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Semi-liquid metal and adhesion-selection enabled
rolling and transfer (SMART) printing: A general
method towards fast fabrication of flexible

electronics

Rui Guo', Siyuan Yao’, Xuyang Sun’ and Jing Liu"”

ABSTRACT Recent breakthrough in eutectic gallium-indium
alloy has revealed its great potential in modern electronic
engineering. Here, we established a general method towards
super-fast fabrication of flexible electronics via semi-liquid
metal and adhesion-selection enabled rolling and transfer
(SMART) printing on various substrates. Based on the semi-
liquid metal and its adhesion-difference on specifically de-
signed target materials, we demonstrated that the rolling and
transfer printing method could serve to rapidly manufacture a
wide variety of complicated patterns with high resolution and
large size. The process is much faster than most of the cur-
rently existing electronic fabrication strategies including li-
quid metal printing ever developed, and the cost either in time
or consumption rate is rather low. As illustrated, a series of
functional flexible and stretchable electronics such as multiple
layer and large area circuits were fabricated to show their
superior merit in combination with electrical conductivity and
deformability. In addition, it was also demonstrated that the
electronics fabricated in this way exhibited good repeatablity.
A most noteworthy advantage is that all the fabrication pro-
cesses could be highly automatic in the sense that user-friendly
machines can thus be developed. This method paves a practical
way for super-fast soft electronics manufacture and is ex-
pected to play an important role in the coming industry and
consumer electronics.

Keywords: Ni-EGaln, semi-liquid metal, fast fabrication, adhe-
sion difference, flexible electronics

INTRODUCTION

With large potential to overcome fundamental mismatch

in mechanics between human and machines, flexible
electronics [1-3] have been adopted in a variety of
applications such as health monitoring systems [4,5],
human-machine interactions [6-8] and artificial intelli-
gence [9]. One of the most successful methods for
building stretchable electronic devices is to link rigid
active components with stretchable connectors [10]. At
present, integrating inorganic or organic electronic
materials with elastomeric substrates is the major
approach to fabricate stretchable conductors. However,
complicated and expensive fabrication and limited
stretchability hinder the application of inorganic electro-
nic materials [11-15]. The organic electronic materials
own good stretchability, but their conductivities are lower
than those of metal materials [16-19].

Recently, eutectic gallium-indium alloy (gallium-based
liquid metal alloy, EGaln) exhibits favorable properties
such as excellent liquidity [20], high electro-conductivity
(EGaln: 3.4x10° S m ) [21], non-toxicity [22-24], zero
stiffness and fantastic stretchability [25], which has shown
potential application in flexible electronics. By taking full
advantage of the deformability of EGaln, various flexible
electronic devices have been fabricated, including tribo-
electric nanogenerators [26], stretchable wireless power
transfers [27], stretchable electromagnetic actuators [28]
and stretchable loudspeakers [29]. In addition, various
fabrication methods have been developed to pattern the
liquid metals on flexible substrates. For example,
stretchable micro-channels filled with liquid metals can
be employed for flexible interconnects [30] and antenna.
This micro-channel injection method needs to prepare
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Figure 1 (a) The periods of various methods in preparing flexible electronics. (b) The schematic diagram of semi-liquid metal rolling and transfer
printing method. (c) The photographs about the preparation process of rolling and transfer printing method.

microchannel structures using lithography, which is
rather complicated (the preparation period is about
3 day) and expensive. Atomized spraying deposition
[31-33] is another widely used method for fabricating
liquid metal electronics, while the prefabricated masks
increase the manufacturing costs and time (the period of
mask preparation is about 5h). Besides, direct writing
using a micro-syringe is an efficient preparation method
to print the liquid metal on elastic substrates directly [34-
37]. Meanwhile, the complexity of circuits will signifi-
cantly increase the preparation period (the pattern in
Fig. 1b takes about 30 min using the liquid metal printer
system). Transfer printing is a one-step preparation
method. For example, solid metal (Cu, Au) can be
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soaked with liquid metal to fabricate flexible electronics,
while the solid metal needs to be printed on elastic
substrates using laser engraving [38] (the preparation
period of masks is about 3 h) or magnetron sputtering
[39] (the preparation period of masks is about 20 h). In
addition, metal-polymer compounds can result in micro-
structured and conductive path under the mechanical
action [40]. However, the preparation of metal-polymer
compounds is usually complex, and the mechanical
action increases the preparation period due to the
complexity of patterns (all the preparation period is about
1 h). Fig. la shows the preparation periods of different
liquid metal printing methods.

