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Fully solution processed liquid metal features as highly
conductive and ultrastretchable conductors
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Liquid metal represents a highly conductive and inherently deformable conductor for the development of stretchable electronics.
The widespread implementations of liquid metal towards functional sensors and circuits are currently hindered by the lack of a
facile and scalable patterning approach. In this study, we report a fully solution-based process to generate patterned features of the
liquid metal conductor. The entire process is carried out under ambient conditions and is generally compatible with various
elastomeric substrates. The as-prepared liquid metal feature exhibits high resolution (100 um), excellent electrical conductivity
(4.15 x 10*S cm "), ultrahigh stretchability (1000% tensile strain), and mechanical durability. The practical suitability is
demonstrated by the heterogeneous integration of light-emitting diode (LED) chips with liquid metal interconnects for a
stretchable and wearable LED array. The solution-based technique reported here is the enabler for the facile patterning of liquid
metal features at low cost, which may find a broad range of applications in emerging fields of epidermal sensors, wearable heaters,

advanced prosthetics, and soft robotics.
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INTRODUCTION

The rapid expansion and evolution of wearable technology have
stimulated the growth of stretchable electronics'™. The compliant
mechanical properties allow the intimate and stable integration of
functional devices with the human body for a broad range of
emerging fields, including health monitoring systems®~8, robotic
prosthetics®'®, and human-machine interfaces''~'>. Among var-
ious building components, intrinsically stretchable conductors
present a class of enabling materials for soft forms of devices with
inherent deformability’®. The improved stretchability may further
allow the heterogeneous integration of conventional rigid
components over elastomeric substrates, thereby achieving
mechanical deformability and electronic functionality on the
circuit level™ 'S, Intrinsically stretchable conductors have been
extensively explored in terms of soft nanocomposites'’'%,
conducting  polymers?°=22, hydrogels?>**, and conductive
liquids®>~?’. Liquid-state conductors confined in elastomers stand
out as attractive material candidates with the ultimate deform-
ability merely limited by the fracture strains of the encapsu-
lants?528, Galinstan, a Ga-based ternary liquid metal alloy, further
exhibits high electrical conductivity (3.46 x 10°Scm™"), low melt-
ing point (—19 °C), and non-toxicity?®3°, These desirable attributes
allow Ga-based liquid metal to be adopted in a variety of
stretchable electronic devices and systems, such as antenna®'32,
wearable sensors®3-3%, epidermal heaters®**’, and integrated
circuits>8,

A key step towards functional devices in deformable form
factors requires the patterning of liquid metal into well-defined
features. An intuitive approach utilizes the liquid characteristics of
gallium-based alloys for the injection into embedded microfluidic
channels in elastomers®-42, The manufacturing challenges and
cost issues involved in the fabrication of soft microfluidic devices
with delicate microchannels represent the major limitation of this
patterning process**. Complicated design considerations are also
required for the embedded liquid metal to interface with other

materials components during device fabrication?®. The direct ink
writing of liquid metal harnesses spontaneously formed native
oxides to stabilize printed features and thereby enables maskless
fabrication of arbitrary patterns, which unfortunately requires
delicate control over the printing parameters and selected
substrate with suitable properties*>#**>, Liquid metal nano/
microparticles through top-down synthesis are highly solution
processible and readily formulated into various inks compatible
with scalable printing techniques*®=°. As printed features often
exhibit poor electrical conductivity and therefore require addi-
tional sintering treatments3’°°>2, A promising approach har-
nesses the reactive wetting of non-oxidized liquid metal towards
Au and Cu film templates to enable scalable and robust fabrication
of delicate patterns'>32>3°% The process, on the other hand,
demands advanced microfabrication facilities for physical deposi-
tions of solid metal films and subsequent patterning into high-
fidelity features over elastomeric substrates. Special care is often
taken to prevent the catastrophic breakdown of the film due to
the compressive strains built during the deposition processes with
elevated temperatures®>*®, which requires additional efforts to
develop tailored recipes for individual elastomers32.

