
High-Fidelity Conformal Printing of 3D Liquid Alloy Circuits for Soft
Electronics
Shuo Zhang,† Bei Wang,†,‡ Jiajun Jiang,† Kang Wu,† Chuan Fei Guo,§ and Zhigang Wu*,†,‡

†State Key Laboratory of Digital Manufacturing Equipment and Technology, Huazhong University of Science and Technology,
Wuhan 430074, China
‡Department of Engineering Sciences, Uppsala University, Box 534, Uppsala 75121, Sweden
§Department of Materials Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, Guangdong,
China

*S Supporting Information

ABSTRACT: Owing to the great deformability from fluid,
liquid alloy-based soft electronics has inherent advantages over
rigid-based ones for applications such as stretchable
intelligence or soft robotics, where high fidelity of three-
dimensional (3D) conformability or dynamic morphology is
required. However, current fabrications heavily rely on planar
techniques, which severely limit their great potential in such
attracting applications. By tuning the wettability of liquid alloy on a soft substrate through a selective surface morphology
modification, we present a flexography printing technique of liquid alloy circuits on both planar (from diverse materials) and 3D
complex surfaces and investigate the tuning mechanism and the relation between liquid alloy wettability and surface
morphology modification. In a demonstration, high-fidelity printing of liquid alloy circuits can be deployed not only on the
outline but also on small pits of strawberry surface, and the circuits work well in a dynamic deformation. Furthermore, being
compatible with current industry process, our technique can be highly potential for future mass manufacturing of liquid alloy-
based soft electronics.
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■ INTRODUCTION

Offering excellent mechanical compliance, soft/stretchable
electronics paved a new way to make a new generation of
human-intimated smart system, such as epidermal electronics1

or soft robotics,2 that can interact with people/external world
without any obstructions, where smooth, soft, and ergonomic
interfaces and designs are desired. Tomake such soft electronics,
extensive studies have been carried out on different aspects, such
as materials or mechanical design, in the past decades.3−6

Among them, gallium liquid alloy-based soft electronics7−9 or
soft robotics10,11 exhibit unique advantages in some aspects,
such as high mechanical reliability (including self-healing after
physical damage) and durability in bulk form,12−14 high
performance in stretchable radio frequency devices,15−17 large
areal stretchable electronics,18 and new possibility of mono-
integration of sense and actuation.19 Technically, different
fabrication techniques, such as capillary filling,20−22 direct
printing,23,24 coflowed printing,25 three-dimensional (3D)
printing,26−28 roller pen printing,29,30 contact printing,31

masked printing,16,32 atomized printing,33 freeze casting-assisted
fabrication,34 and laser-assisted printing,35,36 have been
demonstrated. Also, modifications of liquid alloy with
interaction of metallic particles37,38 and dispersing agents39

have been investigated to enhance the printing quality or
performance. However, most of the fabrication techniques are

based on planar patterning techniques, which limit the great
potential in applications in dynamic situations, such as
interactive soft robotics, or complex surfaces, such as 3D
conformal electronics.40−44 Furthermore, although various
fabrication techniques have been demonstrated, a technique
compatible to current massively used techniques, such as
flexography printing,45,46 in today’s press industry is not yet
available to pattern liquid alloy circuits in a highly efficient way
and to further fabricate corresponding soft devices conveniently.
In this work, we present an elegant approach to accomplish

flexography printing with liquid alloy in a rapid way. By
selectively modifying the morphology of a material matrix, we
can tune the liquid alloy wettability on its surface and then
selectively pattern liquid alloy on a UV-treated silicone stamp as
a printing plate. Thus, by contacting the plate with liquid alloy
and then transferring the liquid alloy onto a receiving/target
substrate, we demonstrate a way of flexography printing of liquid
circuits on the surfaces made from diverse material (Figure 1).
Furthermore, thanks to the excellent compliance of silicone
plate, the circuits can be directly printed onto a 3D complex
surface conformably without any induced extra deformations
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(stresses) and corresponding long-term-induced fatigue or
geometrical recovery.
Design of Liquid Alloy Flexography Printing. To

achieve such kind of flexography printing of liquid alloy circuits,

the most critical issue is to make an amphiphilic plate that can
selectively attract printing ink, here liquid alloy, and then
transfer it to receiving/target substrates, e.g., Ecoflex and
poly(dimethylsiloxane) (PDMS). However, due to very high