In this paper, the semi-liquid metal (Ni-EGaln) exhibits
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poor adhesion on toners, which could be printed in
advance on various flexible substrates using laser printers.
According to the adhesion difference of Ni-EGaln on
toners and polyurethane (PU) glue, we developed a
super-fast fabrication method for the flexible electronics:
semi-liquid metal and adhesion-selection enabled rolling
and transfer (SMART) printing. Here, the Ni-EGaln
could be rolling printed on thermal transfer paper in 10 s,
which is much faster than that using most of the other
circuits manufacturing methods including liquid metal
printing methods ever developed so far. More impor-
tantly, the Ni-EGaln printed on paper could also be
transfer-printed on ecoflex substrates or other media to
fabricate stretchable electronics. A series of paper and
stretchable electronics, such as LED array, multilayer
circuits and strain sensor were fabricated showing their
excellent electrical stability and significant application
potential for flexible electronics. Furthermore, we found
that the printed inks of Ni-EGaln with recyclable ability
made it possible to further reduce the cost of fabrication
and environmental pollution.

EXPERIMENTAL SECTION

Preparation of Ni-EGaln

The EGaln liquid metal used in this paper is EGaln
composed of 75.5 wt% gallium and 24.5 wt% indium
(Anhui Minor New Materials Co. LTD, 99.999% purity),
with a low melting point (15.5°C) and a high electrical
conductivity (3.4x10° S m ). Firstly, the gallium (75.5 g)
was put in a beaker, and heated in water bath at (60°C)
for 10 min. After the gallium was melted, the indium
(24.5 g) was further added to the beaker. Then, the Ga-In
mixture was kept at 80°C for 1 h with vigorous stirring to
mix uniformly. Later, some nickel (Ni) particles (Beijing
DK Nano Technology Co., Ltd. diameter of 48 um) are
scattered on the surface of Galn alloy. In particular,
EGaln was agitated constantly by a glass bar until the Ni
particles were mixed in EGaln totally (Fig. Sla). Finally,
we obtained the Galn alloy mixed with micro Ni particles,
which is called Ni-EGaln alloy. Here, the gradient content
of micro Ni particles was mixed in Galn alloy (from 0% to
20%). The packing ratio is defined as ¢p=my;/mg,,, where
my; and mg,y, represent the mass of the Ni particles and
the liquid metal, respectively.

Printing equipment and substrates

In the present work, the thermal transfer paper
(purchased from Shandong HONGTAI PAPER Co,
Ltd.) was chosen as the printing substrate, which was
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covered by a layer of PU glue. The toners were printed on
the thermal transfer paper by a laser printer (LJ2205,
purchased from Beijing Lenovo Co., Ltd.). Here, The
Ecoflex 00-30 precursors (Smooth-On, PA, USA) were
mixed with a ratio of 1:1 by volume and stirred evenly. To
remove air bubbles, the mixed Ecoflex 00-30 precursors
were placed in a desiccator at 36 Torr for 5 min. After
15 min at room temperature, the mixed Ecoflex 00-30
precursors cured.

Measurements

In order to identify the microscopic features of the toners,
PU glue, Ni-EGaln and ecoflex, the micrographs were
captured with an environmental scanning electron
microscope (Quanta 200). The composition of metal
oxides on the surface of EGaln was identified by the X-
ray photoelectron spectroscopy (PHI Quantera II).

