
thorough filling of LM into the microchannels.[68,81,82] Vacuum 
filling can pattern complicated patterns (e.g., dead end mazes, 
coils, circuit board lines) by eliminating the possibility of trap-
ping air inside the channels (Figure  3e).[68] Unlike injection 
filling, no outlet is required. The approach is completely hands-
free and avoids the leakage problems associated with injec-
tion since the pressures inside the channels are always below 
atmospheric pressure.

Vacuum filling is not without limits. Although the filling 
occurs rapidly (1–10 s), in our experience the vacuum chamber 
step requires tens of minutes to remove the air when using a 
simple roughing pump to evacuate the chamber. The vacuum 
filling technique also requires an inlet with a continuous fluid 
path to the features. Thus, it cannot be used for arbitrary geom-
etries. Nevertheless, it can be used to metallize closed-end fea-
tures, such as those in 3D printed parts.[69]

Figure  3f shows an example of 3D printed thermoplastic 
parts with hollow cavities. The cavities can be filled with LM 
using vacuum filling. In this example, the metal forms an 
antenna structure within the 3D part that has spectral proper-
ties that agree with theory.[69]

Once inside channels, LM adheres to the walls due to the 
oxide. In some cases, it may be preferable to withdraw the metal 
after it has been injected. The adhesion can be avoided, in prin-
ciple, by working in an oxygen-free environment, but in practice 
it is very difficult to remove enough oxygen to prevent surface 
oxidation. The oxide can be removed using strong acids (1 m HCl)  
or base (1 m NaOH), but this may also be undesirable in many 
applications due to the use of extreme pH solutions. Likewise, 
lubrication layers (e.g., slip layers) of water or other fluids can 
form a thin layer of liquid between the oxide and walls to avoid 
adhesion.[38,83] Furthermore, the oxide can be chemically modi-
fied[84] (e.g., with silanes or phosphates anchored to the hydroxyl 
groups on the oxide) to help minimize adhesion.

A more practical way to avoid adhesion of the oxide to the 
walls of the channel is to use surface roughness. Surface rough-
ness prevents good oxide contact to the substrate (explained in 
Section  2).[43–45] While roughening the interior walls of small 
channels is challenging, it is possible to deposit particles on 
the inside of thermoplastic microchannels to prevent adhesion, 
thereby allowing LM to be injected and withdrawn without 
leaving residue on the walls.[60]

3.2. Direct Writing

Direct ink writing is a general term that captures a wide range 
of additive techniques that dispense materials such as inkjet 

printing or extrusion 3D printing.[49,82,85–86,88–96] Early demon-
strations of additive patterning of pure LM at ambient condi-
tions used nozzle based printing.[50] Dispensing LM out of a 
nozzle results in a spherical structure due to interfacial ten-
sion. These droplets can be stacked on a substrate, as shown in 
Figure 4a.[85,92] The droplets undergo arrested coalescence upon 
contact (cf. Figure 2b). The exact fate of the oxide at the interface 
between the droplets is unknown, but efforts to pull the drops 
apart show that they make continuous metal–metal contact.[50,97] 
Although it is remarkable to be able to create structures up 
to ≈1  cm tall using this approach stabilized by a ≈3  nm oxide 
layer, the resulting structures can easily topple over or smear 
in response to vibrations or stress. Thus, they are typically 
encased in elastomer after printing to create stretchable conduc-
tors, such as the electrical interconnect between LEDs shown in 
Figure 4b. Conjoining droplets is not a very fast approach to pat-
terning due to its serial nature. Thus, additional considerations 
must be made to direct write LM.

To avoid dispensing spherical droplets of metal, direct 
writing LM relies on adhesion between the oxide skin and 
the substrate. The adhesion shears the metal from the nozzle 
as it translates relative to the stage.[49,82,89,90] This approach to 
printing has similarities to writing with a ballpoint pen: liquid 
does not come out of the pen until it is sheared across a “wet-
ting” substrate. Thus, printing occurs at dispensing pres-
sures way below that required for extrusion. The oxide skin 
that forms on the printed LM is effectively a “container” that 
holds the shape of the printed structure. The diameters of the 
printed structures are similar to the nozzle diameters; remark-
ably, structures with diameters as small as ≈2 µm have been 
printed using this approach (from a nozzle diameter of 5 µm), 
as shown in Figure 4c.[85]

A downside of this direct-write approach is that it requires 
surfaces with good adhesion (i.e., smooth surfaces) and excel-
lent control of the distance between the nozzle and substrate.[92] 
Just as it is difficult to write on certain non-wetting surfaces 
using a ballpoint pen, adhesion between the oxide skin and 
the substrate is crucial for direct writing of LM. Advancing and 
receding measurements show LM droplets adhere to nearly 
all smooth surfaces.[40] Yet, such measurements expand drop-
lets against a surface, and may not be representative of the 
contact between the LM meniscus at a printing nozzle and a 
substrate. Thus, a “peck test” was introduced to evaluate a sub-
strate’s compatibility for direct writing LM;[49] the LM meniscus 
on the tip of a nozzle touches or “pecks” various surfaces  
100× (Figure 4d). If the adhesion is sufficient such that a small 
LM droplet gets deposited on the substrate after the brief con-
tact, then the surface is likely suitable for direct printing. For 
example, Figure 4d shows substrates that pass (left image) and 
fail (right image) this test. The “peck test” is a practical tool as 
it is quick and easy to conduct, and the outcomes are clear-cut 
(pass/ fail) and simple to interpret. These measurements show 
that LM prints well on hydrophilic substrates (e.g., glass or sil-
icon wafers) and plasma treated silicones, presumably due to 
hydrogen bonding with the oxide. Adhesion can be promoted 
during printing “on demand” by applying a voltage to the LM 
relative to a sub-surface electrode to generate electrostatic 
stresses, although this approach does require a sub-surface 
electrode.[93]

Adv. Mater. 2023, 35, 2205196
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The combination of the size of the nozzle, dispensing 
pressure, and distance between the nozzle and the substrate 
(“print height”) is important, as recently reviewed.[96] Briefly, 
Figure  4d shows printed structures as a function of the print 
height and nozzle pressure. In region 1, the meniscus of metal 
at the nozzle does not make good contact and therefore LM 
does not print. In region 3, the pressure is too high and LM is 
being dispensed too fast for the given stage speed. In region 
2 (modest pressure, and small print height), the LM prints 
well. This underscores the importance of controlling the dis-
tance between the nozzle and substrate, which is easiest if the 
substrate is flat. It is possible to direct write LM on uneven 
surfaces by using a laser sensor to measure and maintain 
the distance between the nozzle and the surface in real-time  
(distance d in Figure 4e).[86]

Lastly, it is possible to use magnets to manipulate the 
motion of LM without the use of a nozzle (Figure 4f).[87] Gal-
lium is diamagnetic, but it is possible to mix magnetic parti-
cles into the LM to make it responsive. Moving a magnet below 
a substrate of interest drags (shears) the LM mixture across 
the surface, leaving behind a metal trace due to the adhesion 
of the oxide to the substrate. A drawback of this approach is 
the low resolution (500 µm) since the metal is not confined by 
the nozzle.

3.3. Stencil Printing

In this section, we consider stencil-based patterning of LM, 
which takes advantage of the fluidity of the LM and the ability 
of the oxide to adhere to surfaces to replicate the stencil pattern. 
There are several variations of stencil-based patterning, but 
in general, they have the following components in common:  
i) ink, ii) substrate, iii) stencil, and iv) tool(s) for forcing the ink 
through the openings in the stencil.

At its most basic level, stencil printing can be done by 
placing the stencil on the substrate, then using a squeegee 
or roller to spread a puddle of LM over the stencil, as shown 
in Figure  5a. The fluidity allows the ink to pass through the 
openings and the oxide helps it adhere to the substrate.[98–109] 
Peeling the stencil off leaves a pattern of LM on the substrate. 
Since the stencil is reusable and the process is quick and easy 
to automate, stencil printing has gained popularity. Stencils can 
be created easily using xurography (cutting with a craft cutter) 
or laser cutting, for example.

Stencil printing resolution is defined, in principle, by 
the size of the opening in the stencil. Typically, the stencil is 
made of a sheet of polymer, metal, or ceramic, and is about 
100–200  µm-thick. To deposit finer features, the thickness of 
the stencil (and by relation, its total sidewall area) should be 
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Figure 4.  Direct-write printing of LM. a) Left: Printing of self-supporting 3D LM structures by stacking droplets. Right: Direct writing of LM by 
shearing it from a nozzle. b) Connected LM droplets embedded in an elastomer form stretchable interconnects.[50] c) SEM image and AFM profile 
of high resolution printed LM traces.[85] d) Left: “peck test” of LM to identify good and bad surfaces for printing. Right: Printability of LM according 
to nozzle pressure and printing height.[49] e) Direct writing of LM on uneven surfaces using a laser to control the nozzle-substrate gap.[86] f) Using a 
magnet to drag LM containing magnetic particles.[87] b) Reproduced with permission.[50] Copyright 2013, Wiley-VCH. c) Reproduced with permission.[85]  
Copyright 2019, American Association for the Advancement of Science. d) Reproduced with permission.[49] Copyright 2019, Wiley-VCH. e) Reproduced 
with permission.[86] Copyright 2019, Wiley-VCH. f) Reproduced with permission.[87] Copyright 2019, Wiley-VCH.
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reduced. Unfortunately, the thinner the stencil, the flimsier 
it becomes, which makes it tedious to handle without buck-
ling, tearing, or breaking. Thus, it is necessary to reinforce 
the stencil so that it can be thin and strong. For example, by 
adding a supporting layer to frame the pattern on the stencil 
without obscuring it, the stencil can be made sturdier.[98,100] 
One approach, shown in Figure  5b, is to use a multilayer 
copper structure composed of a 3 µm-thick copper stencil on 
30  µm-thick supporting frame by photolithography and elec-
troplating. This approach produced LM prints as narrow as 
10  µm, which is one order of magnitude smaller than previ-
ously reported LM stencil prints. It was reported that the stencil 

became very fragile when it contained an aperture longer than 
1 mm. Thus, there are opportunities to develop high resolution 
stencils with the right mechanical properties to accommodate 
fine and long features.