Figure 1. Wettability tuning-enabled flexography printing of liquid alloy circuits: principle, process, and application. (A) A selectively amphiphilic
patterned plate for flexography printing of liquid alloy. Part of the plate is super liquid alloy-phobic, where liquid alloy cannot remain stable, while the
other part is liquid alloy-philic, where liquid alloy can be well pinned. (B) Illustration and photographs of the major process of liquid alloy transferring
during the printingselectively sticking and transfer printing. (C) Brief illustration of the whole process of flexography printing. Several liquid alloy
circuits demonstration based on our process. (D) A helix circuit of ∼200 μm width on planar surface. (E) A tree with the shape of brain. (F) A helix
circuit of ∼1 mm on a semisphere surface. (G) A 3D liquid alloy circuit on the side surface of cone. (H) A liquid alloy circuit on a silicone strawberry
surface with enlarged views. The depth and width of pits are ∼1.3 and 1−2 mm, respectively.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b20595
ACS Appl. Mater. Interfaces 2019, 11, 7148−7156

7149

http://dx.doi.org/10.1021/acsami.8b20595


surface tension and existence of a thin solidlike oxide layer,
gallium-based liquid alloy tends to be pinned onto many
surfaces, even on those with very low surface energy such as
silicones, as noticed in many previous works.23,24,47,48 Hence, it
is important to achieve a liquid alloy-phobic surface49 or find a
way that can selectively tune liquid alloy wettability on a surface.
Even better, a super liquid alloy-phobic surface is favored
(Figure 1A). Once upon touching the alloy-phobic area, the
liquid alloy cannot remain there stably and will be repelled and
then roll away (Figure S1 and Video S1) to liquid alloy-wetted
area automatically. Consequently, a liquid alloy pattern is
simultaneously obtained on the plate. By contacting and then
removing from the receiving/target printing substrate, the liquid
alloy pattern can be transferred onto the printing substrates
(Figure 1B and Video S2). As disclosed by previous works on
superhydrophobicity, one of the most effective ways to tune the
surface properties is morphology control in micro/nano-
scale.50−54 In our demonstration, a UV laser marker is used to
obtain such micro/nanosurface morphology of printing plate in
a highly efficient way (Figure S2). Meanwhile, carbon-dosed
silicone (cPDMS) is used to make printing stamp/plate,
targeting to enhance the light absorbability. A brief illustration
of our implementation is shown in Figure 1C. Inheriting high
compliance from silicones, our technique can print not only
complex liquid alloy circuits on planar surfaces, e.g., long curved
line with a fixed line width and branched lines with varied widths

in Figure 1D,E, but also three-dimensional developable/
nondevelopable ones conformably (Figure 1F,G). Furthermore,
thanks to the excellent compliance of silicone plate (cPDMS),
high-fidelity printing on a three-dimensional complex surface
with radical change rate of curvature, e.g., local small concaves
on a large convex surface, can be achieved as well. In Figure 1H,
such an example is demonstrated, where an light-emitting diode
(LED) is connected by printed liquid alloy circuits on a silicone-
replicated strawberry. The zoomed pictures from different
perspectives indicate that the liquid alloy lines can faithfully
follow the curvature of tiny pits (∼1.3mm in depth and 1−2mm
in width) on the surface without any observed gaps between the
circuits and surface.

