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g r a p h i c a l a b s t r a c t
A Liquid-metal-repellent surface can be
 achieved by femtosecond laser direct writing (FLDW). The flexibility of FLDW enables the design of colourful
liquid-metal wetting/dewetting patterns by selectively treating the PDMS surface. A flexible microheater and a microstrip patch antenna were success-
fully prepared based on laser-textured liquid-metal-repellent surfaces. Hypothesis:
a r t i c l e i n f o

Article history:
Received 18 December 2019
Revised 12 May 2020
Accepted 13 May 2020
Available online 21 May 2020

Keywords:
Liquid-metal repellence
Flexible electronics
a b s t r a c t

Hypothesis: Controlling the wetting behaviour of gallium-based liquid metal is highly desired for soft
electronics applications. Currently, achieving durable and patternable liquid-metal-repellent surfaces
by a simple and flexible method is challenging. The femtosecond laser has a remarkable ability to modify
the morphology and wettability of a solid surface. It can also potentially be applied to control the wetta-
bility of liquid metal and achieve complete liquid-metal patterns.
Experiments: Femtosecond laser processing was used to form a microstructure on a polydimethylsiloxane
(PDMS) surface. With regard to the laser-ablated surface, its morphology was observed by a scanning
electron microscope, and its wettability to liquid metal was characterized by measuring the contact
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Liquid metal
Femtosecond laser
Patch antenna
angle, sliding angle, and adhesive force. Finally, its potential applications in soft electronics were demon-
strated.
Findings: A layer of micro/nanostructures was directly prepared on the PDMS surface by laser ablation,
presenting excellent liquid-metal repellence. Without expensive masks and complex operation processes,
programmable liquid-metal-repellent patterns were easily obtained by femtosecond laser selectively
treating the PDMS surface, enabling EGaIn to be patterned on the textured surface. The as-prepared
liquid-metal patterns can be used as a flexible microheater and a microstrip patch antenna. It is believed
that laser-patterned liquid-metal-repellent surfaces will have significant applications in soft electronics,
such as antennas, microcircuits, lab on chips, and wearable electronic devices.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Flexible electronics attract tremendous scientific interest
because of their broad applications in portable equipment [1–3],
antennas [4–6], sensors [7–9], healthcare [10–12], and wearable
devices [13–16]. Outstanding stretchable and deformable compo-
nents, especially flexible conductors, play a significant role in soft
electronics [1,17,18]. Traditional metal conductors such as silver,
copper, and aluminium have high conductivity but are not durable
after repeated bending, warping, or stretching. In contrast, gallium
(Ga) and Ga-based metal alloys, which are usually liquid state at
room temperature, also have the advantages of strong ductility,
great flexibility, and nontoxicity apart from high conductivity
[19–23]. The excellent mechanical and electrical properties allow
Ga-based liquid metals to become promising candidates in flexible
electronics to replace traditional metal conductors [24–28]. How-
ever, liquid Ga-based metal alloys are generally coated with a thin
oxide shell, and their practical application is seriously hindered by
this oxide shell [29,30]. The liquid metal is inclined to firmly stick
to a solid surface because the shell has ultrahigh adhesion to the
solid substrate. The adhered liquid metal is difficult to remove,
and the metal residuals strongly limit the precision of the prepara-
tion of Ga-based microelectronic devices. Although the unwished
oxide shell can be removed by acid or alkaline solution treatment,
the oxide coating will quickly regenerate through oxidation once
the liquid alloys are in contact with air [31–34]. In addition, most
of the acid/alkaline solutions used to remove the oxide shell are
corrosive and not suitable for microelectronic devices [35].