The adhesion of Ni-EGaln on toners, PU glue and
ecoflex were evaluated through four different ways. i) The
contact angle of the Ni-EGaln droplets on the toners, PU
glue and Ecoflex, was measured by the contact angle
meter (XG-CAMC). ii) The adhesion force of Ni-EGaln
droplets on the toners, PU glue and Ecoflex was tested by
the dynamic contact angle measuring instrument
(DCAT25, Data Physics Instruments GmbH). Over this
test, all the samples (three pieces of paper covered with
the toners, PU glue and Ecoflex) were attached to a stress
probe, which was connected to a fixed stress sensor. The
Ni-EGaln was held by a container which can be vertically
adjusted. The probe was first pushed into the Ni-EGaln
sample and then pulled out at controlled speeds during a
complete test. The force acting on the probe was recorded
during the whole process. The inserting depth (D) was set
as 2mm for all the cases. The moving speed of the
displacement adjuster was set as 0.05mm s = during all
the stages except for the stage when the probe reached the
sample surface, during which an approaching speed of
0.5mm s ' was used, as shown in Fig. $3. In this process,
the tension was recorded by the dynamometer and the
maximal tension was selected as the adhesion force. iii)
An obliquity experiment was adopted to assess the
adhesive stability of the Ni-EGaln droplets on three
pieces of paper covered with toners, PU glue and Ecoflex,
respectively. The photos of the inclined plane where the
EGaln droplets rolled off were recorded with a camera
(Canon EOS 800D). iv) The toners were printed on the
thermal transfer paper covered with PU glue by laser
printers and displayed striated patterns. The Ni-EGaln
was printed on the thermal transfer paper by a brush.

To further investigate the electrical properties of the
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liquid metal printed on the paper, the resistance of Ni-
EGaln lines was measured with Agilent 34420. The
electrical conductivities of the Ni-EGaln samples were
measured using a standard four-point method. The
samples were filled into a 750 mm long groove with a
rectangular cross section of 5.1(+0.03) mmx4.1(+0.06)
mm.

RESULTS AND DISCUSSION

Fig. 1b demonstrates the major steps of semi-liquid metal
rolling and transfer printing method based on the
adhesion-selection of Ni-EGaln on the toner and PU
glue (Supplementary information video S1). The SMART
printing method mainly includes two steps: (i) the semi-
liquid metal rolling printing method on the paper. The
thermal transfer paper covered with the PU glue was put
into the laser printer, and the predesigned pattern was
printed on the thermal transfer paper with the PU glue.
Then, the Ni-EGaln was printed on the paper with the
toner pattern by a roller. Due to the significant adhesion
difference of Ni-EGaln on the toners and PU glue, the Ni-
EGaln was selectively printed on the PU glue with the
larger adhesion force, other than the surface of toners. (ii)
The semi-liquid metal transfer printing method on
ecoflex. The Ni-EGaln printed on the thermal transfer
paper could be transfer-printed on the ecoflex substrate
(1 mm thick). The side of thermal transfer paper with Ni-
EGaln was put on the surface of ecoflex substrate. To
improve the effect of transfer printing, a pressure
(2.5 kPa) was applied to the thermal transfer paper to
accelerate transfer printing. Afterwards, the thermal
transfer paper was removed from the ecoflex substrate,
and the Ni-EGaln would be transfer-printed on the
ecoflex directly. Finally, some mixed Ecoflex 00-30
precursors were poured on the transfer-printed Ni-EGaln
to pack the Ni-EGaln pattern. The mixed Ecoflex 00-30
precursors would cure after 15 min at room temperature.
Fig. 1c shows the photos about the major steps of liquid
metal rolling and transfer printing method. Moreover,
some electronic components could be integrated with the
Ni-EGaln lines, and the pins of these components bathed
into the Ni-EGaln, which provided the electrical
connections to these components.

The semi-liquid state of the Ni-EGaln is the iconic
feature of the materials, which will affect their
performance in the applications of flexible electronics.
Therefore, the formation mechanism of the semi-liquid
state of the Ni-EGaln was explored firstly. Fig. 2a
demonstrates the photographs of Ni-EGaln with different
weight ratios of micro Ni particles. The surface roughness
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of the Ni-EGaln is significantly increased with the
content of micro Ni particles. The previous studies of
Galn alloy mixed with solid metal particles [41,42] have
also suggested that the solid metal particles in EGaln
would reduce their liquidity due to the metal oxides
covered on these solid metal particles, which is in
agreement with our results. The schematic diagram in
Fig. S1b shows the forming process of the semi-liquid
metal (Ni-EGaln). At first, a layer of metal oxides covered
on the surface of EGaln. Then, Ni particles were added
into EGaln, and floated on the surface because of the high
surface tension of EGaln. Through stirring, Ni particles
were wrapped by the metal oxides, which made it easy to
be swallowed by EGaln. On the other hand, the metal
oxides wrapped around the Ni particles were also brought
into EGaln, which would accelerate the oxidation of
EGaln. Above all, the increase of metal oxides and Ni
particles in the EGaln resulted in the formation of the
semi-liquid state of the Ni-EGaln.