Liquid Alloy Wettability Tuning Study. According to
Cassie’s law, in an air environment, the contact angle
(wettability) could be tuned by the area fraction of liquid alloy
contacted with substrate and thus related to the roughness of the
substrate (surface morphology). And in this study, surface
morphology was directly modified by the UV laser. As shown in
Figure 2A, there are micro/nanostructures on treated surface
that can attract air effectively in the gaps, which decreases the
effective contact area between liquid alloy oxide layer and
treated surface, further preventing liquid alloy from being
pinned on treated surface (liquid alloy-phobic surface). To learn
more detailed information on how the UV laser can impact
surface morphology, alloy wettability, and the corresponding

Figure 2. Surface morphology-tuned liquid alloy wettability on soft substrate. (A) An example of 3D morphology and scanning electron microscopy
(SEM) image of super liquid alloy-phobic surface. (B) Surface roughness of UV-treated stamps with different scanning speeds (v) and interval of
adjacent laser scanning lines (ΔL). (C) Contact angles (static angle, advancing angle, and receding angle) of liquid alloy droplet on different surfaces
made from diverse materials. Sa (8.0, 4.5, 3.0, and 0.8 μm) indicates the surface roughness of treated cPDMS surface. (D) Calculated energy of
removing liquid alloy droplet from different surfaces. The method of energy calculation is available in Supporting Note 1.
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characterization and surface energy, we conducted a series of
experiments. Technically, as shown in Figure 2B, the laser
scanning speed and spatial density directly affect the final surface
morphology, at a given laser power. As observed from the results
in Figure 2B, surface roughness increased with much more

spatial density (or smaller adjacent distance). On the condition
that the adjacent distances (0.02, 0.03, and 0.05mm) are not less
than the width of laser facula (0.02 mm), with increase of
scanning speed, the surface becomes smoother since the
increased speed decreased the actual energy density transferred

Figure 3. Patterning and characterization of flexography printing. (A) Designed and measured widths of liquid alloy lines on stamps/plates (UV-
treated cPDMS) and receiving/target substrates (PDMS). The insets show a liquid alloy line with designed ∼30 μm width on stamp and PDMS
substrate. (B) Cross-sectional profile of liquid alloy lines ranging from 30 to 500 μm width on stamps/plates. The inset demonstrates a 200 μm wide
line. (C) Photograph of a helical circuit (30 μm width) with a zoomed-in view. (D) Photographs of squares of 2 mm sides with spacing from ∼50 to
∼1000 μmon stamp/plate and PDMS substrate; the helix with spacing of∼40 μmon stamp/plate and PDMS. (E, F) Transferred patterns of polygons
and a Chinese knot on planar surfaces, and bat, the word “TRICK” and contour lines on 3D complex surfaces (themaximumdepth is 26.61mm and the
maximum curvature is 146.585 m−1). (G) Measured width and electrical resistance of a liquid alloy line with a designed 1000 μm width during 100
times flexography printing on a planar surface. (H) Measured resistances of printed specimens during 10 000 times cycling test under a strain of up to
30%.
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to the surface when laser power is fixed. However, on the
condition that the adjacent distances (0.005 and 0.015 mm) are
less than the width of laser facula (0.02 mm), there is little
variation of roughness because the whole surface was completely
ablated by laser.
According to the classical definition of superhydrophobicity,

the measured static contact angle should be larger than 150°. In
particular, high-quality superhydrophobicity often means small
variation between advancing and receding contact angles.
Referred to the above definition, we measured static, advancing,

and receding contact angles of liquid alloy on the diverse treated
surfaces (Figures 2C and S3). The static contact angles of UV-
treated carbon-dosed PDMS (cPDMS) (∼160°) with different
roughnesses (8.0, 4.5, 3.0, and 0.8 μm) are larger than that
(∼144°) of untreated surfaces (cPDMS, Ecoflex, PDMS, and
cS3P40). Noted that, the surfaces with/without laser treatment
show very similar behavior, owing to the influence from naturally
formed oxide layer. Huge differences appear to the variation of
advancing and receding contact angles by comparing the surface
with/without laser treatment. In particular, the differences of