To reduce the adhesion between liquid metal and solid surface,
a new strategy based on liquid-metal-repellent microstructure is
developed, without the removal of the oxide shell [36–40].
Inspired by the extremely liquid-metal-repellent surfaces that
are designed by the cooperative effect of both surface microstruc-
ture and chemical composition, liquid-metal-repellent surfaces
have been fabricated. For instance, Kim et al. transferred aligned
carbon nanotube forest onto a polydimethylsiloxane (PDMS) sur-
face [41]. The contact angle (CA) of a liquid galinstan� (78.3% Ga,
14.9% In, 6.8% Sn) droplet on the as-prepared surface was higher
than 155�, and the CA hysteresis was 19�. Jiang et al. coated low-
surface-energy silica nanoparticles onto a glass surface [42]. As a
result, the glass surface was not wetted by EGaIn (85.8% Ga,
14.2% In). A complex wetting/dewetting pattern to liquid metal
was further achieved by selectively and partly removing the
nanoparticle coating. Joshipura et al. prepared a ‘‘never-wet” chan-
nel for EGaIn via superhydrophobic spray-coating [43]. Currently,
liquid-metal repellence is usually obtained on superhydrophobic
coatings, but the wettability of a Ga-based liquid-metal droplet
on a rough solid substrate is very different from that of a water
droplet. The influencing factor on the wettability of Ga-based liq-
uid metal and the principle of designing a liquid-metal-repellent
surface are still not deeply revealed. In addition, for application
in soft microelectronic devices, wetting/dewetting micropatterned
surfaces to liquid metals are strongly required in most cases. How-
ever, the reported liquid-metal-repellent patterned surfaces are
usually prepared by expensive masks and complex substrates,
and the fabricated liquid-metal patterns are also not durable
enough in practical applications [7,17,18,44]. Achieving durable
and patternable liquid-metal-repellent surfaces by a one-step
and flexible approach is challenging.

Femtosecond laser direct writing (FLDW) is able to prepare var-
ious patterns on a solid surface and modify the surface topography
[45–53]. Herein, micro/nanostructures were successfully built on a
polydimethylsiloxane (PDMS) surface via FLDW. The droplet of
EGaIn liquid metal was strongly repelled by the femtosecond
laser-induced microstructures because the oxide shell makes the
contact between liquid metal and the laser-induced surface
microstructure be in the Cassie state. The resultant surface could
maintain its liquid-metal repellence even after bending, rubbing,
or immersion in different corrosive/organic solutions. Further-
more, the liquid-metal-repellent pattern was easily prepared
through selective FLDW, with a metal-line resolution of 200 lm.
Based on the liquid-metal-repellent patterns, soft electronics, such
as microheaters and flexible microstrip patch antennas, were suc-
cessfully designed.
2. Results and discussion

2.1. Topography and wettability of the laser-induced PDMS surface

FLDW is adopted to generate the microstructure on the surface
of the PDMS substrate. The femtosecond laser microfabrication
system is depicted in Fig. 1A. A PDMS film is fixed on a platform
whose movement is controlled by the programme. The laser beam
is focused onto the sample surface by an objective lens. The sample
is ablated by a laser at a power of 20 mW, a scanning speed of
8 mm/s, and a scanning space of 8 mm based on a point-by-point
scanning process (Fig. S1, Supporting Information). Fig. 1B, C shows
scanning electron microscopy (SEM) images of the femtosecond
laser-irradiated PDMS surface. Abundant micro-protrusions with
sizes of 1–5 mm distribute the sample surface (Fig. 1B). The surface
of the protrusions is further decorated with numerous submicro/-
nanoparticles (Fig. 1C). The surface roughness (Sa) is measured to
be ~0.335 mm. When a liquid EGaIn droplet controlled by a syringe
needle (4 lL) is moved to touch and then leave the sample sur-
faces, the droplet finally adheres to the untreated flat PDMS surface
firmly (Fig. 1D and Movie S1, Supporting Information), whereas the
liquid-metal droplet is repelled by the laser-ablated PDMS with
surface micro/nanostructures and is taken away by the syringe
needle (Fig. 1E and Movie S1, Supporting Information). The
liquid-metal droplet on the flat PDMS surface has a metal contact
angle (MCA) of 137� ± 5� (Inset of Fig. 1F), while it can maintain
a quasi-spherical shape on the laser-treated PDMS surface, and
the measured MCA reaches 156.5� ± 1.5� (Inset of Fig. 1G). As the
laser-structured surface is slightly tilted at 5�, the liquid-metal dro-
plet will easily roll down (Fig. S2 and Movie S2, Supporting Infor-