Another difficulty in stencil printing LM is trying to com-
pletely fill the openings in the stencil. Pushing LM into small 
geometries—such as corners—requires sufficient pressure to 
overcome interfacial forces, yet the ability of low viscosity LM 
to flow along the “path of least resistance” means it is prone 
to go elsewhere during the squeegee process. These properties 
often result in printed structures with “line edge roughness” 
(for example, see the irregular features in Figure 5b).

Adv. Mater. 2023, 35, 2205196

Figure 5.  Patterning of LM using stencils. a) Schematic of the general process of stencil printing. A squeegee or roller pushes LM into the openings of 
a stencil placed temporarily on a target substrate. b) The resolution of LM patterns can be improved by using thinner stencils. Here, a thin 3 µm metal 
stencil supported by a thicker frame layer produced LM features as fine as 10 µm.[98] c) Spray deposition of LM on a polymer stencil.[99] d) Patterning 
LM using a double-layered polymer stencil. The top layer with larger holes serves as a supporting frame for the bottom stencil. This kind of stencil 
structure enables the deposition of hollow shapes and disconnected islands.[100] e) Screen printing of aerosolized LM. Due to its large surface tension, 
it is necessary to spray the LM so that it can pass through the narrow apertures of the mesh.[101] f) Applying a reducing potential to the excess LM on 
top of the stencil causes it to bead up for easy removal.[102] b) Reproduced with permission.[98] Copyright 2017, American Chemical Society. c) Repro-
duced with permission.[99] Copyright 2021, MDPI. d) Reproduced with permission.[100] Copyright 2020, Wiley-VCH. e) Reproduced with permission.[101] 
Copyright 2015, Royal Society of Chemistry. f) Reproduced with permission.[102] Copyright 2019, IOP Publishing.
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“Atomization” of LM—i.e., pneumatically spraying LM from 
a nozzle to form droplets—has been adopted as a tactic to 
mitigate this issue as tiny LM droplets can travel directly into 
tight corners without facing the interfacial resistance of the 
bulk metal.[110,111] In one of the earliest reports[111] of using this 
approach to stencil pattern LM, the lateral feature size achieved 
was in the 100 s µm range. Furthermore, the LM aerosol can 
easily be produced using a simple pneumatic atomization 
apparatus and sprayed onto large areas quickly, as shown in 
Figure 5c.[99,104,106–108] Despite oxidizing in midair, the aerosol of 
particles coalesce into a conductive film upon impact with the 
substrate.[99] The resulting structures still have line edge rough-
ness, due in part to the metal adhering to both the substrate 
and the stencil as the stencil separates from the substrate.

Flexible and elastic polymer stencils are helpful for pat-
terning LM on curved surfaces. However, the critical force to 
cause buckling in polymers is much lower than that of stiffer 
materials like metals and ceramics. A stencil with dual-thick-
nesses can solve this problem (Figure  5d).[100] Patterning the 
top side with relatively large holes (≈20 µm in diameter) allows 
LM through, while the side that contacts the substrate con-
tains smaller stencil features. For a stencil design consisting of 
narrow, parallel lines, the polymer stencil was able to remain 
stable without buckling or lateral collapse down to 30 µm width 
and spacing and length of 800 µm. Unlike regular stencils, this 
type of double layered stencil can accommodate disconnected 
islands and hollow shapes (like the white portion inside the 
letter “B”) due to the structural continuity offered by the sup-
port layer (which is akin to the mesh used in screen printing).

Screen printing is similar to stencil printing, but differs in 
the use of a mesh that covers the entire stencil including the 
openings. Whereas stencils usually conform intimately to the 
target substrate, screens used in screen printing only contact 
the substrate when the squeegee passes across the screen. 
Despite the popularity of screen printing for industrial printing, 
it is difficult to screen print LM. The mesh size of a silk screen 
is usually small (<100  µm), which makes it challenging for 
high surface tension LM to penetrate these openings using 
the modest pressures applied by a squeegee (cf. Equation  (1)). 
For LM to be able to pass through the mesh apertures, it has 
to be broken up into tiny droplets smaller than the size of the 
opening, which can be accomplished by spray depositing atom-
ized LM (as shown in Figure 5e).[101]

One technique to improve the resolution of stencil printing 
takes advantage of pre-strained substrates. As illustrated in 
Figure 5f, a prestrained silicone substrate is UV ozone-treated 
to improve adhesion with LM.[102] The LM is then cast over the 
stencil. The excess LM is removed by first immersing the sili-
cone substrate and stencil mask in salt water solution. Applying 
a reductive potential to the metal removes the surface oxide 
layer.[112] Subsequently, the excess LM dewets the stencil and 
removes easily. Upon releasing the strained silicone, the width 
and spacing of the LM wires decrease by ≈1.5×, proportionate 
to the amount of prestrain. This resulted in LM wires with 
<30 µm widths.

Although stencil printing and spraying LM is simple and 
therefore attractive, there are drawbacks: i) Unlike injec-
tion and DIW, the LM will get on surfaces other than the 
intended pattern. ii) The clean-up process of removing and 

recycling the excess LM left on the stencil can be messy and 
time consuming. In addition to electrochemical reduction of 
the oxide,[102] immersing the stencil in acid or base solution 
can remove the oxide that otherwise adheres the LM to the 
stencil. More recently, an approach that involves the use of a 
spin-coater for stenciling LM has been demonstrated and the 
authors report that the centrifugal force from spinning helped 
to remove the excess LM.[113] iii) The surfaces and edges of the 
spray deposited pattern are often uneven. iv) A resolution of 
hundreds of micrometers is easy to obtain and can improve to 
tens of micrometers using best practices.

3.4. Selective Adhesion

One way to pattern a liquid is to take advantage of its preferen-
tial adhesion or wetting to regions of a surface (Figure 1b).[117–121]  
The interfacial behavior of LM depends on whether the metal 
is bare or coated with its native oxide. We discuss the selective 
wetting of bare LM in Section 3.6 and focus here on LM with 
the oxide.

When coated with its native oxide, LM adheres to nearly all 
smooth surfaces (when it is volumetrically advanced against a 
substrate).[40] However, it does not adhere to rough surfaces due 
to poor contact between the oxide layer and the substrate, as illus-
trated in Figure 6a.[40,44,122–125] Such surfaces may be called “metal-
lophobic” (in an analogous term to “hydrophobic”), but that is a 
bit of a misnomer because of the presence of the oxide between 
the metal and substrate. In the absence of the oxide, the bare 
metal has a large interfacial energy and does not wet most sur-
faces. There are two exceptions: 1) bare LM wets metal surfaces 
via “reactive wetting” due to metal–metal bond formation (covered 
in Section 3.6), and 2) LM can wet certain reentrant surfaces.[126]

Figure  6a shows a strategy to take advantage of selective 
adhesion of the oxide-coated LM to smooth regions surrounded 
by an otherwise rough surface. This strategy was implemented 
to metallize a 3D printed object by manipulating the rough-
ness on different areas of the surface (Figure 6b).[60] The photo-
cured resin (polymethyl methacrylate, PMMA) was coated with 
fumed silica to roughen the surface. Regions of the coating 
were ablated using a commercial laser engraver. LM adhered to 
only the ablated (smoother) surface.

Alternatively, a metallophobic (rough) surface can be selec-
tively smoothed to pattern LM by selective adhesion.[114] 
Figure 6c shows that a polymethacrylate (PMA) glue patterned 
(by hand or printer) on a rough piece of paper effectively fills 
the gaps and reduces the local roughness of the paper. Further-
more, functional groups on PMA may help adhere to the oxide. 
LM applied and removed to the paper adheres only on the glue 
traces. This method achieved 300  µm features. The paper is 
flexible and foldable, and the LM traces did not lose electrical 
conductivity even after folding. Note that while LM adheres 
poorly to fibrous substrates, surprisingly we found that small 
LM particles have excellent adhesion to individual fibers of a 
fabric, which warrants further study.[127]

Due to the excellent adhesion of the native oxide to sub-
strates, it is often difficult to transfer LM traces to other sur-
faces since it undergoes cohesive failure. That is, the force 
applied to pull LM features from a surface breaks the thin 
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oxide at the oxide-air interface rather that peeling it from the 
substrate. Freezing the metal stiffens the bulk of the metal. By 
casting elastomer over it, it is possible to detach the metal from 
the substrate, as shown in Figure 6d.[115,128]

Increasing the temperature of some surfaces can weaken 
the adhesion between LM oxide and the surface (Figure 6e).[116] 
For example, the adhesion between LM and fructose patterns 
weakens at elevated temperatures (≈80  °C), which facilitates 
transfer of LM patterns onto other stretchable substrates.

Limitations of these adhesion-based approaches for pat-
terning includes 1) the need to pre-pattern adhesive versus 
non-adhesive regions on a surface, and 2) the need to have suf-
ficient contact to make adhesion, which limits the resolution  
(in practice) to hundreds of micrometers.