Generally, the properties of Ni-EGaln would change
with the addition of the micro Ni particles. To achieve the
Ni-EGaln with the adequate conductivity and favorable
printability, we printed five different kinds of Ni-EGaln
(gradient contents of micro Ni particles from 0% to 20%)
on the PU substrate, as shown in Fig. Slc. The results
show that the semi-liquid metal with ¢ below 10% tended
to gather into droplets under the gravity when it was
printed on other substrates due to the higher surface
tension. While, the Ni-EGaln with ¢ above 10% could be
evenly spread out on the PU glue and provide stable
electrical connections. Besides, we measured the con-
ductivity of Ni-EGaln (gradient contents of micro Ni
particles from 0% to 20%), and the results showed that
the conductivity decreased gradually with increasing
amount of micro Ni particles, as shown in Fig. 2b.
Finally, the semi-liquid metal (Ni-EGaln with 10% micro
Ni particles) was used in the following experiments due to
the appropriate conductivity, and adhesion properties.

The previous studies have shown that the Ni-EGaln
surface is covered with gallium oxide layer in air [43,44],
and the adhesion between two surfaces is generally
dependent on the chemical interaction and the morpho-
logical microstructures of the surface [45]. In this paper,
we tested the surface composition of the Ni-EGaln using
XPS and the results clearly demonstrated the presence of
Ga,0; on the surface of the Ni-EGaln (Fig. S2). In
general, the Ga,O; has a higher affinity to various
substrates than EGaln [46,47]. The SEM image in
Fig. 3a shows that the PU substrate has very smooth
surface, where the Ni-EGaln has good wettability and

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 985
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Figure 2 (a) Photographs of Ni-EGaln with different contents of micro Ni particles. (b) The conductivity of Ni-EGaln with different contents of
micro Ni particles. (c) The schematic diagram about the adhesion mechanism of Ni-EGaln on PU glue and toners. (d) The contact angle of Ni-EGaln
on toners, PU glue and ecoflex substrates. (e) The adhesion force of Ni-EGaln on toners, PU glue and ecoflex substrates. (f) The images of Ni-EGaln
on toners, PU glue and ecoflex substrates in the obliquity experiments (scale bar=2 mm). (g) The photograph of Ni-EGaln printed on the thermal

transfer paper by a brush, while not the toners.

adhesion. While, the PU substrate covered with toners
has a very rough surface (Fig. 3b), decreasing the contact
area between Ni-EGaln droplets and PU substrates. So it
is hard for the Ni-EGaln droplets to adhere to the
substrate, as shown in Fig. 2c. As a result, the Ni-EGaln

could be rolling printed on PU substrate, rather than the
toners. Meanwhile, the ecoflex substrate also has very
smooth surface (Fig. 3c), and strong adhesion with Ni-
EGaln, making it possible to transfer-print the Ni-EGaln
on its surface.

986 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 July 2019 | Vol.62 No.7
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Ecoflex

Figure 3 The SEM image of the PU glue and its cross-section image (a), the printed toners on PU glue (b), the ecoflex substrate (c), the Ni-EGaln line
rolling printed on PU glue (d), the Ni-EGaln line transfer printed on ecoflex (e). (f) The cross-section images of the Ni-EGaln line printed on PU glue
and the Ni-EGaln transferred on Ecoflex. (g) The photograph and SEM image of the small chip resistor attached with the Ni-EGaln line. (h) The
photograph of folded paper and the SEM image of the bending part showing continuous state of Ni-EGaln lines.