Fig. 1. Femtosecond laser microfabrication system and wettability of the PDMS surface. (A) Schematic illustration of the experimental setup. (B, C) SEM images of the PDMS
surface after FLDW treatment. (D, E) Process of a liquid EGaIn droplet being moved to contact and leaving the PDMS surface: (D) the flat PDMS surface and (E) the laser-
structured PDMS surface. (F, G) Schematic illustration of the wetting state between EGaIn and PDMS surfaces: (F) untreated flat PDMS surface and (G) the laser-induced rough
PDMS surface. Insets: Shapes of a liquid EGaIn droplet on the corresponding surfaces.
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mation). The results reveal that the laser-treated PDMS surface
exhibits excellent repellence and ultralow adhesion to a liquid
EGaIn droplet. We choose ‘‘liquid-metal repellence” to define the
surface where a Ga-based liquid metal droplet has a CA larger than
150� and sliding angle (SA) smaller than 10� on a surface.
Movie S2.

Movie S1.
As a non-Newtonian liquid, liquid EGaIn is usually coated with a
solid but stretched oxide shell in an air environment. The move-
ment of the liquid metal actually also depends on the outer oxide
shell. In the case of a liquid-metal droplet on the flat PDMS surface,
the PDMS surface is directly in contact with the oxide shell rather
than the liquid metal (Fig. 1F). Owing to the hydrogen bond inter-
action between the Ga2O3 of the oxide layer and the hydrogen
atoms of CH3 [3,10], the large contact area between the flexible
shell and PDMS surface leads to ultrahigh adhesion of the
untreated PDMS surface to the liquid metal.

When liquid metal is in contact with the femtosecond laser-
structured surface, the oxide shell first touches the microprotru-
sions and nanoparticles on the sample surface, as shown in
Fig. 1G. The limit of the intrusion pressure, Dp, can be illustrated
as:

Dp ¼ � cLcosha
S

where c is the surface tension of the oxide shell (c � 600 mN/m), L
is the length of the three-phase (air/solid/liquid metal) contact line,
ha is the advancing CA, and S is the projected contact area. The c of
the EGaIn oxide shell is much larger than the surface tension of
common liquids such as water and oil. The ha of EGaIn is also
greater than that of water on the PDMS surface. Hence, compared
to common Newtonian liquids, Ga-based liquid metal is more diffi-
cult to wet rough surfaces. To further analyse the similarity and dif-
ference between water and EGaIn wetting behaviours, the
influences of physical morphology and chemical composition are
discussed in detail in the Supporting Information. The wettability
of Ga-based liquid metal is very different from the water wettabil-
ity. The laser-induced hydrophilic microstructure can also have
liquid-metal repellent ability in addition to a superhydrophobic
surface. Fig. S3 (Supporting Information) reveals that the surface
microstructure plays a more important role in achieving liquid-
metal repellence than chemistry. Therefore, liquid-metal repellence
is proven to be simply achieved via FLDW, regardless of chemical
modification.

The average distance (AD) of the laser pulse-ablated points has
a great influence on the surface morphology of the laser-treated
PDMS surface (Fig. S1, Supporting Information). Fig. 2A–C shows
the SEM images of the laser-structured PDMS surfaces with differ-