In this study, we report a scalable and low-cost fabrication
approach to create fully solution-processed liquid metal features
directly over elastomeric substrates, which exhibits fine pattern
resolution (100 um), excellent electrical conductivity (4.15x
10*S cm™"), ultrahigh stretchability (1000% tensile strain), and
mechanical durability. Screen-printed sacrificial masks define
the locations and morphologies of desired features over the
elastomer substrate. A layer of polydopamine (PDA) is then
deposited by self-polymerization of dopamine solution as a
universal surface functionalization to enable electroless plating
of Cu films. As-prepared Cu pattern functions as the template to
create liquid metal feature through reactive wetting. The overall
process is carried out under the ambient conditions without
advanced capital equipment and allows the facile preparation of
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Liquid metal patterning via solution-based processes. a Schematic illustration of the process flow to create patterned liquid metal on

SEBS elastomer substrate. b Corresponding optical microscopy images at the key steps including (from left to right) screen-printed shadow
mask, patterned polydopamine (PDA) layer, deposited Ag nanoparticles (NPs), electroless plated Cu film, and liquid metal pattern. Scale bar:
1 mm. ¢ Optical images of as-prepared liquid metal patterns in the shape of Sierpinski triangle (left) and sky wheel (right) on SEBS substrates.
Scale bar: 1 cm. d Optical microscopy image of an array of line-shaped patterns to reveal the feature resolution. Scale bar: 200 pm.

liquid metal patterns over a variety of elastomers, including
styrene—ethylene-butylene-styrene thermoplastic polyurethane
(SEBS), thermoplastic polyurethane (TPU), polyvinylidene
fluoride-hexafluoropropylene (PVDF-HFP), and silicone. Success-
ful experimental demonstration of a stretchable electronic
circuit in the form of a light-emitting diode (LED) array illustrates
the practical suitability of the patterned liquid metal conductors.
The developments pave the way for the efficient and economic
processing of liquid metal towards scalable manufacturing of
stretchable electronic devices and circuits.

RESULTS AND DISCUSSIONS

Liquid metal patterning in solution-based processes

Fig. 1a schematically illustrates the key fabrication steps to create
liquid metal patterns in a fully solution-based process. A sacrificial
shadow mask is a screen printed on a SEBS substrate by using
polymeric ink. A thin layer of PDA is subsequently deposited over
the entire substrate in an alkaline dopamine solution®’, followed
by dissolving the shadow mask in ethyl alcohol to form the
patterned feature. In silver nitrate solution, silver ions are reduced
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by the catechol groups of PDA to form silver nanoparticles
(NPs)>”8 which serve as the catalytic nucleation sites to enable
the subsequent electroless deposition of Cu films>>°, The liquid
metal pattern is obtained by the selective coating of Galinstan
over Cu traces in the presence of dilute hydrochloric (HCI) acid.
The Cu film is gradually dissolved in the liquid metal via alloying
reactions, consequently forming a liquid-state conductive fea-
ture3”61_ In Fig. 1b, the corresponding optical microscopy images
reveal the clear changes in the visual appearance at the key steps
in the process, which allows facile identification of the successful
deposition of each functional layer. As shown in Fig. 1c,
representative liquid metal patterns in the shape of the Sierpinski
triangle and sky wheel are created over SEBS substrate, which
demonstrates the capability to generate arbitrary and complex
features by using this process. In Fig. 1d, the optical microscopy
images reveal as-prepared liquid metal lines with various widths
from 100 to 300 um. The patterning resolution is primarily limited
by the zigzag edges commonly encountered in screen-printed
patterns, which are formed by squeezing the ink through the
nylon meshes®263, Accordingly, the feature resolution and printing
quality can be potentially improved by using screens with high
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Fig. 2 Characterizations to reveal the patterning mechanism. a XPS spectra acquired from each critical step to achieve electroless
deposition of Cu film on SEBS substrate. b Contact angle images of liquid metal droplets on pristine and Cu-covered SEBS substrates before
(left) and after (right) treatment in dilute HCI. Scale bar: 1 mm. ¢ XRD spectra acquired from electroless plated Cu film (red) and liquid metal

pattern (black).

mesh counts. In addition, an alternative modified approach by
combining the solution-based processes with photolithography
allows substantial enhancement in the patterning resolution up to
15 um, as demonstrated in Supplementary Fig. 1.