3.5. Rheological Modification

3.5.1. Composite Conductors using LM as the Continuous Phase

Rheological modification is one way to change the behavior of 
liquids to better control the shape (c.f. Figure 1d). As shown in 
Figure 7a, dispensing pure LM from a nozzle results in drop-
lets. The ability to modify the rheology to form a paste can allow 
direct extrusion of LM from a nozzle, as shown on the right side 
of Figure 7a. The rheology modifier could be metallic particles, 
nonmetallic particles, entrained flakes of the native oxide, other 
fluid phases, or combinations of two or more of the above.

Figure  7b shows one of the earliest examples of printable 
pastes. This example mixed nano- and micro-sized nickel particles  

Adv. Mater. 2023, 35, 2205196

Figure 6.  Patterning methods based on selective wetting/dewetting/adhesion of LM featuring a native oxide. a) Left: poor adhesion between  
LM and a rough surface (“metallophobic surface”). Right: LM adheres to a smooth surface facilitated by its native oxide. b) Preferential wetting of LM  
on smooth portions of a 3D printed cube with an otherwise rough surface.[60] c) LM native oxide adheres to PMA glue, but not rough paper. The  
LM pattern deposited on the PMA is electrically continuous and can be used to make circuits.[114] d) Solid metal features transfer cleanly to an elastomer 
from a polymer sheet without cohesive failure experienced when the metal is liquid.[115] e) A LM composite pattern can be cleanly transferred from a 
PVA-fructose film onto a silicone film by heating as the adhesion of the LM composite on fructose weakens at elevated temperature.[116] b) Reproduced 
with permission.[60] Copyright 2021, American Chemical Society. c) Reproduced with permission.[114] Copyright 2018, Wiley-VCH. d) Reproduced with 
permission.[115] Copyright 2015, Wiley-VCH. e) Reproduced with permission.[116] Copyright 2019, Wiley-VCH.
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Figure 7.  Rheological modification of LM for patterning. a) Left: LM comes out from a nozzle as droplets. Right: The rheologically-modified LM comes 
out as a stable filament. b) LM paste containing Ni particles enables 3D printing.[129] c) LM pastes containing Cu particles can be directly printed, 
or imprinted, then the metal solidifies by forming CuGa2 intermetallic.[130] d) Printable CNT/LM composite that can form spanning wire bonds.[131]  
e) Quartz particles/LM composite with mixing mediated by the oxide layer. The composites were stencil printed.[132] f) Optical and SEM images of  
Ga/Ga-oxide composites formed by simply stirring LM.[133] g) Direct writing LMP–polymer composite (left, scale bars: 1 mm). Square and circular spiral 
pattern of LMP–polymer composite printed by direct writing (right, scale bars: 5 mm).[134] b) Reproduced with permission.[129] Copyright 2018, Wiley-VCH.  
c) Reproduced with permission.[130] Copyright 2020, American Chemical Society. d) Reproduced with permission.[131] Copyright 2019, American Chemical 
Society. e) Reproduced with permission.[132] Copyright 2020, American Chemical Society. f) Reproduced with permission.[133] Copyright 2020, Royal 
Society of Chemistry. g) Reproduced with permission.[134] Copyright 2020, Royal Society of Chemistry.
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into LM by sonication at ambient conditions to produce pastes 
with higher viscosity (resistance to flow), yield stress (structural 
strength), and storage modulus (which relates to structural 
stability) relative to pure LM.[129] However, only certain com-
positions print well. Figure 7b provides guidelines for printing 
based on the yield stress and storage modulus of the paste. 
Pastes with very low yield stress (σy) and storage modulus (G’) 
were not printable because they lacked the structural rigidity 
to be shaped (labeled as “zone 1” in Figure  7b). On the other 
hand, composites with exceptionally high σy and G’ (zone 3 in 
Figure 7b) were too stiff to be extruded. The optimal σy and G’ 
for extrusion printing were determined to be about 100–400 Pa 
and 3–15  kPa, respectively (zone 2 in Figure  7b), resulting in 
filaments upon extrusion. Such filaments can be stacked to 
form multilayered 3D structures as shown on the right side of 
Figure 7b. The electrical conductivity of the pastes was compa-
rable to that of pristine LM, despite the inevitable increase in 
oxide content resulting from the intense shearing of the LM in 
air during mixing.

Due to the high cohesive energy of LMs, it is generally ener-
getically unfavorable to mix particles into LM without the aid 
of LM native oxides.[135] Metal particles serve as the exception 
since they can form metal–metal contact with LM to produce 
pastes. Yet, in practice, many metal particles contain surface 
ligands or native oxides that limit the ability to create metal–
metal contacts. Removing these surface “contaminants” can 
make mixing easier as shown in Figure 7c, in which Ga mixes 
readily after cleaning the Cu in a reduction furnace. Such all-
metal pastes can be patterned by direct printing and molding 
(Figure 7c). In addition, the interaction between LM and other 
metals eventually lead to solid intermetallics such as CuGa2, 
thus allowing the printing of solid metals using room tempera-
ture pastes.[130]

Non-metallic fillers, such as carbon nanotubes (CNT) nor-
mally would not mix readily into LM. Yet, decorating the CNTs 
with platinum (Pt) nanoparticles enables favorable metal–metal 
contacts with the LM to facilitate mixing. The inclusion of 
CNTs effectively increases the rigidity and structural stability 
of the printed features. Figure  7d shows the fine 3D printed 
“bridging” wires produced by extruding the composite through 
a narrow glass nozzle (diameter 5–140  µm) using pneumatic 
pressure.[131] A downside of this approach is the added step of 
decorating CNTs with Pt nanoparticles.

Alternatively, non-metallic inclusions can be incorporated 
into LM using the LM native oxide to mediate mixing. The 
native oxide behaves like a surfactant since it is more ener-
getically favorable for the LM to interface with its own oxide 
instead of directly touching the foreign phase (refer to Sec-
tion 2). As shown in Figure 7e, the native oxide can encapsu-
late quartz particles during mixing to form a LM paste. The 
resulting paste has higher viscosity and yield stress compared 
to pristine LM, which enables it to be patterned into lines 
using a stencil with wide (1  cm) apertures. It is possible to 
separate the LM from the particle fillers by removing the oxide 
using acid or base due to the chemically-inert nature of quartz 
particles in LM.[132]

It is also possible to form a paste consisting only of LM 
and its native oxide by simply stirring LM in the presence of 
oxygen. The stirring generates excess oxide “flakes” that get  

dispersed throughout the bulk of the fluid.[133] Figure 7f shows 
a foam formed by entraining oxide and air into the LM, which 
increases the viscosity and storage modulus relative to pure 
LM. The ability to tune the rheology of LM without introducing 
additional foreign particles could enable printing and be ben-
eficial for multiple reasons including eliminating sedimenta-
tion due to density differences, cutting costs, and minimizing 
unwanted intermetallic formation at interfaces between LM 
and particles.

The aforementioned mixing approach can be used to incor-
porate ferromagnetic neodymium–iron–boron microparticles 
in EGaIn, which not only makes it respond to magnetic fields, 
but also alters the rheology of the mixture.[136] Magnetization 
increases the storage modulus and viscosity of the ferromag-
netic LM mixture by ≈3 orders of magnitude. In addition to 
exhibiting reversible magnetization, the ferromagnetic LM 
putty could be pressed into a shape and then reshaped, like 
modelling clay. Less viscous LM mixtures with lower concen-
tration of ferromagnetic particles could be dispensed from a 
nozzle to direct write conductive and magnetically responsive 
patterns.

There are several challenges and opportunities for improve-
ment with the rheological modification approach for patterning. 
It is difficult to make uniform pastes by mixing particles (often 
surrounded by crumpled oxide flakes) into a low viscosity 
liquid. Buoyancy effects can also result in non-homogenous 
mixtures, as can agglomeration. Non-homogeneous pastes do 
not dispense uniformly from a print nozzle; the low viscosity 
LM tends to flow out more readily than the solid particles. In 
addition, the shelf-life of pastes may be limited due to the rea-
sons above as well as the ability of LM to form intermetallic 
phases with metallic fillers. Non-metallic fillers can be inexpen-
sive and offer useful properties (e.g., lower density), yet they 
can decrease some of the desirable metallic properties of pastes 
relative to pristine LM.

3.5.2. Dispersions of Liquid Metal Particles

Breaking bulk LM into small droplets within another fluid 
is another approach to drastically alter the rheology of LM to 
make it easier to dispense and pattern. This can be done using 
common mixing equipment such as a planetary mixer, soni-
cator, and vortex mixer or even by manual stirring.[137] The con-
tinuous phase of the mixture may be a viscous polymer melt, 
uncured elastomer mixture, or pre-gel solution that is intended 
to solidify or set as the composite matrix, securing the LMPs in 
place. Alternatively, LMPs can be dispersed in a volatile liquid 
(e.g., ethanol) that serves as a carrier fluid for the deposition 
step, but is later supposed to vaporize and leave a pasty film of 
LMPs on the substrate. The resulting individual LM particles  
will be coated in native oxide and can range from micro- to 
nano-sized.