The results of the contact angle test show the adhesion
difference of Ni-EGaln on the toners, PU glue and
ecoflex. As shown in Fig. 2d, the contact angles of the Ni-
EGaln droplets on toners, PU glue and ecoflex are 152°,
109° and 95°, respectively. Then, we applied a pressure
(about 9.8 mN) on the Ni-EGaln droplets using a
polytetrafluoroethylene block (15 mmx15 mmx2 mm,
weight of 1 g). All the contact angles decreased and the
contact angles of the Ni-EGaln droplets on the toners, PU
glue and ecoflex were 148°, 78° and 90°, respectively. The
smaller contact angles on the PU glue and ecoflex showed
improved adhesion with Ni-EGaln droplets, indicating
that the Ni-EGaln could spread quickly and evenly on the
PU glue and ecoflex. Fig. S3a shows the photos of the
adhesion force tests, and Fig. S3b presents the schematic
illustration of the steps for the adhesion force tests.
Fig. S3c shows the tension curves of toners, PU glue and
ecoflex substrates with Ni-EGaln during the push-and-
pull process. The maximal tension was selected as the
adhesion force. In the tests, the adhesion force of Ni-
EGaln on toners (6.01 mN) was obviously weaker than
that on the PU glue (27.35mN) and the ecoflex
(29.84 mN), as shown in Fig. 2e. Besides, the obliquity
experiment shows that the Ni-EGaln droplets on toners

July 2019 | Vol.62 No.7

rolled off from the inclined plane with an inclination of
37°. While the Ni-EGaln droplets on the PU glue and
ecoflex did not roll off from the inclined plane even with
an inclination of 90° due to the strong adhesive force, as
shown in Fig. 2f. In Fig. 2g, the Ni-EGaln could be
printed on the PU glue easily by a brush, while there is no
Ni-EGaln on the surface of toners. The adhesion
difference of Ni-EGaln on the toners, PU glue and
ecoflex is obvious, as the iconic mechanism of the rolling
and transfer printing method.

Furthermore we also investigated the microscopic
feature of the printed toners on the PU glue (Fig. 3a)
and the Ni-EGaln lines (Fig. 3d). From these images, the
Ni-EGaln is filled in the gap between the toners on the
two sides and adheres to the PU glue. The thickness of PU
glue on the paper was about 15 um, and that of toners on
PU glue is about 8 pm. At present, the minimum width of
Ni-EGaln lines is about 50 pm, which depends on the gap
width of the printed toners. Fig. 3e shows the Ni-EGaln
line transfer-printed on ecoflex, and the minimum width
of Ni-EGaln lines is about 60 pum, which is slightly wider
than that on the PU glue. Fig. 3f shows the cross section
micrographs of the Ni-EGaln line printed on PU glue and
the Ni-EGaln transferred on ecoflex. In addition, a small

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 987
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Figure 4 The electrical tests of the Ni-EGaln lines printed on thermal transfer paper and the stretchable lines transfer printed on ecoflex. (a) The
resistance of Ni-EGaln lines with different widths (length of 5 cm, width of 0.1, 0.3, 0.5, 1, 3, and 5 mm, respectively). (b) The resistance of Ni-EGaln
lines with different widths during the bending process (bending angle from —180° to 180°). (c) The relationship between bending cycles and the
resistances of Ni-EGaln lines with different widths. (d) The I-V curves of the Ni-EGaln lines with LED under different bending conditions (bending
angle from —180° to 180°). (e) The resistance of Ni-EGaln lines with different widths under various strains. (f) The relationship between stretching
cycles and the resistances of Ni-EGaln lines with different widths. (g) The resistance curve of the Ni-EGaln lines stretched to different lengths (30%,
60% and 90%). (h) The I-V curves of the Ni-EGaln lines with LED under various strains (strain 0% to 100%). (i) The photographs of the LED lights

packaged in ecoflex stretched vertically and distorted.

chip resistor (length of 1.4 mm, width of 0.73 mm and
height of 1 mm) is attached to the Ni-EGaln line
(Fig. 3g). Due to the favorable wettability of Ni-EGaln
on tin plated pins, the two ends of this component
infiltrate into the Ni-EGaln, demonstrating the fine
connection between Ni-EGaln and the chip components.
Fig. 3h shows the folded thermal transfer paper (bending
angle of 180°) and the bending part. The printed Ni-
EGaln adheres to the PU glue closely and maintains
stable surface topography.