Fig. 2. SEM images of the PDMS surface after FLDW treatment: (A) AD = 2 lm, (B) AD = 6 lm, and (C) AD = 10 lm. (D–F) Static shape and sliding behaviour of a liquid EGaIn
droplet on the resultant surfaces corresponding to (A–C). (G) Variation of the MCA and MSA of the laser-irradiated PDMS surface with the change of the AD. (H) Adhesive force
between the EGaIn droplet and the laser-irradiated PDMS surfaces with different ADs. (I, J) The MCA and MSA on the laser-treated surface after the (I) bending test and (J)
abrasion test.
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ent ADs. The amount of microstructures and nanostructures on the
resultant surface decreases with increasing AD. The Sa decreases
from 0.445 mm to 0.12 mm as the AD increases from 2 mm to
15 mm (Fig. S4, Supporting Information). The variation of surface
microstructures results in the change of EGaIn wetting behaviour
on the resultant surface. Fig. 2G shows the MCAs and metal sliding
angles (MSAs) on the sample surfaces with the AD ranging from
2 mm to 10 mm. The MCA is as high as 163.0� ± 1�, and the MSA
is only 1.7� ± 0.3� at an AD of 2 mm (Fig. 2D). As the AD increases,
the MCA slowly decreases from 163.0� ± 1� (AD = 2 mm) to
162.0� ± 2� (AD = 4 mm), 159.7� ± 3.3� (AD = 6 mm, Fig. 2E),
155.5� ± 1.5� (AD = 8 mm) and then to 156.0� ± 4� (AD = 10 mm,
Fig. 2F). In contrast, the MSA slowly increases as the AD increases.
The MSA is larger than 10� until the AD reaches up to 10 mm
(Fig. 2E–G). The adhesive force between a liquid EGaIn droplet
and the laser-structured PDMS surface is revealed in Fig. 2H. The
variation trend of the adhesive force is similar to that of the
MSA. The adhesive force is smaller than 0.003 mN when the AD
is less than 8 lm. Compared to the flat PDMS surface, the adhesive
force between EGaIn liquid metal and PDMS surface is reduced at
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least 266 times after FLDW treatment. Therefore, a liquid-metal-
repellent surface with ultralow metal adhesion can be obtained
with an AD less than 8 lm.

2.2. Durability of liquid-metal-repellent surface

Mechanical and chemical durability (e.g., anti-abrasion,
bendable, and anti-corrosion) is crucial for liquid-metal-repellent
surfaces for practical applications. Most of the pre-reported
liquid-metal-repellent surfaces are fabricated by coating rough
micro/nanostructures on a substrate. The surfaces are easy to lose
liquid-metal-repellent properties as long as the coatings are
broken or peeled off. In contrast, femtosecond laser-structured
surfaces exhibit stable liquid-metal repellence after different
damage treatments. Fig. 2I shows the metal wettability of the
laser-structured PDMS surface after being bent to a significant
Fig. 3. Fabrication of liquid-metal patterns by selective FLDW. (A–C) Process of preparing
treatment, (B) dripping liquid metal onto the patterned surface, (C) air blowing. (D–F) Sch
corresponding to (A–C). (G–I) Photos of the liquid-metal patterns with different shapes:
degree for different cycles. The MCA and MSA show almost no
apparent change after 100 bending cycles. As shown in Fig. 2J, a
simple sandpaper abrasion test was also performed to investigate
the wear resistance of the laser-induced microstructures. With
increasing abrasion time, the MCA of a liquid metal droplet on
the treated PDMS surface is always larger than 150�, and the
MSA is kept below 10�. Moreover, the sample still maintained great
liquid-metal repellence after immersion in 1 M HCl, 1 M NaOH,
10 wt% NaCl, and 10 wt% glucose solutions for 4 h (Fig. S5, Support-
ing Information). The results demonstrate that the laser-induced
liquid-metal-repellent surface possesses strong mechanical
robustness and chemical stability.