Patterning mechanism

Additional compositional and morphological characterizations are
acquired to decipher the underlying mechanism for the solution-
processed liquid metal patterning approach. In Fig. 2a, X-ray
photoelectron spectroscopy (XPS) analysis reveals the emergence
of N 1s peak at 399.9 eV as a result of simple immersion of SEBS
substrate in alkaline dopamine solution®’%%, After treatment in
silver nitrate solution, the formation of Ag seed NPs is verified by
the observation of Ag 3ds,, (3743 ¢€V) and Ag 3ds,, (368.3eV)
peaks in the XPS spectrum (green trace)®>®°. These NPs are
sparsely distributed over the PDA film with the dimensions in tens
of nanometers, as revealed by the SEM image in Supplementary
Fig. 2. These Ag NP seeds further catalyze the subsequent
electroless deposition of Cu film, as confirmed by the Cu 2p;,,
peak at 952.6 eV and Cu 2ps,, peak at 932.8 eV in the spectrum
(purple trace)®”®8, The mussel-inspired PDA coating employed
here represents a convenient and versatile platform to activate the
SEBS substrate for electroless metallization®’. In addition, contact
angles of Galinstan on different surfaces are further acquired to
unravel the mechanism for selective deposition of liquid metal
over electroless plated Cu features, as shown in Fig. 2b. Galinstan
droplet is passivated by native oxides exhibiting an obvious
nonwetting behavior on SEBS substrate with a large contact angle
of 123.7°. The contact angle further increases to 135.4° after
removing the surface oxides in dilute HCl solution. In addition,
Galinstan droplets exhibit pronounced nonwetting characteristics
with an extremely large contact angle of 160° on electroless
deposited Cu film under the ambient condition due to nanoscale
surface roughness for effective trapping of air pockets (see
Supplementary Fig. 3)5%7°. The contact angle drops to 10.7° after a
short treatment in dilute HCl solution. The large wettability
contrast between the elastomer and Cu film is the enabler for the
selective deposition of non-oxidized liquid metal. In Fig. 2c, the
X-ray diffraction (XRD) spectrum of electroless deposited Cu
features reveals two broad peaks at 43.3° and 50.5° corresponding
to Cu with fine grains”"72. After the deposition of liquid metal, a
series of crystalline peaks emerge in XRD spectrum as a result of
the formation of intermetallic compounds of CuGa and CuGa,>”®.
The alloying reaction at the interface is essentially the driving
force for the notably improved wettability with non-oxidized
liquid metal”®. The electroless deposited Cu film, therefore, serves
as an interfacial layer to promote the adhesion and the spread of
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liquid metal. In addition, the alloying process also accounts for the
gradual dissolution of Cu film underneath the liquid metal feature
(see Supplementary Fig. 4), consequently producing a liquid-state
suspension containing precipitated crystals of intermetallic
compounds®”%1, The average dimension of the fine precipitates
is determined as ~50nm according to the Scherrer equation,
which exhibits limited influences on the deformability of the liquid
metal features. After the patterning process, the spontaneously
formed native oxides on liquid metal features effectively function
as solid shells to retain structural stability.

