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a femtosecond laser
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Eutectic gallium–indium (EGaIn) liquid metal (LM) attracts increasing interest because of its broad

applications in flexible circuits and soft devices. However, LM can easily adhere to a solid substrate due

to the existence of a high-adhesive oxide outside layer, which greatly limits the real application of LM

materials. Current methods to reduce the LM adhesion are mostly based on chemical treatment rather

than surface microstructure, which are not suitable for most practical applications. In this paper,

microstructure was simply created on various substrates by femtosecond laser ablation. The resultant

surfaces show excellent repellence to EGaIn LM and the LM is difficult to adhere to the structured

surface. Such a surface is defined as a “super-metal-phobic” surface. For example, the laser-ablated silica

glass surface shows a contact angle of 157� � 3�, sliding angle of 10�, and adhesive force of 1.2 mN to

a LM droplet. The LM repellence is very stable even if the LM droplet is heavily pressed towards the

sample surfaces. It is demonstrated that the adhesion of LM can be significantly reduced by the laser-

induced surface microstructures. The method of controlling the wettability of LM has important potential

applications in manipulating LM and preparing flexible circuits.
1. Introduction

Recently, exible circuits have attracted increasing attention
because of their wide applications in conductive skin,
medical implants, wearable exible devices, etc.1–6 Flexible
substrates and exible conductors play a crucial role in the
exible circuits.7,8 The emergence of exible conductors
perfectly solves the problem of the limited deformation
degree that the conventional solid metal wires usually
face.9,10 Liquid metal (LM) is one kind of most promising
exible conductive material that meets the requirements for
exible circuit applications.4,11–19 For example, Liu et al.
prepared different exible LM-based circuits by using the
high adhesion between LM and specic so substrates.20–22

Wu et al. designed the wettability of liquid alloy on a so
plate by UV laser roughening.23 The plate could be used to
transfer liquid alloy to different substrates and make liquid
alloy based so electronic and smart systems. As an unique
LM with the melting point lower than 30 �C,24,25 eutectic
gallium–indium (EGaIn) has the characteristics of high
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conductivity,26 exibility,11 very low vapor pressure,27 non-
toxic,27 and super-cooling effect.24,28 A solid oxide thin lm
usually coats on the outside surface of the LM because the LM
is easily oxidized in aerobic environment.29,30 It is mostly
necessary to manipulate LM, such as stretching, compress-
ing, pushing and pulling, or transporting towards the
applications of LM.4,17,31–33 However, the oxide lm with high
adhesion makes LM easily adhere to the surface of solid
materials,34 severely limiting the application range of LM.
Some chemical treatments were used to remove the oxide
layer and then reduce the adhesion of LM,17,35,36 but these
chemical treatments are not suitable for most devices. LM is
mainly applied in electronic devices and exible equipment.
Reducing the adhesion of the LM on a solid substrate is
particularly important for practical applications, such as
circuit printing and exible robots. Developing a simple,
non-corrosive, and universally applicable method to make
various solid surfaces have excellent repellence to LM still
faces signicant challenge.

Herein, LM-repellent microstructures were prepared on
various surfaces by femtosecond (fs) laser ablation. A liquid
EGaIn droplet on the laser-treated silica glass surface has
the contact angle (CA) of 157� � 3� and the sliding angle (SA)
of 10�, demonstrating excellent repellence of the laser-
induced microstructure to LM. The adhesion between LM
droplet and sample surfaces is very low, so the LM is difficult
to adhere to the textured substrates. We dened such liquid-
metal-repellent surface as “super-metal-phobic” surface.
RSC Adv., 2020, 10, 3301–3306 | 3301
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The supermetalphobicity was also achieved on the fs laser-
ablated polydimethylsiloxane (PDMS), copper, and stain-
less steel surfaces. The surfaces exhibit stable LM repellence
even though the LM droplet was heavily pressed. As a ex-
ible conductor, the potential of designing various circuits by
the LM on the laser-treated substrates was demonstrated.
2. Experimental section