The femtosecond laser pulse is able to ablate almost all of the
solid materials due to its extremely high peak intensity, so FLDW
can endow various materials with rough surface microstructures
apart from the PDMS film. After the formation of surface
a liquid-metal pattern by FLDW: (A) patterning the PDMS surface by selective laser
ematic illustration of the wetting state between liquid metal and the PDMS surface
(G) leaf-like pattern, (H) star-like pattern, and (I) complex spiral pattern.
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microstructures by FLDW, the laser-structured Cu, Ti, glass, and Si
surfaces also present great EGaIn-repellent ability, as shown in
Fig. S6 (Supporting Information).
2.3. Fabrication of liquid metal patterns

Based on the distinguishing wettabilities of the untreated sur-
face and laser-structured PDMS surface, EGaIn patterns can be
designed and fabricated via selective FLDW, as shown in Fig. 3A–
F. First, part of the PDMS surface area was selectively ablated by
a femtosecond laser, leaving the rest of the region composed of
an unablated flat area (Fig. 3A, D). The unablated flat area formed
a pattern whose shape can be predesigned by a computer pro-
gramme during laser treatment. Second, liquid EGaIn was dripped
onto the patterned surface and brushed over the whole surface to
entirely spread it out (Fig. 3B). As shown in Fig. 3E, the oxide shell
of EGaIn only wetted the unablated flat area, belonging to Young’s
contact state. However, the contact between the oxide shell and
laser-irradiated area was prevented by microprotrusions and
nanoparticles. The EGaIn oxide shell can only touch the peaks of
the micro/nanostructures of the laser-ablated area, reducing the
real contact area between the oxide shell and the rough structures
remarkably. Such solid/solid (rough surface/oxide shell) contact
can be considered as the Cassie contact state. Third, the excess liq-
uid metal on the sample surface was simply removed by air blow-
ing (Fig. 3E). Due to the different contact states between the oxide
Fig. 4. Microheater based on an EGaIn pattern. (A) Design diagram of the microheater. (B
images under different input currents: (B) the flat microheater and (C) the curved micro
60 s. (E) Temperature evolutions of the microheater at the flat and curved states during
shell and laser-ablated/unable-ablated area, liquid metal on the
rough area was easily removed by air blowing, and the liquid EGaIn
only adhered on the flat area (Fig. 3F). Finally, the surface was
brushed again to uniformize the EGaIn layer. As a result, an EGaIn
metal pattern based on the surface structure pattern was obtained
(Fig. 3C). Through designing different structural patterns on the
PDMS surface by selective FLDW, complex metal micropatterns
can be successfully prepared, such as leaf-like patterns (Fig. 3G),
star-like patterns (Fig. 3H), and circuit patterns (Fig. 3I). The thick-
ness of the liquid metal pattern is approximately 10 lm. The excel-
lent electrical and mechanical properties allow the designed EGaIn
patterns to be applied in microelectronics. Fig. S7A (Supporting
Information) shows a simple circuit with a line width of 500 lm,
which is highly uniform. The line width of EGaIn can be easily
tuned by the designed pattern, and a minimum line width of
200 lm can be achieved (Fig. S7B, Supporting Information).
2.4. Application of patternable liquid-metal-repellent surface

2.4.1. Microheater
A microheater based on a patterned liquid-metal-repellent sur-

face was designed. The layout of the circuit is depicted in Fig. 4A.
The width of the as-prepared liquid metal line is 1000 lm and
the resistance of the circuit remains stable at 1.2X. When an input
current is applied to the as-prepared circuit, the EGaIn-based
device is able to generate heat. Fig. 4B shows the infrared temper-
, C) Photo of the as-prepared micro-heater and its infrared temperature distribution
heater. (D) Temperature of the microheater after applying different currents for 0–
a cycle of heating and cooling down (I = 1.0 A).