Physical properties of liquid metal features

The as-prepared liquid metal patterns exhibit a high electrical
conductivity of 4.15x10*Scm™', The value is in fact slightly
higher than that of bulk Galinstan (3.46 x 10°Scm~")?°3°, as a
result of the formation of highly conductive intermetallic
compounds of CuGa and CuGa,®'. The liquid metal features
exhibit excellent environmental stability to retain the high
conductivity over long-term storage under ambient conditions,
as shown in Supplementary Fig. 5. As regards mechanical
deformability, Fig. 3a presents the optical images of arrays of
liquid metal lines on SEBS substrate under uniaxial stretching with
different tensile strains. The liquid metal feature is highly
stretchable to retain the intact morphology at a giant strain of
1000%. The normalized resistance as a function of the uniaxial
tensile strain is shown in Fig. 3b. The liquid metal conductor
exhibits increased resistance by 1.5 times at 100% strain, 15 times
at 500% strain, and 48 times at 1000% strain, respectively. The
exceptional stretchability is a unique feature of liquid-state
conductors capable of accommodating enormous tensile strains.
A summary of the key characteristics of various stretchable
conductors is provided in Supplementary Table 1 to highlight the
attractive properties of the solution-processed liquid metal
conductor. In addition, the liquid metal conductor is accessed
by strain-controlled fatigue tests, as illustrated in Fig. 3c. The
resistance shows negligible change over 1000 stretch-relaxation
cycles to 300% strain, which demonstrates excellent durability as
an attractive attribute for the long-term implementations under
practical settings.

Fabrication of liquid metal features on various stretchable
substrates

Liquid metal is naturally oxidized under ambient conditions and
shows nonwetting characteristics on a variety of stretchable
substrates (see Supplementary Fig. 6). The passivating surface
oxides are conveniently removed by treatment in dilute HCl
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Fig. 3 Electromechanical properties of liquid metal features. a Optical images of a patterned liquid metal feature at pristine and uniaxially

stretched states up to 1000% strain. Scale bar: 1 cm. b Normalized resistance as a function of tensile strain. ¢ Evolution of normalized
resistance during 1000 stretch-relaxation cycles to 300% strain.
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Fig. 4 Liquid metal patterning on various stretchable substrates. a Contact angle images of non-oxidized liquid metal droplets on different
substrates at the pristine state (top) and after electroless deposition of Cu films (bottom). Scale bar: 1 mm. b Optical images of snowflake-
shaped liquid metal patterns prepared on different substrates. Scale bar: 2 cm.
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Fig. 5 Liquid metal-based stretchable integrated circuit systems. a Optical images of a stretchable integrated circuit in the form of an LED
matrix. b Optical microscopy image revealing a representative LED chip mounted onto liquid metal interconnects. ¢, d Optical images of a
luminous LED matrix at the relaxed state (c) and biaxially stretched state with 525% area strain (d). e Current-voltage curves of the LED matrix
at 0 and 300% area strains. f Optical images of the LED matrix attached to the wrist as a wearable light source under wrist flexion (left), and
ulnar deviation (middle) gestures, which effectively lights up newspapers under dim lighting conditions (right).

solution. A key enabler for the solution-processed liquid metal
pattern is the large wettability contrast between copper and
elastomer surfaces. In addition to SEBS, non-oxidized Galinstan
droplets lack the wettability with additional elastomer substrates,
manifested as large contact angles of 129.7° on TPU, 136.1° on
PVDF-HFP, and 134.9° on silicone (see Fig. 4a and Supplementary
Table 2). The slightly different contact angles are possibly
associated with variations in surface functional groups and
interfacial energies*®’*, Subsequently, the self-polymerization of
dopamine is a generic process to modify these elastomeric
substrates with surface adherent PDA films. In Supplementary
Fig. 7, XPS spectra reveal N 1s peak at the binding energy of
399.9 eV as the evidence for successful deposition of PDA films,
which promotes the electroless deposition of copper films on
these elastomers. The Cu films show a strong affinity with non-
oxidized gallium irrespectively of the underlying substrates (see
Fig. 4a and Supplementary Table 3). The sharp contrasts in
wettability allow selective depositions of liquid metal patterns by
using Cu templates on the elastomer substrates. In Fig. 4b,
snowflake-shaped liquid metal features are successfully created by
the solution process over TPU, PVDF-HFP, and silicone substrates,
which demonstrates the technique as a generic approach for
scalable fabrication of high-fidelity patterns. The as-prepared
liquid metal features show ultrahigh stretchability on all these
substrates (see Supplementary Fig. 8). The elastomer choice shows
pronounced influences on the electromechanical properties
because of the different responses to tensile deformations (see
Supplementary Fig. 9). Although liquid metal patterning by
selective wetting has been demonstrated previously'>*%>3, the
physical vapor deposition of solid Au and Cu films over
elastomeric substrates requires tailored recipes to prevent crack
formations due to the compressive stress developed during the
deposition process involving elevated temperatures32°>°°, |n
contrast, the fully solution-based process demonstrated here is
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carried out under ambient conditions and compatible with various
substrates, which opens up an attractive avenue for the facile
deployment of liquid metal conductors for stretchable and
wearable electronics.