The Ni-EGaln lines printed on the thermal transfer
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paper possess high stability and good conductivity. Fig. 4a
shows the resistance of Ni-EGaln lines with different
widths (length of 5 cm, width of 0.1, 0.3, 0.5, 1, 3 and
5mm, respectively) printed on the PU glue and
transferred on ecoflex. In particular, the remained
resistances of Ni-EGaln lines on the PU glue after
transfer printing were also measured (the blue curve).
The resistance increased gradually with the decrease of
the line width. The maximum resistance was 3.6 Q with a
line width of 0.1 mm, and the minimum resistance was
0.3 Q with a line width of 5mm. The resistance of

July 2019 | Vol.62 No.7
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metallic conductors can be calculated by the equation:
R=pL/S, where R is the resistance, p is the resistivity, L is
the length of the conductor, and S is the cross-sectional
area of the conductor. Here, the conductivity (1/p) of Ni-
EGaln is about 2.01x10° S m . The theoretical resistance
of the 0.1-mm Ni-EGaln line is 50 times higher than that
of the 5-mm Ni-EGaln line, while the actual resistance is
about 12 times higher. This result suggests that the cross-
sectional area of Ni-EGaln lines is uneven, consistent
with the SEM results in Fig. 3e, f. Thus, it is of great
importance to measure the resistance of the Ni-EGaln
lines before practical applications. The resistance of
transfer-printed Ni-EGaln lines on ecoflex is significantly
higher than that of the original Ni-EGaln lines rolling
printed on PU glue (the maximum resistance is 10.4 O
with a line width of 0.1 mm, and the minimum resistance
is 1.0 Q with a line width of 5 mm), and the remained Ni-
EGaln lines on PU glue also show higher resistance than
the original Ni-EGaln lines (the maximum resistance is
11.0 Q with line width of 0.1 mm, and the minimum
resistance is 1.3 Q) with line width of 5 mm). These results
indicate that only a part of Ni-EGaln is transferred to
ecoflex, reducing the cross area of the Ni-EGaln lines.
Besides, the Ni-EGaln would be oxidized and covered
with a layer of oxide during the transfer printing process,
which would reduce the electrical conductivity of Ni-
EGaln. The schematic diagram in Fig. S4 shows the
formation of oxide during the transfer printing process.
The thermal transfer paper with excellent flexibility can
be bent to change morphology, as shown in Fig. 4b. We
first evaluated the resistance of these Ni-EGaln lines with
different widths during the bending process (bending
angle from —180° to 180°). In Fig. 4b, the resistance of the
bent Ni-EGaln lines shows slight variation during
bending (AR=0.15Q of 0.1 mm lines, AR=0.15Q of
0.3 mm lines, AR=0.02 Q of 0.5 mm lines, AR=0.06 Q) of
1 mm lines, AR=0.07 Q@ of 3 mm lines, AR=0.02 Q of
5 mm lines, respectively). Furthermore, 1,000 repetitive
bending cycles in the backward direction to 180° do not
induce noticeable change in the resistance of the Ni-
EGaln lines (Fig. 4c), indicating excellent electrical
stability. We connected the Ni-EGaln lines (width of
1 mm) to an LED light, and tested the I-V (current-
voltage) curves of the Ni-EGaln lines with LED under
different bending conditions (bending angle from —180°
to 180°), as shown in Fig. 4d. The maximum resistance
variation ratio of the Ni-EGaln lines is about 8%, which is
rather smaller than that of the LED light (above 3 kQ),
demonstrating the resistance variation of the Ni-EGaln
lines has slight influence on the electronic components
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and the whole electric circuits.