Fig. 5. Flexible microstrip patch antenna based on an EGaIn pattern. (A) Component of the patch antenna. (B, C) Photos of the (B) flat and (C) curved patch antennas. (D)
Measured frequency of the as-prepared patch antenna with different bending conditions. (E) Dependence of the working frequency on the bending cycles of the antenna.
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ature distribution images of the circuit after being applied with dif-
ferent input currents for 60 s. The heat-generation results are sum-
marized in Fig. 4D, which is consistent with the Joule law and heat
dissipation. With increasing time, the temperature of the as-
prepared device gradually increases at first and finally stabilizes.
The input current plays an important role in the heating efficiency
of the microheater as well as the maximum temperature. There is
no significant temperature change between the microheater and
environment when the working current is only 0.2 A. The device
can be heated to 38.4 �C in the case of I = 0.4 A. It is also found that
the maximum temperature of the microheater has an obviously
positive correlation with the input current. As the working current
further increases, the temperature can reach up to 44.6 �C (I = 0.6
A), 60.0 �C (I = 0.8 A) and 81.0 �C (I = 1.0 A), as shown in Fig. 4B.
Even though the microheater was bent, it was still able to generate
heat (Fig. 4C). Fig. 4E shows the temperature evolutions of the
microheater at the flat and curved states during a cycle of heating
and cooling down (I = 1.0 A). The temperature variation trend of
the curved microheater almost coincides with that of the flat
microheater, indicating that the as-prepared microheater can even
continue to work entirely with a bent shape. The capacity of work-
ing at the curved state of the as-prepared microheater is ascribed
to the strong ductility and great flexibility of the Ga-based liquid
metal.

2.4.2. Microstrip patch antenna
A flexible microstrip patch antenna was also prepared based on

the EGaIn pattern. As shown in Fig. 5A, the patch antenna consists
of an EGaIn pattern, a PDMS layer, and a copper foil. EGaIn was
adhered on the patterned liquid-metal-repellent PDMS layer as
the metal patch of the antenna. Copper foil tape was pasted under
PDMS. The whole antenna has a size of 20 � 23 mm2, and the min-
imum line width of the EGaIn pattern is only 300 lm (Fig. 5B). No
surprisingly, the designed working frequency is 2.6 GHz according
to the simulation. The experimental results reveal that the as-
prepared microstrip patch antenna works only at 2.6 GHz, agreeing
well with the design requirement (Fig. 5D). When the antenna is
bent from flat to a curved surface with a radius curvature of
36 mm (Fig. 5C), the resultant antenna always works at 2.6 GHz,
and no significant shift of working frequency occurs. As the radius
of curvature decreases to 24 mm, the centre frequency of the resul-
tant antenna has a slight decrease, and this shift is no more than
0.1 GHz. Generally, such subtle fluctuation of the centre frequency
is in the normal working range. Fig. 5D also reveals that all the
curved antennas with different radius curvatures present good
input matching and work near 2.6 GHz, demonstrating the excel-
lent flexibility and ductility of the as-obtained antenna. The flexi-
ble microstrip patch antenna is still able to work properly after
100 cycles of bending treatment (Fig. 5E). The features of good
input matching and flexibility allow the EGaIn-based antenna to
have broad commercial application prospects in soft electronic
devices.

3. Conclusions

In conclusion, a novel way to prepare liquid-metal-repellent
surfaces was realized by a femtosecond laser. The laser-induced
micro/nanoscale surface structure endowed the PDMS surface with
excellent repellence to liquid metal. On the resultant surface, the
adhesive force between the liquid metal and the textured surface
was reduced by at least 266 times compared to untreated flat
PDMS. It is also revealed that the wettability of Ga-based liquid
metal is very different from the water wettability. Surface
microstructure plays a more important role than chemistry in
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achieving liquid-metal repellence. The resultant surface could
maintain its liquid-metal-repellent property even after bending,
rubbing, or immersion in different corrosive/organic solutions,
which presents unique stability compared with that of other
liquid-metal-repellent surfaces [41–43]. The flexibility of FLDW
enables the design of colourful liquid-metal wetting/dewetting
patterns by selectively treating the PDMS surface. The as-
prepared liquid-metal patterns can be used as a flexible micro-
heater and a flexible patch antenna. The minimum metal-line
width of 200 mm is obtained. Furthermore, the whole liquid metal
pattern is directly formed on a single micro/nanostructured sub-
strate that is pretreated by a femtosecond laser. Compared to the
existing technology for printing liquid metal, this selective liquid
metal wetting process is very simple and flexible and does not
require any masks, coatings, or extra equipment [17,18,44].