Implementations in stretchable integrated circuit systems

As regards the practical implementations, the exceptional
deformability of liquid metal conductor allows heterogeneous
integration of off-the-shelf chips on elastomer substrates as
stretchable integrated circuit systems. A representative system in
the form of a LED matrix is shown in Fig. 5a. Briefly, the liquid
metal circuit pattern containing interconnects and contact pads is
created on SEBS substrate by the solution process. LED chips are
mechanically soldered to the contact pads by gentle pressing with
a tweezer?. The fabrication is completed by ultrasonic spray
deposition of a layer of SEBS for encapsulation. The as-prepared
circuit system is fully functional to provide bright emissions at the
relaxed state (see Fig. 5¢) and highly stretchable to retain a
uniform luminous pattern at a large area strain of 525% (see Fig.
5d). Figure 5e shows the current-voltage curves at the relaxed and
stretched (300% area strain) states, respectively. The minor
decrease in the current at the stretched state is associated with
the increased resistance of liquid metal interconnects, which
suggests the high conductivity of the liquid metal circuit is
sufficient to retain the fairly stable performance of the system
under highly deformed conditions. The dynamic process to
repetitively deform the LED array to an area strain of 300% is
shown in Supplementary Movie S1, which effectively illustrates the
durability of the system. The compliant mechanical properties
allow the soft LED array to be directly mounted on the wrist by
using silicone-based skin adhesive. The circuit system functions as
a wearable lighting device while the user makes different hand
gestures, which provides sufficient emissions to light up the
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newspapers under a dim lighting environment (see Fig. 5f). The
skin-like circuit system exhibits excellent deformability and
resilience for the flexible delivery of various electronic function-
alities to the human body.

In summary, we have established a solution processing
approach to generate delicate patterns of liquid metal over
elastomer substrates. As deposited liquid metal features exhibit
bulk-level conductivity, ultrahigh deformability, and repetitive
stretchability. The scalable and economic process is carried out
under ambient conditions and is compatible with various
elastomeric substrates. The fabrication of a stretchable circuit
system of an LED array illustrates the practical implementation of
liquid metal conductors for the heterogeneous integration of chip-
scale components over elastomeric substrates. The facile creation
of highly conductive and deformable features demonstrated in
this study may stimulate the development of a broad range of
stretchable electronic devices and systems.

METHODS
Materials and preparations

All elastomers used in this study are commercially available including
hydrogenated styrene-ethylene-butylene-styrene (SEBS, Tuftec H1221)
from Asahi Kasei Corporation, TPU (Tecothane AR-62A) from Lubrizol Inc.,
PVDF-HFP (DYNEON FC2176) from 3M Co. of the United States, silicone
(Dragon Skin 20) from Smooth-On, Inc. Fumed silica (AEROSIL R974) was
acquired from Evonik Degussa GmbH (Shanghai, China). Other chemical
reagents were purchased from Shanghai Macklin Biochemical Co., Ltd.
without further purification. Galinstan was prepared by melting a mixture
of metal pieces of Ga, In, and Sn in a weight ratio of 68.5:21.5:10 at 80 °C for
2 h in a glovebox. As regards the preparation of stretchable substrates, all
thermoplastic elastomers in the form of rubbery solids were dissolved in
selected solvents and then drop cast onto nonsticky glass wafers
functionalized with OTS, followed by natural evaporation to thoroughly
remove the solvents. The solvent choices and concentrations were tailored
for optimized quality of the resulting substrates, including toluene for SEBS
(20 w/v %), tetrahydrofuran for TPU (20 w/v %), and 4-methyl-2-pentanone
for PVDF-HFP (25 w/v %). The liquid precursors of Dragon Skin 20 were
thoroughly mixed and then drop cast onto nonsticky glass wafers. Silicone
substrates were obtained after thermal curing at 120 °C in an oven for 2 h.