Figure 4. Application demonstrations of wettability tuning-enabled flexography printing from planar to 3D complex surfaces. (A) Photographs of a 64
LEDs array display during several arbitrary deformations. (B) Measured reflection coefficient of a 3D ellipse antenna printed on a three-dimensional
developable surface. (C) Liquid alloy circuit on a three-dimensional nondevelopable complex surface  the surface of a strawberry under
deformations, together with (D) enlarged views with/without mechanical deformation. More details are provided in Video S4. The depth and width of
pits are ∼1.3 and 1−2 mm, respectively.
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advancing angle (θadv.) and receding angle (θrec.) for UV-treated
surfaces (within 8°) are significantly smaller than that (over
140°) for untreated surfaces, which refers to the fact that liquid
alloy can easily be moved away from UV-treated surfaces but be
pinned on untreated surfaces.
Furthermore, the receding angle could be used to calculate the

energy of removing liquid alloy droplet from corresponding
surfaces (1.38−1.39 N/m of untreated surfaces and (6.21−
6.72) × 10−2 N/m of UV-treated surfaces) (Figure 2D) and the
method in Supporting Note 1. The smaller the energy is, the
more unstable is the liquid alloy droplet on the surface. All of
these findings indicate that the liquid alloy is mobile on the UV
laser-treated cPDMS and help obtain a sharp liquid alloy pattern
on the plate, which guarantee printing quality in the following
steps. In addition, for a specific roughed cPDMS, a higher
roughness will bring better performance (although only a slight
difference exists).
Liquid Alloy Patterning and Characterization. Using

the new printing technique, we can achieve a robust line as
narrow as ∼20 μm and a spacing line as ∼40 μm under current
operating conditions (Figure 3). During the printing process,
the liquid alloy is transferred first to the stamp/plate and then to
the printing/target substrate. Such a double transfer process
induces a minor variation of line width from designed to final
ones on target substrate due to the influence of the laser facula-
affected zone (Figure S4). To guide the practical operation from
the designed lines to printed lines, we measured all of the three
widths. Usually, the width on stamp is a bit narrower than that of
the designed, while wider than that on printing/target substrate
(Figures 3A and S5). Since a free liquid alloy reservoir is used in
our experiments, the height of line increases along the increased
width (Figure 3B). If necessary, a flat height of lines could be
achieved by introducing a reservoir with limited height grids
inside as that dose in the flexography printing used in press
industry. Various patterns can be patterned on planar substrates,
e.g., straight and curved lines in Figure 3C, array of squares with
different spacing distances in Figure 3D, and different shapes
such as triangles, stars, hexagon, circles, and even complex
patterns such as Chinese knot in Figure 3E. Besides PDMS we
demonstrated earlier, our printing technique can also work well
on other printing/target substrates, e.g., Ecoflex, vinyl tape, glass,
and polyester (Figure S6).
As mentioned above, due to excellent compliance of silicones,

our printing technique can be used to a truly 3D conformal
printing technique on both stiff and soft substrates, without
introducing a dedicated 3D printer or advanced equipment and
facility40 (Figure 3F). With integrated components, such lines
can be organized in a meaningful pattern to make a functional
circuit/device as shown in Figure 3C. Furthermore, the printing
plate/stamp can be reused many times. Without any specific
optimizations, the plate can be reused more than 100 times with
a small variation of printed line width (Figure 3G). Further,
connecting with liquid alloy lines, which were printed by the
stamp before and after 100 times usage, the LEDs could well
function (Figure S7). In addition, our printed circuits exhibit
excellent mechanical reliability when stretched. After 10 000
times cycles of stretching up to 30% strain, they still function
very well (Figures 3H and S8).
Demonstrations. Besides one-layer printing, a multilayer