This method of rheological modification[134,138] enables LM 
particle dispersions to be deposited by direct write printing, 
stencil printing, and even inkjet printing.[52,134,139,140] At high 
loadings, the presence of the LM particles in a fluid can signifi-
cantly alter the rheology relative to the pure fluid. For example, 
silicone pre-polymer is Newtonian, but silicone pre-polymer 
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with LM particles can have shear thinning behavior, which is 
ideal for printing.[134] Figure 7g demonstrates direct printing of 
the LM–silicone composite into 400 µm-wide lines. Due to its 
high storage modulus, the composite with 90 wt% LMPs can be 
printed into multilayered wires. A recent study shows that by 
adjusting the printing speed, the aspect ratio of LM inclusions 
within such direct write-printed composites can be tuned.[138] 
For polymer matrices (such as silicone pre-polymer), the com-
posite can be cured after deposition to secure the shape. If the 
carrier fluid is a volatile liquid (e.g., IPA, ethanol), it can be 
vaporized after the mixture has been deposited, leaving behind 
a layer of LMPs in the desired shape.

As-prepared LM particle dispersion composites are gener-
ally not electrically conductive since LM is not the continuous 
phase. Non-conductive LMP composites can be useful for 
dielectric applications since dispersion of LMPs increases the 
effective dielectric constant of the composite.[52,141–143] Like-
wise, they are good for increasing thermal conductivity of a 
stretchable composite.[55] Otherwise, conductive pathways can 
be activated within the composite by “sintering” LMPs along 
selected paths using various techniques (discussed in Sec-
tion  3.6).[51,52,134,139,140] Alternatively, there are “tricomponent” 
LMP dispersion inks that include another conductive inclu-
sion phase (e.g., silver flakes) in addition to the LMPs within 
the polymer binder. Such composite inks exhibit ≈103 S m−1 
conductivity when stretched (a less targeted type of mechanical 
sintering).[144,145]

3.6. Other Patterning Techniques

In this section, we discuss LM patterning techniques that  
do not neatly fit into the specific categories of methods in 
Sections  3.1–3.5. Nonetheless, they still follow the generic 
principles of liquid patterning or shaping introduced in 
Section 1.

3.6.1. Molding

Molding—forcing LM into the topography of a pre-patterned 
substrate—is distinguished from stamping by the removal 
of the mold to create self-supporting metallic structures. LM 
composites (Section  3.5) or intermetallics with sufficiently 
large storage modulus, yield stress, and/ or viscosity can retain 
their shape even after removal of the mold.[130,135] Freezing LM 
can also help preserve the molded structure upon removing 
the mold.[146] However, gallium can undercool well below its 
melting temperature[17,21] (Section  2). Introducing a solid gal-
lium seed into liquid gallium facilitates the nucleation process 
and enables the metal casting to solidify without much under-
cooling (Figure 8a).

In addition to challenges associated with preserving the 
molded structure, issues can arise while pressing the mold 
into a puddle of LM. Due to the low viscosity and high effective 
interfacial tension of LM, the LM will follow the path of least 
resistance, which unfortunately is often not into the small cavi-
ties of the mold; the use of thin film of LM helps.

3.6.2. Co-extrusion/Drawing of LM–Polymer Core–Shell Filaments

For practical reasons, it is often desirable for the LM pattern 
to be completely contained or encapsulated to avoid leakage or 
smearing of the LM features. This usually implies multistep 
fabrication procedures (see Sections  3.1–3.5). An alternative 
approach is to co-print LM with a polymer sheath,[147] which 
eliminates the need for the additional encapsulation or soft 
lithography step. The high surface tension and low viscosity 
makes it particularly difficult to produce continuous jets of LM 
as the liquid is prone to break up into streams of droplets (Ray-
leigh-Plateau instability).[1,2] However, when the LM stream is 
surrounded by a stream of higher viscosity fluid instead of air, 
increased viscous drag between the two phases can encourage 
“jetting”; that is, the formation of a continuous filament. With 
the appropriate combination of dispensing speeds, polymer 
viscosity, and nozzle diameters, continuous filaments of EGaIn 
coated in an elastomeric sheath can be extruded coaxially 
(Figure 8b).[147] The resulting fibers have LM core diameters in 
the 100 µm range.[150] Alternatively, it is possible to create wires 
of LM without an encasing layer using electrochemical oxidation 
to lower the interfacial tension so that the metal exits a nozzle as 
a cylinder.[151] The wires can be manipulated using a magnet to 
generate a Lorentz force that can temporarily suspend the wires 
against gravity.[152]

LM–polymer fibers can also be fabricated by “drawing”, 
where an enclosed polymer pouch or tube containing LM is 
subjected to tensile stress to produce thinner and longer fila-
ments. Drawing is used commercially to create optical fibers, 
but more recently has been used to create multifunctional 
fibers.[72,153] Depending on the type of polymer, the fiber may 
need to be drawn at elevated temperatures, or require subse-
quent curing, and would result in different mechanical proper-
ties. The two techniques described in this sub-section present 
the prospect of scalable fabrication of LM core–shell fibers, 
either in conjunction or separately, as they have the potential 
for automation. Regardless of how they are fabricated, LM–
polymer core–shell fibers are highly versatile as they can be 
coiled,[147] entwined,[154] and even integrated into functional fab-
rics,[73,155,156] thereby confining LM within interesting shapes. 
A challenge for fiber-based conductors is identifying the best 
methods to make electrical connections externally and to other 
components.

3.6.3. Reactive Wetting of LM on Metallic Patterns

Large area LM thin films may be desirable for various appli-
cations, such as soft electrodes or mirrors. However, it is 
difficult to make smooth, large area, thin LM films on most 
substrates. Reactive wetting of LM on other metallic surfaces 
can be utilized to create smooth, thin LM films.[148,157–159] For 
example, LM can be spin-coated onto a Cu-coated substrate 
with HCl (Figure 8c).[148] During the spin-coating, the native 
oxides of LM and Cu are removed by HCl. Consequently, 
the LM can come into direct contact with the Cu surface, 
which allows it to reatively wet the Cu. Unlike regular selec-
tive wetting/ adhesion discussed in Section  3.4, reactive  
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wetting forms metal–metal bonds between the solid metal 
and LM, often resulting in the formation of a new phase 
along the interface. Such LM interactions with solid metals 
are complex and can even be destructive to the solid metal, as 
reviewed recently.[160]

Apart from to making large area LM thin films, the reactive 
wetting approach can also be used to fabricate more complex 
LM patterns, similar to what has been discussed in Section 3.4. 
Specifically, the initial solid metallic layer (Au/Cu) can be pat-
terned using lithography processes. Then, LM (stripped of its 
surface oxide) will selectively remain within the areas of the 
metallic traces due to reactive wetting.[159,161]

3.6.4. Stamping

LM patterns can also be transferred to surfaces by applying LM 
onto the topographical features of a stamp and then pressing 
the stamp onto the substrate. For this kind of stamping (also 
called “additive stamping”), the transferred pattern follows 
the shape of the protrusions on the stamp (not the recesses). 

The stamps for transfer printing can be fabricated in a variety 
of ways, including soft lithography techniques.[117] Typically, 
the surface of the stamp is chemically modified so that it can 
carry LM. Likewise, the substrate onto which the LM pattern is 
meant to be deposited should have good surface adhesion with 
the LM native oxide. The lateral resolution of LM stamping 
can range from mm to cm scale and depends on how well the 
LM wets/adheres onto the substrate.[117] The pattern resolu-
tion on PDMS improved when it was surface-treated with cel-
lulose fibers that enhanced the adhesion and pattern transfer 
(Figure 8d).[117]

3.6.5. Imprinting

Imprinting is similar to molding, except the LM remains 
within the mold. One of the first reports of imprinting[162] dem-
onstrates the possibility of closely spaced, narrow LM lines 
as thin as 1 µm. Imprinting has been referred to as “reverse 
stamping” because it also involves pressing a mold into a body 
of LM, yet, the intention is to fill the recessed portions of the 
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Figure 8.  Other patterning approaches. a) Casting liquid Ga in a PDMS mold, followed by solidification of the metal prior to removing the mold.[146] 
b) Co-extrusion of LM–polymer core–shell filaments.[147] The presence of a viscous stream of polymer melt around the LM increases the viscous drag 
between the two fluids, thereby promoting jetting of LM. c) Thin LM film made by reactive wetting on Cu film (in the absence of native oxides).[148]  
d) LM pattern deposited on paper-textured PDMS by stamping. The quality of the stamped LM pattern is better on PDMS coated with cellulose micro-
fibers compared to untreated PDMS due to better adhesion.[117] e) Ultra high resolution LM patterns made by a combination of imprinting and reactive 
wetting of LM to Au patterns.[119] f) Forming electrically conductive pathways by laser sintering LM nanoparticles.[149] Top: Difference in morphology 
between sintered and unsintered LM nanoparticles. Bottom: Laser sintering can be used to draw conductive circuits lines in an otherwise insulating 
film of LM nanoparticles on a flexible substrate. a) Reproduced with permission.[146] Copyright 2014, Wiley-VCH. b) Reproduced with permission.[147]  
Copyright 2019, Wiley-VCH. c) Reproduced with permission.[148] Copyright 2021, American Chemical Society. d) Reproduced with permission.[117]  
Copyright 2018, Wiley-VCH. e) Reproduced with permission.[119] Copyright 2020, Springer Nature. f) Reproduced with permission.[149] Copyright 2018, 
American Chemical Society.
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mold.[117] Unlike stamping, imprinting is not a type of transfer 
printing process. One downside of imprinting (or molding) 
is the tendency of LM to flow along the “path of least resist-
ance” during imprinting or to adhere to non-recessed portions 
of the mold; thus, it is not commonly utilized. To force LM 
into finer features, researchers have pressed the elastomeric 
molds onto “donor” substrates featuring very thin films of the 
LM, thereby making it harder for LM to flow away from the 
recesses.[117,119,162]

Lift-off Enhanced Imprinting: Lift-off uses a sacrificial layer to 
remove metal that adheres to non-desired parts of the surface. 
It can be used to improve imprinting; enhancing the wet-
tability of the recesses in the mold makes them easier to fill 
with LM. The highest resolution features (lines as narrow as 
180  nm width) were enabled by a combination of imprinting 
and reactive wetting (Figure 8e).[119] After using electron-beam 
lithography to prepare a topological PMMA mold with recesses 
coated with Au/Ti, the mold was pressed onto a flat LM film. 
Then the PMMA layer was lifted off to remove the excess LM, 
leaving only the targeted LM on Au/Ti within the originally 
recessed regions. This approach requires multiple steps but 
produces some of the finest features reported to date by har-
nessing the high-resolution capabilities of commercial litho-
graphic techniques.