Fabrication of patterned liquid metal features

The printable ink for the sacrificial mask was formulated by dissolving PVB
(10w/v %) and fumed silica (4 w/v %) in ethyl alcohol. Sacrificial masks
were generated on elastomeric substrates by using a manual screen
printer with a 420-mesh nylon screen. The substrates were submerged in a
solution of dopamine hydrochloride (2 mg/mL) in 50 mM Tris buffer (pH
8.5) for deposition of PDA, which was proceeded over 14 h under constant
shaking. Subsequently, the substrates were washed with deionized water
and then rinsed in ethyl alcohol to remove the sacrificial mask. The
substrates were submerged into silver nitrate aqueous solution (0.2 M) for
3 h, which promotes the growth of Ag NPs as the seed layer. The substrates
were then submerged into the chemical bath for Cu electroless deposition,
which consist of 0.0258 M copper sulfate pentahydrate, 0.0258 M edetate
sodium, 0.268 M triethanolamine, 0.09 M sulfuric acid, 0.1 w/w % Triton X-
100, and 0.074 M dimethylamine borane. The regions containing silver NP
seeds were deposited with a layer of ~1-um-thick copper film after a
typical reaction for 30 min. A layer of liquid metal was selectively deposited
onto the patterned Cu film by rolling bulk Galinstan over the entire
substrate submerged in dilute hydrogen chloride solution (4 w/v %). After
the gradual dissolution of the Cu film in liquid metal through alloying
reactions, compliant conductive features in the liquid state were formed
on the elastomeric substrate. The thickness of the Cu film was fairly thin to
ensure the excellent deformability of the liquid metal with a small
percentage of incorporated alloys®'. As regards the photolithography-
based pattering process, the scarificial mask was replaced with photoresist
film (AZ P4620) patterned by using a lithography machine (SUSS MA®6). The
developer was obtained by mixing Developer (AZ 400K) in deionized
water at a volume ratio of 1:3. The patterned features and detailed
procedures were shown in Supplementary Fig. 1.
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Material characterizations

Structural characterization and compositional analysis were carried out by
optical microscopy (Keyence VHX-6000 digital microscope), confocal laser
scanning microscopy (a Keyence VK-X1000 microscope), SEM (Zeiss
GeminiSEM 500 field emission scanning electron microscope), XRD (Rigaku
Ultima Il X-ray diffractometer), and XPS (PHI Quantera Il scanning XPS
microprobe). Optical images and movies were acquired using a Fujifilm
X-T10 camera. The wettability of Galinstan droplets on elastomers and
chemical deposited Cu films was analyzed by a contact angle goniometer
(SDC-200, Dongguan Sindin Precision Instrument Co., Ltd.). The mechanical
properties were analyzed using a universal testing machine (Shimadzu
AGS-X) equipped with a 50 N load cell. The sheet resistance was measured
with a four-point configuration by using a Keithley 2110 digital multimeter
and a GWINSTEK GOM-805 milliohm meter. The change in the resistance in
response to the tensile strain was evaluated on a homemade motorized
linear stage.

Fabrication and evaluation for stretchable LED arrays

A liquid metal circuit pattern was created on SEBS substrate based on the
solution process. LED chips (LTW-216TS5, 1206, Lite-On Inc.) were
positioned on the contact pads and gently pressed with a tweezer for
reliable electrical connections®’. A layer of SEBS was deposited over the
sample from its solution in toluene (4 w/v %) for encapsulation, which was
carried out in an ultrasonic spray coating machine operated at 40 kHz (DW-
F40-60, Hangzhou Dowell Ultrasonic Technology, Co., Ltd). The as-prepared
stretchable LED array was powered by an HYELEC DC power supply
HY3005ET. The electrical characteristics were measured by a Keithley
2634B sourcemeter. The stretchability of the LED array was evaluated on a
homemade biaxial linear stage.
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