To assess its potential as stretchable conductive
materials, the Ni-EGaln lines transfer printed on ecoflex
were further subjected to a series of electrical tests. Fig. 4e
depicted the resistance of Ni-EGaln lines with different
widths under various strains. All the resistances of Ni-
EGaln lines gradually increased with the stretch length,
and no rupture of the Ni-EGaln lines was noticed even
under large strains up to 100%. Here, the cross-sectional
area (S) of the Ni-EGaln line and its length (L) follow the
equation: S=V/L, where V is the volume of Ni-EGaln line.
The volume is constant under various strains (V=Vj).
Therefore, the relationship between the tensile elongation
and resistance variation of the Ni-EGaln line can be
calculated by the following equation,

p-L 2 2
R_5- WLy (L n
R, p-L, VIL, L,

where, R, L, Sy and Vj are the resistance, length, cross-
sectional area and volume of Ni-EGaln line under 0%
strain, respectively. The quadratic functions were selected
to fit the curves. For example, the fitting function
(R*=0.9993) of the resistance curve of Ni-EGaln line
width of 0.1 mm is shown as the following equation:

R =0.0008x" +0.2385x + 10.195, 2)

where, R is the resistance (Q2) of Ni-EGaln line, and x is
the strain (%) of Ni-EGaln line. This result suggests that
the Ni-EGaln lines on ecoflex show great potential as
resistance variable strain sensors. Furthermore, for
practical applications of strain sensors, long-term stability
and durability is of great importance. The Ni-EGaln lines
exhibit good long-term stability during 1,000 loading and
unloading cycles of 50% strain (Fig. 4f). However, there is
a slight increase of the resistance of all the Ni-EGaln lines
on ecoflex after 1,000 cycles, which is related to the non-
reversible deformation of ecoflex. Furthermore, the Ni-
EGaln line (width of 1 mm) was stretched to different
lengths (30%, 60% and 90%) for two cycles, and the curve
showed that the Ni-EGaln line possessed rather high
stability (Fig. 4g). In addition, a LED light was attached to
the ecoflex and connected with the Ni-EGaln line (width
of 1 mm), as shown in Fig. 4h. The I-V curves of the Ni-
EGaln lines with LED under various strains (0% to 100%)
show that the Ni-EGaln lines have remarkable stability
and do not affect the normal operation of the circuits.
Although the LED light packaged in ecoflex was stretched
vertically and further distorted, the whole electric circuit
maintains normal work, as shown in Fig. 4i.

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 989



ARTICLES

SCIENCE CHINA Materials

._...IL,,,,,“,, f'

Layer 2

Figure 5 The applications of flexible electronics based on rolling printing method. (a) The LED array flexible paper circuit. (b) The detail and
working pictures of the LED array flexible paper circuit. (c) The schematic diagram about the connection of Ni-EGaln on two paper layers. (d) The
photographs of the double layer paper circuit. (e) The double layer paper LEDs array served as display.

In addition, to demonstrate the excellent and stable
electrical properties of the flexible paper electronics based
on rolling printing method, an LED array flexible paper
circuit was fabricated, as shown in Fig. 5a. An MCU (STC
15W4K5654) was selected to control the LED lights on in
turn, followed by reciprocating, as shown in Fig. 5b. The
preparation method of paper electronics also provided a
straightforward process to fabricate multilayer circuits
and large area conductive patterns.

As shown in Fig. 5c-e, we fabricated a double layer
paper circuit, serving as a 6x6 LEDs array. Fig. 5¢ shows
the connection of Ni-EGaln on two paper layers. Fig. S5
shows the preparation of the double layer paper circuit.
At first, the Ni-EGaln was rolling printed on the double
layers paper. Then, a 6x6 holes array was made on the
second layer paper. Later, these two layers were glued
together by fixing glue, and a little of Ni-EGaln was filled
into the holes. The Ni-EGaln lines on two layers were
thus connected together. Finally, the LED lights were

990 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

adhered to the second layer paper by fixing glue. In
addition, a series of large area conductive patterns were
fabricated by this rolling printing method (Fig. 6a, b and
Fig. S6). In particular, the Ni-EGaln could be rolling
printed on colored toners, as shown in Fig. 6¢c. Besides, a
Chinese calligraphy (15 cmx28 cm) also could be rolling
printed, as shown in Fig. 6d.

We fabricated a stretchable LED array circuit, as shown
in Fig. 7a. This LED array circuit could be stretched to
100% strain and maintained normal work, proving the
promising potential and usefulness of SMART method in
quickly making wearable electronics. To verify the cyclic
stability of this device, the LED array circuit was stretched
to 100% strain and twisted for 100 times, which also
maintained normal work, as shown in Fig. S7.