3.6.6. LM Particle Sintering Techniques

Films of LM particles typically do not form conductive, per-
colated paths. One common technique for achieving elec-
trical percolation is called “mechanical sintering”, which 
ruptures the oxide skin in response to an applied mecha
nical force.[163] This force can arise from simple pressing,[164] 
stretching,[145,165] or peeling[166] of elastomeric films con-
taining LM particles. Mechanical sintering techniques, 
such as local pressing and peeling, have been successfully 
used to sinter liquid metal elastomer (LME) inks for direct 
write printing.[134] The oxide skin can also be ruptured to 
create conductive pathways by thermal and laser sintering 
(Figure  8f ).[51,149] Though the concept of “selective laser sin-
tering” is not new, the first application[149] of laser sintering to 
sonicated LM particles is a fairly recent development. Laser 
sintering is a highly effective technique when precise and 
selective conductive patterns are desired.[167] Moreover, “self-
sintering” methods have been reported, where the drying 
of the water-containing solution results in a capillary force 
between adjacent particles that is sufficient to make them 
coalesce.[168] Freezing (at −80 °C) has also been shown as an 
effective sintering method for LM–silicone inks.[169] Termed 
as reversible transitional insulator and conductor (TIC), 
LM–polymer composites have also been reversibly sintered 
by tuning the temperature of the composite. When frozen, 
the metal expands to become conductive and recovers to an 
insulating state after warming.[170] More recently, it has been 
proposed that hydrogen doping of the oxide skin can enhance 
electrical conductivity between the LM particles without 
the need to rupture the oxide, thereby enabling printing of 
stretchable, conductive structures.[171]

3.7. Summary and Comparison of Patterning Techniques

Table 1 summarizes the major patterning techniques presented 
in this section by highlighting some of the key aspects of each 
approach. The information quoted in this table is to the best 
of our knowledge at the time of writing. The resolution values 
should be considered as an order of magnitude estimate and 
not a physical lower bound. It is our hope that future devel-
opments may broaden the results that can be achieved with a 
given patterning technique.

A prevalent theme in Table  1 is the tradeoff between ease 
of fabrication and resolution. Typically, to produce smaller 
LM features with better precision, more expensive equipment 
and steps are required. For example, stamping is probably the 
simplest and cheapest method since the stamp just needs to 
be made once, can be reused multiple times, and the process 
does not involve any special skills. The downside is that simple 
stamping has the poorest resolution out of the techniques dis-
cussed in this review and it can be messy. For improved pattern 
transfer, and thus, finer resolution, a more sophisticated method 
of stamping, which involves reactive wetting and lift-off could be 
employed. Though this lowers the smallest achievable feature 
size by 4–5 orders of magnitude, this process is more time con-
suming, has many steps, requires specific equipment and skills.

For practical uses, encapsulation of the LM is necessary to: 
1) protect the fluidic conductive pattern from damage, 2) create 
elastic mechanical properties, and/or 3) prevent unwanted 
contact between LM and the user or other objects. Techniques 
such as injection/ vacuum filling and co-extrusion/ drawing of 
LM core filaments are advantageous in this regard since the 
containment of the LM is already an integral part of the pat-
terning process. Yet these filling-based approaches require inlet 
ports and thus are poorly suited for creating many small, iso-
lated metal features, like those used in circuits. Likewise, fila-
ments are effectively 1D structures and therefore they cannot 
be used for applications that need more complex geometries. 
Microchannels also require fabrication steps and often plasma 
bonding of elastomers.[173]

To address the limitations of injection-based methods, other 
techniques described in the review first pattern the metal on a 
surface and then use additional encapsulation steps after pat-
terning. This is rather straightforward for relatively flat designs, 
but can be quite tedious when it comes to LM patterns on 
curved surfaces (such as in Figure  5d[100]) and 3D structures 
(such as in Figure 7b[129]), especially when conformal coverage 
and uniform thickness of the coating are desired. A simplistic 
approach would be to cure the out-of-plane LM pattern in a 
block of elastomer or resin, but that would add bulk to the part. 
It is possible to spray coat silicone elastomers, which offers a 
way of making a thin, conformal encapsulation.[99]

Often, the high surface tension of LM is regarded as prob-
lematic since it hinders processes like filling, coating, and 
mixing. Methods like injection filling, stenciling, and direct 
writing would be easier for fluids with lower surface tension. 
Yet, certain processes capitalize on the high surface tension of 
LM to achieve desirable outcomes. For example, the high sur-
face tension of LM enables good selectivity in selective adhe-
sion and reactive wetting, resulting in well-defined patterns.
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4. Applications

The ability to control the shape of LM enables many applica-
tions that utilize the unique properties of LM. Applications 
of LM have been reviewed in several articles recently,[31,174–181] 
so we only briefly touch on some illustrative examples while  
highlighting some other interesting patterning approaches.

4.1. Stretchable Conductors

4.1.1. Stretchable Conductive Wires

Using LMs for stretchable and soft electronics has been widely 
explored in recent years.[184] LM can be direct printed into pat-
terns followed by encapsulation with elastomeric materials 
to make stretchable conductive wires. For example, Figure 9a 
shows serpentine LM wires printed on a silicone substrate by 
direct writing. The wires were then spin-coated with silicone 
polymer to create stretchable wires (right side of Figure  9a). 
In addition to direct writing, LM can also be injected into a 
hollow elastomer fiber to make stretchable conductive fibers 
(Figure  9b).[66] These stretchable conductors typically only fail 
when the encasing polymer fails (e.g., > 1000% strain in many 
cases). At more modest strains (e.g., 100% strain), LM conduc-
tors have proven reliable for 10000+ stain cycles.

4.1.2. Interconnects

Similar to the fabrication of conductive fibers, LM can be 
injected into microchannels within elastomer slabs in 3D struc-
tures to create stretchable 3D interconnects (Figure 9c).[182] How-
ever, using injection to pattern stretchable LM-filled conductors 
relies heavily on the design of the elastic containers (e.g., tubes, 
channels), which can be time consuming to fabricate as they 
often require multistep, tedious fabrication procedures.

Alternatively, rheologically modified LM pastes can be 
extruded or molded to adopt 3D structures without external 
support due to their increased mechanical resistance to flow 
(Figure  9d).[131] For example, Figure  9e shows a stacked cir-
cuit with vertical interconnects fabricated by direct printing 
an EGaIn-Ni paste.[129] Encapsulating the 3D printed stacked 
circuit in elastomer results in a stretchable and conductive 
structure. Although incorporating solid additives (nickel parti-
cles) decreases the fluidity of the mixture, the encapsulated LM 
paste structure could sustain up to 300% tensile strain and ten 
stretch-relax cycles under 200% strain without losing electrical 
conductivity.

Evaporating LM onto solid metal traces is another strategy 
to achieve stretchable LM patterns. Specifically, gold can first 
be sputtered onto a silicone substrate through a shadow mask. 
The gold layer serves as a template for LM to adhere and bond 
to during LM evaporation via metal–metal bonding to form a 
biphasic layer. The excess metal is removed during the lift-off 
step, leaving the desired metallic pattern (Figure  9f).[183] This 
results in a thinner trace (<1 µm in thickness) relative to that 
of direct writing and is appealing because it is compatible with 
lithography. The resulting biphasic layers can be assembled 

to create a multilayered interconnect, as shown in Figure  9g. 
Note that, care should be taken when thermally evaporating gal-
lium because of its tendency to embrittle certain metals, which 
might damage expensive deposition equipment.

4.2. Soft Sensors

A recurring theme among the numerous papers reporting 
LM-based sensors is that geometric changes to the LM during 
deformation cause measurable changes to certain electrical 
properties (Figure 10a). Examples include strain-dependent (or 
stress-sensitive) resistance,[188] capacitance,[154] inductance,[189] 
or induced potential/current[190] realized through a myriad of 
configurations. Techniques for patterning LM are very relevant 
to making soft, LM-based sensors as they determine what con-
figurations and structures are possible and what the starting 
geometry-specific properties of the device could be.

4.2.1. Injection Filling

LM-filled elastomeric fibers can serve as capacitive sensors of 
different kinds of deformation and touch.[154] Such fibers can 
detect changes in capacitance arising from the presence of a 
human finger and therefore are tactile sensors. A pair of such 
hollow fibers injected with LM (cf. Figure 8b), when entwined 
(Figure  10b), exhibited increasing capacitance between the 
fibers with increasing applied torsion. The fiber double helix 
could also sense tensile strain capacitively as tension increased 
the contact area, and thus capacitance, between the two fibers. 
Injection filling is a popular approach to create LM-based sen-
sors. In the sensor designs presented in these papers[154,188–194] 
the LM parts were fully embedded in elastomer for protective 
encapsulation (to avoid leakage) and to ensure predictable 
elastic deformation that gives rise to geometric changes to the 
LM for sensing.