(3D) soft device55 can be achieved via our printing process in
layer circuit stacking18 by modifying our process slightly. As
shown in Figure 4A, an array made of 64 LEDs can display any
designed pattern, e.g., alphabets and numbers, under arbitrary

deformations (Video S3). This feature may open a new way of
dynamic interactions, e.g., to display information dynamically
according to a real-time external mechanical stimulation
(deformations). With a liquid alloy pattern printed on a
spindle-shaped silicone, Figure 4B shows a well-functioned 3D
ellipse antenna with a reflection coefficient of −36 dB at 555
MHz. To show high-fidelity conformability of our printing
technique, a liquid alloy circuit is printed on a three-dimensional
and nondevelopable surface of a silicone-replicated strawberry
(Figure 4C,D and Video S4). According to the photographs, the
liquid alloy circuits can be deployed not only on the outline but
also on small pits of strawberry surface conformably in high
fidelity, which is difficult to achieve with previously demon-
strated stretchable electronics (Figure 4D and Video S4).
Moreover, the fabricated devices function robustly before and
after severe mechanical deformations, such as shaking, twisting,
and squeezing (together with LED) or rubbing with a piece of
fabric, being poked by a glass rod and wiped by a brush (Video
S4).
Inheriting many features from flexography printing, our

printing technique is also flexible in printing substrates (e.g., the
ones in Figure S6) and production volume with necessary
adaptations/automation to current industry facility, e.g., robot-
assisted printing in Video S5. Besides this, our technique shows
more advantages, e.g., 3D complex surface printing. The whole
process major introduces a cost-effective UV laser marker (∼30
000 US dollar) used in a common laboratory environment,
which indicates low equipment and facility investment.
According to our situation, we estimate the processing time
(Table 1). In a typical case for a planar printing (the processing

time may vary with different situations), only 82 min is needed.
Compared to many available techniques, it is a rather rapid
process.

■ CONCLUSIONS
In conclusion, by tuning the wettability of liquid alloy on a
compliant surface via a UV laser selective roughening, wemade a
soft liquid alloy amphiphilic plate that can automatically form a
liquid alloy pattern on the plate. With further transferring,
complex liquid alloy circuits can be printed conformably on not
only planar but also three-dimensional nondevelopable surfaces
in high fidelity. It paves an efficient way to make liquid alloy-
based soft electronic and smart systems in a massive way.

Table 1. Processing Time Estimation for a Typical
Flexography Printing

processing steps time (min)

pattern plottinga,b 20
cPDMS mixing 10
degassing 10
cPDMS curing 45
UV laser treatingc 13
cutting and cleaning stamp 2
sticking and printing liquid alloy 2
total 82

aThe process could be implemented as the same time as cPDMS
mixing, degassing, and curing. bTime varies according to the
complexity of the designed pattern. cThis time was estimated on
the condition that a stamp with an area of 40 mm × 40 mm was
treated by the UV laser at a scanning speed of 400 mm/s and an
adjacent distance of 0.005 mm.
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■ MATERIALS AND METHODS
Printing Stamp/Plate Preparation. The stamp (carbon PDMS,

cPDMS) was prepared via mixing PDMS (Sylgard 184, Dow Corning
Corporation) of 10:1 g (silicone base/curing agent) with 0.2 g of
carbon black (XC72R, CABOT) purchased from Alibaba. First, the
carbon black and silicone base were stirred using a glass rod manually
for 2−3 min following by digital stirring (RW 20, IKA, Germany) at
∼2000 rpm for 2−3 min. Second, the curing agent was added into the
mixture by hand stirring for 2−3 min. After vacuumed for removing
bubbles, the mixture was finally cured at 90 °C for 45 min in an oven
(UF 55 plus, Memmert, Germany).
Printing Process and Characterization. As shown in Figure 1C,

first, the stamp/plate (cPDMS) was selectively treated via a UV laser
marker (HGL-LSU3/5EI, Huagong Laser, Wuhan, China) with pulse
repetition frequency of 50 kHz, pulse width of 0.10 μs, and working
current of 33.5 A. Second, after cleaning with isopropanol, the stamp/
plate was placed on the liquid alloy (Galinstan, GerathermMedical AG,
Geschwenda, Germany) reservoir to selectively attract liquid alloy.
Third, the stamp/plate carried with liquid alloy circuit was placed on
the receiving/target substrate with slight pressure and then peeled off
from it. Finally, the liquid alloy circuit was sealed with another layer of
PDMS after component picked and placed if necessary. The
photographs of the printing process shown in Figure 1B were taken
with a camera (Canon EOS 70D, Tokyo, Japan), and the widths of the
circuits were extracted from the photographs with a self-developed
coded program in MATLAB (Version 2016b, MathWorks, Natick,
MA).
Surface Characterization.The contact angles, including static and