Fig. S8 shows the preparation process of the LED array
circuit. At first, the Ni-EGaln was rolling printed on the
paper, then transfer-printed on ecoflex. Later, the LEDs
were connected with the Ni-EGaln lines and fixed using

July 2019 | Vol.62 No.7
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Figure 6 A series of large area conductive patterns on paper. (a) The large area solenoid coil patterns. (b) The conductive Taiji patterns. (c) The Ni-
EGaln rolling printed on paper with colored toners. (d) The large area Chinese calligraphy conductive pattern.

the fixing glue. Meanwhile, two Cu wires were inserted
into the ends of Ni-EGaln lines to provide a voltage of
3.3 V. Finally, some mixed Ecoflex 00-30 precursors were
poured on the transfer-printed Ni-EGaln to pack it. The
transfer-printed Ni-EGaln lines on ecoflex could be
directly assembled on human bodies to monitor the
motion of joints because of its high stretchability and
biocompability. Here, we designed a Ni-EGaln strain
sensor (line width of 1 mm) and tested its resistance
under various strains, as shown in Fig. 7b. Fig. S9 shows
the preparation process of the Ni-EGaln strain sensor,
similar to the LED array circuit. The resistance of this
strain sensor had an obvious change from 0% strain to
100% strain.

The Ni-EGaln strain sensor was attached to a wrist by
medical adhesive tape to monitor the motion of the wrist
joints. Fig. 7c shows the resistance of this strain sensor
under various bending angles of the wrist joints. The
bending angles of the wrist joints could be calculated by
measuring the resistance of this strain sensor in practical
application. Similarly, a repeatable response of the Ni-
EGaln strain sensor to the motion of a wrist joint also was
verified (Fig. 7d).

Furthermore we found that the Ni-EGaln printed on
PU glue could be removed by alcoholic solution, as
shown in Fig. 8a, b. Sprayed with the alcoholic solution
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and using a brush, the Ni-EGaln could be removed and
gathered into a droplet (Fig. 8b). Here, the weight of the
original printed Ni-EGaln was about 0.3 g, and the
remained Ni-EGaln on the paper was about 0.1 mg. This
discovery could be used to recycle Ni-EGaln so as to
decrease the fabrication cost and reduce environmental
pollution. In addition, the Ni-EGaln lines printed on
paper could also be burnt as biodegradable wastes, as
shown in Fig. 8c.

Opverall, typical merits of the semi-liquid metal rolling
and transfer printing method for making flexible
electronics can be summarized as follows: (i) super-fast
fabrication for paper and stretchable electronics with
printing time of 10s, (ii) excellent electrical stability of
Ni-EGaln lines on paper and ecoflex, (iii) an simple
method for the preparation of multilayer and large area
circuits, (iv) recyclable ability to further reduce the cost of
fabrication and environment pollution.

CONCLUSIONS

In summary, we established a super-fast and low-cost
process—SMART printing method to fabricate flexible
electronics on paper and ecoflex substrates by rolling and
transfer printing the semi-liquid metal (Ni-EGaln). The
interface adhesion-selection principle between Ni-EGaln
and different target substrates (toners, PU glue and
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Figure 7 (a) The photographs of the stretchable LED array circuit. (b) The resistance of the Ni-EGaln strain sensor under various strains. (c) The
resistance of this strain sensor under various bending angles of the wrist joints. (d) Responsive signal of Ni-EGaln strain sensor during cyclic bending-

unbending motion of the wrist.

Figure 8 (a) The photographs of the recycle process of Ni-EGaln printed on PU glue. (b) The photograph of the gathered Ni-EGaln droplet. (c) The

photographs of the burnt process of Ni-EGaln.

ecoflex) also was disclosed. The conceptual experiments
elucidated that the paper electronics had excellent
electrical stability and durability after repeated cycles of
more than 1,000 times and the stretchable electronics on
ecoflex could be stretched to 100% strain. Besides, we
demonstrated the capability of the SMART printing
method in the field of wearable electronics, multilayer

992
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and large area circuits. With these important features,
SMART printing method is a potential mass production
way to quickly manufacture various functional flexible
electronics in the coming time.
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