4.2.2. Direct Writing

Though not as straightforward as injection filling, direct writing 
has been shown to be a viable method for depositing conduc-
tive LM patterns on flexible substrates for sensing applications. 
Thus far, printing of all three types of LM-based inks—namely: 
i) LM,[185] ii) LM pastes,[195] and iii) LM droplet suspensions[171]—
have been employed in fabrication processes of sensor parts. 
Figure  10c shows a glove with multimodal sensing and feed-
back capabilities created by direct writing.[185]

Figure  10d shows an example of a printed coil composed 
of LM droplets in elastomer.[171] When deformed, the device 
changes its geometry and therefore its inductance, which can 
be correlated to strain.

4.2.3. Stenciling and Molding

LM can be shaped into functional sensing components 
through a combination of patterning strategies, not just one. 

Adv. Mater. 2023, 35, 2205196
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Figure 9.  Stretchable and soft conductors consisting of patterned LM encased in or on elastomers. a,b) Stretchable LM wires made by direct writing 
(a)[92] and injecting LM into an elastic capillaries (b). c) Stretchable conductors made by filling LM into pores in a silicone slab.[182] d) Self-supporting 
and spanning LM interconnects fabricated by extrusion of CNT–LM composite.[131] e) Multilayer stretchable circuit with vertical interconnects fabricated 
by direct printing an EGaIn-Ni paste followed by encapsulation in elastomer.[129] f) Biphasic Ga/Ga-Au thin film deposited on PDMS.[183] g) Multilayer 
stretchable interconnects fabricated by thermal evaporation through a stencil coupled with reactive wetting.[183] a) Reproduced with permission.[92] 
Copyright 2014, Wiley-VCH. c) Reproduced with permission.[182] Copyright 2012, Springer Nature. d) Reproduced with permission.[131] Copyright 2019, 
American Chemical Society. e) Reproduced with permission.[129] Copyright 2018, Wiley-VCH. f,g) Reproduced with permission.[183] Copyright 2016, 
Wiley-VCH.
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For example, LM “icicles” were created by stenciling followed 
by molding (Figure 10e).[186] First, strips of LM were patterned 
using a stencil and then secured in place with an elastomer 
topcoat. Then, the multilayered composite was placed on a 
grid in a vacuum chamber. As the vacuum was being vented, 

the pressure gradient from the influx of air to the chamber 
caused the composite to get pressed against the grid, which left 
icicle-shaped protrusions and impressions on its soft surface. 
To secure the array of crests and valleys from the grid impres-
sion, another layer of elastomer was cured over the back of the  

Adv. Mater. 2023, 35, 2205196

Figure 10.  Stretchable sensors made of patterned LM encased in elastomer. a) Geometric changes (i.e., area, A, length, L, thickness, d) during defor-
mation can be used to sense strain or stress via changes to resistance, R, or capacitance, C, for example. b) Twisted LM-filled elastomer fibers as 
capacitive sensors of touch, strain, and torsion.[154] c) A glove that can sense motion and provide vibrational and thermal feedback using LM patterned 
by direct writing.[185] d) Inductive sensor patterned by direct writing of H-doped LM particle suspension.[171] e) Capacitive pressure sensor consisting 
of an electrode shaped as an array of “icicle” geometries patterned by stenciling and molding.[186] f) Wireless pulse sensor containing stretchable LM 
interconnects patterned by reactive wetting.[187] b) Reproduced with permission.[154] Copyright 2017, Wiley-VCH. c) Reproduced with permission.[185] 
Copyright 2021, Wiley-VCH. d) Reproduced with permission.[171] Copyright 2021, Springer Nature. e) Reproduced with permission.[186] Copyright 2020, 
American Chemical Society. f) Reproduced with permission.[187] Copyright 2017, Royal Society of Chemistry
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composite. This approach is noteworthy as it produces out-of-
plane features from an initially flat sheet in two efficient steps 
and the resulting structure was elastic and stable. The array of 
silicone-encapsulated LM “icicles” constituted an electrode in a 
capacitive touch (pressure) sensor; paired with a flat LM elec-
trode, the capacitance between the two LM electrodes increased 
with increasing compressive pressure flattening the LM  
“icicles” against the flat electrode.

4.2.4. Reactive Wetting

Reactive wetting has been used to create stretchable intercon-
nects to circuits designed for sensing. For example, LM can 
wet Cu patterns on PDMS in the absence of the oxide.[187,196] 
Figure 10f shows a soft sensor of heartbeat (pulse) using LM cir-
cuits. The LM patterns were deposited by reactive wetting on Cu-
plated Au lines and served as stretchable interconnects providing 
electromechanical interfacing between the rigid electronic com-
ponents and the soft, elastic substrate. The resulting device could 
conform to the irregular contours of the human body, sense the 

wearer’s pulse, and transmit the data wirelessly. Furthermore, the 
device was able to function even as the wearer engaged in phys-
ical exercise. This demonstrates the utility of this LM patterning 
technique in fabricating practical sensing devices in which not all 
the components can be substituted with soft materials.

4.3. Self-Healing and Reconfigurable Conductors

The fluidity of LM distinguishes it from solid metal in useful 
ways. LM flows readily in response to applied stress without 
losing its inherently high conductivity. This feature is the basis 
for the mechanism of self-healing and reconfigurable LM-based 
electronic devices.

4.3.1. Healable

Figure  11a shows an elastomer containing LM particles. The 
particles are mechanically sintered into a patterned circuit using 
a pen plotter. The circuit is evident from the dark regions on the 

Figure 11.  Self-healing and reconfigurable LM-based electronics. a) Electrically self-healing LM-elastomer conductor. Mechanical stress from cutting 
causes LM particles surrounding the damaged area to rupture and coalesce, effectively “re-routing” the conductive pathways.[53] b) Electrically and 
mechanically healable stretchable conductors assembled by dielectrophoretic motion of LM droplets in uncured elastomer.[197] c) Surface-treated 
“metallophobic” channels for reconfigurable LM-based circuitry inside 3D printed parts.[60] d) Reconfigurable LM-filled microfluidic photomask in 
which the LM shapes block light from reaching an underlying photoresist.[198] e) Interfacial tension modulation via electrochemical oxidation of LM 
in NaOH solution to direct the flow and shape of LM in a channel.[199] f) Programmable coalescence and separation of two anchored LM droplets in 
a fluidic switch.[200] g) Actuation of LM slugs by continuous electrowetting to steer terahertz electromagnetic radiation through different pathways.[83] 
a) Reproduced with permission.[53] Copyright 2018, Springer Nature. b) Reproduced with permission.[197] Copyright 2020, Wiley-VCH. c) Reproduced 
with permission.[60] Copyright 2020, American Chemical Society. d) Reproduced with permission.[198] Copyright 2014, IEEE. e) Reproduced with per-
mission.[199] Copyright 2014, National Academy of Sciences USA. f) Reproduced with permission.[200] Copyright 2017, Wiley-VCH. g) Reproduced with 
permission.[83] Copyright 2018, Springer Nature.
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sample. When cut, a small amount of LM shears onto the sur-
face of the cut from the exposed LM particles, creating new con-
ductive pathways along the rim of the cut, effectively “re-routing” 
the conductive pathways.[53] This composite heals autonomously 
(without external intervention). This concept was used to dem-
onstrate a self-repairing circuit and a soft robot which could con-
tinue functioning even after significant damage.

Field-Driven Assembly for Healing: Through a process called 
dielectrophoresis, LM microdroplets suspended in silicone pre-
polymer could be directed, and therefore patterned, by applied 
electric field to assemble into conductive traces (Figure 11b).[197] 
These assembled particles form conductive paths that can 
make connections between electrodes. After assembly, the sili-
cone pre-polymer can be cured to preserve the shape and create 
stretchable conductors. Thus, this approach can also be used to 
repair or rewire portions of circuits.

4.3.2. Reconfigurable

Pressure-Induced Flow: An intuitive approach to making liquid 
patterns reconfigurable is by applying pressure to pump the 
fluid into or out of channels. However, the surface oxide readily 
adheres to most surfaces such that it is difficult to completely 
remove LM without leaving behind some pinned oxide and LM 
residue. One way around this is to reduce the adhesion between 
the oxide and substrate via surface roughness so that oxide pin-
ning can be averted. For example, coating plastic surfaces with 
silica particles makes them nanoscopically rough (10–100  nm 
scale), effectively rendering them “metallophobic.”[60] This solu-
tion-based coating method could also coat the interior surfaces 
of 3D printed channels (Figure 11c). LM could be injected and 
withdrawn from surface-treated channels repeatedly to make 
variable area capacitors.

Another way to enable smooth flow and clean detachment 
of LM within channels to create reconfigurable patterns is by 
chemically removing the oxide skin using an acid or base. This 
principle has been used to make a reconfigurable microfluidic 
LM photomask (Figure  11d).[198] Injecting LM into a PDMS 
microfluidic channel creates light-opaque and light-transparent 
regions of the desired pattern. To demonstrate this concept, LM 
could be shaped into digits from “0” to “9” on the same PDMS 
microchannel, and the patterns transferred clearly onto the 
underlying photoresist upon UV exposure.