This concept will open a new way to print soft electronics by
just controlling the physical morphology of the substrate surface.
Further studies are important to improve the machining precision
and miniaturize the devices. It is believed that laser-patterned
liquid-metal-repellent surfaces will have more significant applica-
tions in liquid metal printing, microfluidics, soft robots, and wear-
able devices.
4. Experimental section

4.1. Materials

PDMS is a kind of soft, transparent, and eco-friendly polymer
that is widely used in flexible and wearable electronics. The PDMS
sheets were prepared from a 1:10 mixture of curing agent (DC-
184B, Dow Corning Corporation) and prepolymer (DC-184A, Dow
Corning Corporation). The PDMS mixture was cured at 90 �C for
2 h. The EGaIn (85% Ga & 15% In) liquid metal was purchased from
Shuochen Metal Co., Ltd.
4.2. FLDW process

As shown in Fig. 1A, PDMS sheets with a thickness of 0.5 mm
were mounted on a computer-controlled translation stage. The
laser pulses (centre wavelength = 800 nm, pulse duration = 50 fs,
repetition rate = 1 kHz) were generated from a regenerative ampli-
fied Ti:sapphire laser system (CoHerent, Libra-usp-1 K-he-200) and
were focused onto the sample surfaces by an objective lens (20�,
NA = 0.45). The laser power was set at 20 mW. During femtosecond
processing, the laser scanning speed and the interval of the scan-
ning lines were controlled by the programme. The average distance
(AD) of the adjacent laser-ablated points is the main machining
parameter in our experiment (Fig. S1, Supporting Information).
After that, the samples were cleaned by an ultrasonic cleaner.
4.3. Fabrication of flexible antenna

The antenna was designed and simulated in commercially avail-
able 3D electromagnetic software, CST. According to the metal
patch of an antenna, the EGaIn pattern was achieved on the PDMS
surface by selective FLDW. A copper foil tape was cut to the right
dimension and then pasted under the PDMS surface. To ensure
electrical connection at the feeding port, thin cable and antenna
with high temperature resistant insulation tape were fixed. The
as-obtained antenna has a size of 20 � 23 mm2, and the connector
is attached from the bottom side.
4.4. Characterization

A Flex SEM 1000 scanning electron microscope (HITACHI,
Japan) was used to observe the morphology of the as-prepared sur-
face. The three-dimensional profile and surface roughness of the
PDMS surface were examined by a LEXT OLS4000 laser confocal
microscope (Olympus, Japan). The EGaIn and water contact angles
and sliding angles were measured by a JC2000D contact-angle sys-
tem (Powereach, China). The volume of the tested droplet was
approximately 8 lL. The dynamic process of EGaIn droplets was
captured by a charge-coupled device camera with a frame rate of
100 fps. The adhesive force between a liquid-metal droplet and
the untreated/treated surfaces was measured using a DCAT 11 sur-
face tension measurement system (Dataphysics, Germany). The
infrared temperature distribution of the EGaIn-based microheater
was measured by a VarioCAM-780 infrared thermal imager (Infra-
Tec, Germany). The frequency of the antenna was characterized
with a Rhode and Schwarz ZVR vector network analyzer.

4.5. Durability test

For the sandpaper abrasion test, the laser-structured PDMS
sample (2 � 2 cm2) was placed on sandpaper (1000 mesh, Sail
Brand, China) and the laser-treated side was in contact with the
sandpaper. The PDMS sample also loaded a weight of 100 g. Every
time the surface was pulled forward for 10 cm and then returned
back. The bending test was carried out by curving the sample to
180� for different cycles. The chemical durability was evaluated
by immersing the sample in different solutions for 4 h, including
0.01 mol/L hydrochloric acid, 0.01 mol/L sodium hydroxide, 10%
sodium chloride, and 10% glucose solutions.
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