dynamic contact angles (advancing and receding angles) were
measured by drop shape analysis equipment (DSA25, KRUSS,
Germany) with the sessile drop method (Figures S2 and S3). The
liquid alloy droplet was dropped on the tested surface via a syringe
pump (PUMP 11 ELITE Nanomite, Harvard Apparatus, Holliston,
MA) at room temperature. For dynamic contact angle measurement,
both the advancing and receding speeds of increasing and decreasing
liquid alloy droplet volumes were 4 μL/min. For static contact angle
measurement, the volume of liquid alloy droplet was 6 μL. The behavior
of liquid alloy droplet on different surfaces (Figures 1A, S1 and Video
S1) was captured by a high-speed camera (Phantom V1212, Vision
Research Inc.). The roughness of the modified super alloy-phobic
surfaces (Figure 2A) was calculated by an ultradepth three-dimensional
microscope (DSX 510, Olympus, Japan). Description of the detailed
method of calculation can be found in Supporting Note 1. The surface
morphologies of samples were characterized by SEM (Helios NanoLab
G3 CX, FEI) (Figure 2B). The cS3P40 used in Figure 2C was obtained
by mixing S3PDMS56−58 (a soft, sticky, and stretchable PDMS-based
elastomer) of 10 g silicone base, 1 g curing agent, and 40 μL PEIE
(polyethylenimine ethoxylated, 80% ethoxylated solution 35−40 wt %
in H2O, MW 70 000 Sigma-Aldrich) with 0.2 g of carbon black.
Liquid Alloy Lines/Circuits Printing and Characterization.

The stamps of printing liquid alloy lines with different widths (Figure
3A,D,G,H) were fabricated by the UV laser at a scanning speed of 400
mm/s and an adjacent distance of 0.005 mm. The profiles (including
height and width) of liquid alloy lines were calculated by an ultradepth
three-dimensional microscope (DSX 510, Olympus, Japan) (Figures
3A,D,G, S5, and S6). A dynamic mechanical test system (E1000,
Instron, Boston) and a digital multimeter (34461A, Keysight
Technologies) were used to carry out the 10 000 times cyclic test
(Figures 3H and S8). The samples for cycling test (Figure S8) were cut
by a cutoff knife with dimension of 4 mm × 75 mm (Kunshan Creator
Testing Instrument Co. Ltd., China). The stamps/plates for printing
liquid alloy circuit on 3D complex surfaces were obtained by mixing
50:1 g (silicone base/curing agent) of PDMSwith 1.0 g of carbon black,
which were ultrasoft to compliantly fit to 3D complex surfaces. All
stamps for device fabricating were treated by the UV laser at a scanning
speed of 400 mm/s and an adjacent distance of 0.005 mm. The
fabrication for other demonstrations is slightly modified from the above
protocols to adapt to different situations and can be found in
Supporting Note 2.

Demonstration of Stamp/Plate Durability Testing. As shown
in the inset of Figure 3G, the durability of stamp was tested by a process
of sticking-printing liquid alloy line with designed 1000 μm width.
Meanwhile, the resistances and widths of printed liquid alloy lines were
measured by a multimeter (34461A, Keysight Technologies) and an
ultradepth three-dimensional microscope (DSX 510, Olympus, Japan).

Characterization of Fabricated Devices. An array of 64 LEDs
matrix is demonstrated in Figure 4A and Video S3, and the process
details are illustrated in Figure S9. The fabrication process of 3D ellipse
antenna is illustrated in Figure S10, and the reflection coefficient of the
antenna was measured by a FieldFox handheld RF analyzer (N9914A,
Keysight Technologies).
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