Apart from mechanically reconfiguring the shape of LM, 
another approach is to exploit the dramatic and reversible 
changes in interfacial tension that can be achieved electro-
chemically.[151,199,201] Applying oxidative/ reductive potential to 
a puddle of LM immersed in an electrolyte results in revers-
ible formation/removal of surface oxide species. This modu-
lates interfacial tension of LM in NaOH solution substantially 
from ≈500 mJ m−2 (bare metal in electrolyte) to near zero by 
applying small electric potential (Figure  11e).[199] This prin-
ciple can reversibly shape and direct the flow of LM in capil-
lary and planar channels by modulating the interfacial tension. 
This electrochemically-induced reconfigurability of LM can be 
extended to interesting applications such as fluidic switches 
and microactuators. In one example, LM was patterned by wet-
ting two hemispheres onto solid Cu pads. By electrochemically  

modulating the interfacial tension of two anchored EGaIn drop-
lets in NaOH solution, the droplets could be programmed to 
coalesce (“on”, conductive) or separate (“off”, insulating) on 
demand, (Figure 11f).[200]

Continuous Electrowetting: Continuous electrowetting enables 
electrically-controlled flow of LM slugs or droplets in an elec-
trolyte. An electrical double layer forms at the interface of LM 
in electrolyte. Applying an electric field to the solution alters 
the distribution of charges in the electrical double layer which 
manifests as local interfacial tension gradients that propel the 
LM droplet in a direction. Continuous electrowetting can enable 
reconfigurable terahertz (THz) devices (Figure  11g).[83] The 
devices consist of capillaries filled with a slug of LM in aqueous 
NaOH. While aqueous NaOH has a large absorption coefficient 
throughout the THz range, LM is reflective. By applying DC 
voltage across the electrolyte, the LM plug can be made to move 
through the capillary, in and out of the output port of the wave-
guide, offering excellent isolation and switching performance.

4.4. Energy Harvesters

This section briefly discusses the use of LM in energy har-
vesting. A detailed review of LM-based energy harvesting 
mechanisms is out of the scope of this work, however compre-
hensive reviews on soft, LM-based energy harvesting have been 
recently published.[180,181]

4.4.1. Mechanical Energy Harvesting

Triboelectric Generators and Piezoelectric Generators: In the 
literature the term Triboelectric generators (TENG), also known 
at times as TEG, is used in reference to triboelectric nanogen-
erators even though “nano” has no real physical significance. 
Here the abbreviation TENG will be used instead of TEG not to 
confuse it with thermoelectric generators and to be consistent 
with the literature. TENG devices rely on materials that can 
become statically charged when rubbed against one another 
(e.g., a balloon rubbed against hair).[206] Moving such charged 
surfaces toward and away from each other can induce the flow 
of charge to and from sub-surface electrodes. This simple and 
low-cost approach converts mechanical to electrical energy. An 
excellent comprehensive review explains the history, physics, 
controversies, and evolution of triboelectric charging.[207]

LMs provide excellent mechanical compliance and electrical 
conductivity that can enable new modes of deformation and 
new applications of TENGs. For example, TENG using LM as 
an electrode material and silicone rubber as the triboelectric 
layer resulted in power density of 8.43 mW m−2 (Figure 12a).[202] 
The LM was injected into a molded silicone cavity. Another 
study improved the mechanical compliance and long-term 
durability by incorporating LM inclusions into high-dielectric 
polymers, reaching 13.95 mW m−2.[208] In a more recent study, 
an elastomeric composite composed of large EGaIn droplets in 
Ecoflex capitalized on the sedimentation of the denser droplets 
to form phase-separated conducting and insulating regions. The 
LM-elastomer composite was shaped using a stencil before the 
mixture cured. From a patterning standpoint, this fabrication  
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method is unique because it only requires one mixture and a 
single deposition step to produce two distinct regions that will 
not delaminate. The flexible TENG using this configuration 
exhibited high stretchability (above 500% strain), mechanical 
stability (over 10  000 cycles), and a max peak power of 1  mW 
cm−2, which is sufficient to power a hydro-thermometer with a 
digital display.[209] TENGs can also be made by simply injecting 
LM into stretchable, hollow fibers.[156]

LM electrodes have been used in a highly stretchable tribo-
electric nanogenerator enhanced using a composite of piezo-
electric particles dispersed in elastomer.[210] The device produces 
a Voc of 1.38 kV, an Isc of 36.12 µA, and power density of 1.1 mW 
cm−2. Another study contacted piezoelectric PVDF microfibers 
with LM injected into silicone microchannels (Figure 12b).[203]

Electrostatic Energy Harvesters/Variable Area Capacitors: Elec-
trostatic energy harvesters can harness mechanical energy 
by changing the area or dielectric properties of a capacitor. 
By increasing and decreasing the capacitance, charge can be 
pumped in and out of the capacitor through an external circuit. 

This concept has been demonstrated to harvest energy through 
shape deformation or injection of liquid slugs placed between 
two electrodes or encased in a soft elastomer.[211,212]

When a conductor interfaces with an electrolyte, it forms an 
electrical-double-layer capacitor (EDLC). One attribute of EDLC 
is the small distance that separates opposite charges, resulting 
in high capacitance (on the order of 10 s of mF m−2). While 
there are several approaches to creating stretchable EDLCs, 
they do not vary the interfacial area between the conductor and 
the electrolyte when deformed.

LM electrodes can deform and therefore change their area. 
Thus, it is possible to create an all-soft variable area capacitor 
for energy harvesting composed of LM electrodes interfacing 
electrolyte within a hydrogel (Figure  12c).[204] Molded rectan-
gles of LM encased in hydrogel change area in response to 
stretching, pressing, or twisting, thereby changing the EDL and 
capacitance. The ultra-stretchable device (>400% strain) was 
able to generate a power density of 0.5  mW m−2 under 25% 
strain.

Figure 12.  Energy harvesters using patterned LM. a) LM-based triboelectric generator using LM as an electrode material and silicone rubber as the 
triboelectric layer.[202] b) Interdigitated microfluidic EGaIn electrodes made by injection within a piezoelectric energy harvester.[203] c) Variable area, 
electrical double layer capacitor consisting of LM electrodes encapsulated in hydrogel for mechanical energy harvesting.[204] d) LM-elastomer composite 
as interconnects for a thermoelectric generator.[205] a) Reproduced with permission.[202] Copyright 2018, American Chemical Society. b) Reproduced with 
permission.[203] Copyright 2017, Elsevier. c) Reproduced with permission.[204] Copyright 2021, Wiley-VCH. d) Reproduced with permission.[205] Copyright 
2020, American Chemical Society.
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4.4.2. Thermoelectric Generators

Thermoelectric generators (TEGs) harvest thermal energy and 
convert it directly to electricity. This can be useful for har-
vesting thermal energy from the body but doing so requires a 
soft device that can conform comfortably to the skin and work 
efficiently given the small difference in temperature between 
the body and environment.

Typical TEG structure consists of small pieces of p and n 
type semiconductors connected electrically in series between 
two regions of different temperatures, a hot side and a cold 
side.[213] These semiconductors are normally connected by 
rigid metal interconnects. By connecting them with LM, it is 
possible to create soft and stretchable TEGs. This approach is 
interesting because it enables the use of semiconductors with 
best-in-class Seebeck coefficients (S), which characterize how a 
material converts a thermal gradient to potential difference.[214]

LM is an effective option for metal interconnects in TEGs.[215] In 
one study, LM interconnects resulted in extremely low resistance 
and impressive flexibility. The LM interconnects were patterned 
through a combination of selective wetting and stenciling to pro-
duce mechanically robust TEGs.[216] In another study, LM depos-
ited by spraying through a stencil on Ecoflex produced a soft TEG 
(termed STEG by the authors) that produced 19.8–40.6 µW cm−2  
under a ΔT = 20 °C and can withstand over 20% strain.[215] LM 
particles can be mixed into the elastomer to improve the thermal 
conductivity, which further improves performance.[217]

LM elastomer composites (LMEE) have been used as stretch-
able thermal interfaces for favorable heat transfer. Their 
mechanical compliance enables conformal contact on dynamic 
surfaces with curvature, such as human skin, which facili-
tates heat flow from the human body and maintains the tem-
perature gradient necessary for efficient energy generation.[205] 
The ability of LM to supercool (as low as −80  °C) in LMEEs 
allows them to be used in compliant state over a wide range of  
temperatures (Figure 12d).[18]

5. Challenges and Opportunities

This review highlights approaches to pattern LM that utilize the 
general principles highlighted in Figure 1. The ability to pattern 
LM is a useful and enabling tool. Going forward, the following 
challenges and opportunities may be considered.

5.1. Resolution

The resolution of LM structures depends on the patterning 
method and the demands of the application. For soft devices or 
metallized 3D printed parts, in which LMs find use as antennas, 
electrodes, and interconnects between larger components, a 
resolution of tens to hundreds of micrometers is usually suf-
ficient. This can be accomplished using almost all the methods 
discussed in this review. Yet, the ability to make smaller struc-
tures below the detection limit of the eye (a few micrometers) 
can enable stretchable, transparent conductors.[218] Intercon-
nects between dense transistors also require higher resolution 
features (micrometer scale). Smaller structures can also enable 

useful optical effects, such as nano-structures for plasmon 
resonance.[219,220] In addition to resolution, patterning requires 
consideration of “line edge roughness”. For example, stencil 
printing is an easy way to pattern LMs, but it offers poor control 
over line edge roughness. Thus, there are often trade-offs with 
patterning: the easiest methods to implement for new users 
often have the poorest resolution and worst line edge rough-
ness. Selective wetting is one of the most attractive approaches 
because it utilizes lithographic patterning to create conductive 
pathways and can produce high resolution features by har-
nessing (rather than fighting) interfacial forces. Yet the litho-
graphic patterning of wetting surfaces requires an extra step 
that is not easy to implement on all substrates (including elas-
tomers). Selective wetting also creates interfaces between LM 
and solid metal traces that may have poor long-term stability.

5.2. Interfacing

In many applications, such as electronics, the ability to pattern 
LMs is only useful if the metal can make conductive and stable 
contacts to other materials and components. Currently, LM 
electronic components and circuits are connected to external 
electronics using solid metal wires or thin films and physically 
secured with soft encapsulation (e.g., silicones). To establish 
low contact resistance at the LM-solid metal junction, the LM 
oxide skin has to be etched first to enable reactive wetting, such 
as in refs. [187,196]. Otherwise, depositing LM on solid metal 
in the absence of etchants could still produce electrically con-
ducting contacts, like the LM-FFC (flat flex cable) interconnects 
in,[185] which are adequately robust as demonstrated by the 
device’s ability to function even under flexure.

The ability of LM to wet other metals is a convenient route 
to making low-resistance contacts, yet its ability to embrittle 
and damage certain metals leads to poor stability.[160] In our 
laboratory prototypes, contacts with certain metals, such as Cu, 
appear to be sufficiently stable, but these contacts need to be 
studied more rigorously for long term stability. To date, thin, 
conductive coatings of carbonaceous materials (PEDOT, gra-
phene) have been used to protect metal contacts from LM while 
maintaining conductivity.[221,222] Certain metals, such as W and 
Mo, have excellent stability when contacted to LM and might 
also serve as diffusion barriers. Alternatively, it is possible to 
use other approaches, such as aligning conductive particles 
vertically through the thickness of an otherwise insulating film 
(so-called Z-tape) to make stretchable contacts.[223] The role of 
the native oxide layer(s) on contact resistance also presents an 
opportunity for additional study.

5.3. Adhesion

Many patterning methods require or benefit from adhesion to a 
substrate. Conversely, the ability to move plugs of LM in channels 
requires poor adhesion. The adhesive behavior of LM at interfaces 
is often mediated by the native oxide, yet its interactions with 
substrates is poorly understood. The oxide layer adds a mechan-
ical film to the surface of the metal and creates two new inter-
faces: LM/oxide and oxide/air. The oxide does not “wet” surfaces;  
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instead, it adheres. Conventional static contact angle measure-
ments are either irrelevant or provide minimal insight due to the 
mechanical effects of the oxide on drop shape, yet such meas-
urements permeate the literature despite advice otherwise.[40] The 
chemical composition, smoothness (wrinkles), and hysteresis of 
the handling of the oxide (i.e., whether it is under tension or not) 
may further affect adhesion. In addition, the adhesive behavior 
appears to depend on whether the metal is volumetrically 
advanced against a surface, versus simply contacting it.[41]

5.4. New Functionality and Applications

LM offers truly special properties. 1) Metallic conductivity 
(electrical and thermal) and optical properties. 2) Supercooling  
(wide temperature window as a liquid), low toxicity, and effec-
tively zero vapor pressure at room temperature. 3) Expansion 
upon freezing. 4) The ability to mix other materials into the metal.  
5) Unrivaled combination of conductivity and deformability. 
Can such unique properties be utilized for new applications?

5.5. Nozzle Dispensing

One of the distinguishing aspects of LM relative to other con-
ductors is the ability to dispense it from a nozzle. Printing bulk 
LM requires excellent control over the distance between a nozzle 
and substrate.[96] To make it easier to print, several studies have 
modified the rheology of the LM. There are opportunities to 
build on this work to make LM easier to print in a consistent 
manner and therefore more broadly adapted to new users.

5.6. 3D Patterning

Conventional printed circuit boards and integrated circuits 
typically have multiple levels of metals to interconnect com-
ponents. Perhaps such sophistication is not necessary for LM 
circuitry, but it nevertheless represents a patterning challenge.

5.7. Process Integration

To date, LMs have shown a lot of promise in academic labs and 
even find use as thermal materials for dissipating heat in elec-
tronics such as the Sony Playstation, but they have not been 
widely adopted as electrical conductors in commercial appli-
cations. What problems can LM solve? Can LM be adopted to 
existing processes? Can challenges associated with patterning 
and handling be addressed?

5.8. Scalability

In principle, every patterning technique discussed in this review 
can be automated to a greater degree, provided it is possible to 
use processing equipment built from materials—such as plas-
tics—that can withstand prolonged contact with LM. Since there 
are few examples of commercial devices using liquid metals as 

electrical conductors, we can only speculate on some of the con-
siderations and challenges involved with scaling since our own 
studies have been in the context of an academic laboratory.

A key consideration—beyond the ability to pattern metal into 
desired shapes and locations—is whether the LM must make 
contact with other electronic components and materials neces-
sary to create circuits or devices. Typically, electronic compo-
nentry (e.g., chips, sensors, capacitors) are placed at desired 
locations by “pick and place” techniques. The LM can wet the 
metal contact pads on such components,[196] similar to existing 
manufacturing approaches that use solder. The longevity of 
such contacts deserves further study.

Microchannels can be mass produced by molding and sub-
sequently filled with LM in a hands-free manner using vacuum 
filling. In principle, electronic components could be molded 
into the microchannels so that the filling creates interconnects 
within the channels, but this represents an additional step. 
Thus, filling-based approaches seem best suited for making 
simple conductors such as wires or antennas or for metallizing 
capillaries inside molded or 3D printed parts.

Exposed LM patterns can be deposited rapidly on substrates 
through a stencil or by stamping. These examples have the 
potential for manufacturing at scale since they share essential 
features with existing manufacturing techniques (e.g., screen/
stencil printing of t-shirts or roll-to-roll printing of print media). 
Yet, one unique consideration of LM “ink” is the possibility of 
the accumulation of surface oxide that may result from reusing 
the LM that does not make it onto the target substrate. These 
techniques are also among the lowest resolution and have the 
worst line-edge roughness of the methods discussed in this 
review. Nevertheless, they produce exposed metallic features in 
which componentry can be added rapidly by pick-and-place tools.

Additive manufacturing techniques (e.g., direct ink writing) 
are known to be suited for rapid prototyping purposes rather 
than large scale manufacturing since each printhead can only 
build one piece at a time. That said, patterning techniques 
like shear-based direct writing of LM and extrusion-based 3D 
printing of LM pastes are attractive because they can be com-
puter controlled (likewise for laser sintering of intricate designs 
on LM particle films). With few distinct steps, minimal manual 
intervention, and little material wastage (particularly for drop-
on-demand printing modes), direct writing approaches have 
progressed the furthest in terms of commercial adoption and 
development (e.g., Feel the Same Inc. uses LM printing tech-
nology to produce soft sensors in wearable VR products; Xerox 
recently released the ElemX, a liquid metal printer that dis-
penses molten aluminum alloys; several start-up companies are 
exploring LMs for wearable devices).

Finally, techniques that use existing patterning tools—such 
as lithographic tools—seem to also be good candidates for 
manufacturing by harnessing established infrastructure. For 
example, selective wetting of LM to patterned metallic traces is 
straightforward.

5.9. Combining LM with New Materials

In many examples, LM is patterned on or in elastomers. There are 
opportunities and challenges to pattern LM in other materials,  
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such as hydrogels,[78,224,225] ionogels, biological/natural mate-
rials (e.g., tissue), and engineering materials (e.g., concrete). 
In aqueous environments, the oxide changes to GaOOH and is 
less passivating.[38] Can this issue be addressed to improve long 
term stability in aqueous applications?[226]

5.10. The Oxide

The native oxide that forms on LM is important for almost all 
the existing patterning techniques. It has been studied spectro-
scopically, its thickness is known to be a few nm, and its impact 
on rheology is well understood. Yet, the exact composition  
(as a function of depth) and physical properties (conductivity) 
are not fully understood.[227] There are opportunities to modify 
the oxide chemically and physically, as well as deposit materials 
on the surface that modify the properties.[31,228]

5.11. High Surface Area

There have been essentially no reports of methods to create 
high surface area LM structures. LM particles do not naturally 
form conductive, percolated networks until they are mechani-
cally sintered, yet sintering causes particles to partially or com-
pletely merge, thereby decreasing the amount of exposed area. 
Such high surface area electrodes may find use for sensing and 
energy harvesting.

5.12. Reliability

The native oxide that forms on LM is important for most pat-
terning methods. Yet, stretching a LM structure for the first 
time will break the oxide, causing exposed metal to oxidize. 
What happens when LM conductors are strain cycled many 
times? Does the oxide provide a barrier to oxidation or does 
the oxide thicken with use? Is this consequential for the per-
formance? Strain cycling experiments reported in the literature 
suggest that LM conductors are reliable, but more studies are 
needed in demanding environments.

5.13. New Functions

LM patterning has been primarily used for creating elec-
tronic components such as interconnects, wires, antennas, 
and sensors, but there are other interesting applications. They 
have been used for batteries because of their ability to heal 
during cycling.[229] They can be used in reconfigurable optical 
devices.[230,231] Using interfacial modification of the oxide, 
LMs have been used for diodes and memristor devices.[232,233] 
Droplets of metal have been used for soft actuators[234] and 
switches[200] (transistor mimics). Soft circuits consisting of LM 
can change resistance when deformed and can be designed to 
perform “tactile logic” with semiconductors. Can additional 
components—such as soft capacitors and resistors—be com-
bined to form more complex circuitry? LMs are also reactive 
and can be used to initiate polymerization or trigger redox  

reactions. Patterning LM could enable “active materials” that 
can respond to their environment or evolve materials as a func-
tion of time. Finally, could patterned LM be used for haptics?
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