Fs laser ablation was used to induce microstructure on the
surfaces of different samples. The silica glass sheet (10 mm �
10 mm � 1 mm) was previously xed on a movable platform.
The fs laser with the pulse duration of 50 fs, central wavelength
of 800 nm, and repetition frequency of 1 kHz was generated
from a Ti: sapphire laser system (Coherent, Libra-usp 1 K-he-
200). The laser beam (average power of 40 mW) was focused
on the silica glass surface by an objective lens (NA ¼ 0.45, 20�,
Nikon). The moving speed of the platform was 8 mm s�1, and
the interval of the adjacent laser scanning lines was set at 8 mm.
Finally, the laser-treated silica glass surface was ultrasonically
cleaned with absolute ethanol and deionized water for 10
minutes. Such laser processing can also be applied to many
other materials to create surface microstructures, such as
PDMS, copper, and stainless steel. The PDMS sheet was ob-
tained bymixing the prepolymer and curing agent (v : v¼ 10 : 1)
(DC-184, Dow Corning Corporation) and heated at 100 �C for 2
hours.

The surface microstructure of the samples was observed by
a Flex 1000 scanning electron microscope (Hitachi, Japan). The
CA and SA values of a liquid EGaIn (Shuochen Metal Co., Ltd)
droplet on the sample surfaces were measured by a JC2000D
contact angle system (Powereach, China). The adhesive force
between LM droplet and sample surfaces was measured by
a DCAT11 surface tension meter (Dataphysics, German).
Fig. 1 Surface structure and wettability of the silica glass surface before
LM droplet on the untreated flat surface. (c) LM droplet adhering to the
ablation. (e) LM droplet on the laser-ablated silica glass surface. (f) LM d

3302 | RSC Adv., 2020, 10, 3301–3306
3. Results and discussion

Fig. 1a and d shows the scanning electron microscopy (SEM)
images of the silica glass surface before and aer fs laser
ablation. The surface of the untreated silica glass looks very
smooth (Fig. 1a), while there are abundant protrusions with the
size of hundreds of nanometers randomly distributing on the fs
laser-ablated sample surface (Fig. 1d). Such microstructure is
formed from the ablation-induced material removal and re-
solidication of the ejected particles during fs laser ablation.
When a liquid EGaIn droplet is dripped on an untreated silica
glass surface, the CA of the LM droplet is 130� � 3� (Fig. 1b). The
LM droplet can rmly adhere to the silica glass surface. Even if
the sample is slanted vertically, the LM droplet will not fall off
(Fig. 1c). In contrast, the liquid EGaIn droplet can curl up on the
laser-treated silica glass surface, with the CA of 157� � 3�

(Fig. 1e). The LM droplet will easily roll away as long as the
sample surface is slightly tilted. The measured SA is only 10�

(Fig. 1f). The high CA and low SA values of the LM droplet on the
laser-treated rough surface indicate that the laser-induced
microstructure allows the silica glass surface to have great
repellence to LM. The adhesion between the LM and the silica
glass is remarkably reduced aer fs laser processing. Similar to
the term “super-hydro-phobicity”, we use “super-metal-pho-
bicity” to dene such property that a LM droplet on the sample
surface has a CA $ 150� and SA # 10�.

The outside of LM is generally coated with a solid oxide thin
layer, so the rheology property of LM is completely different
from the conventional uids.15,23 Fig. 2a depicts the state of
a LM droplet on a at substrate. The oxide layer could suffi-
ciently touch with the substrate. The LM droplet on the at
substrate is considered at the Young contact state. High adhe-
sion between the LM droplet and at surface results from the
large contact area, thereby LM can tightly adhere to the smooth
and after fs laser treatment. (a) SEM image of the untreated surface. (b)
vertical untreated surface. (d) SEM image of the surface after fs laser
roplet rolling on the laser-structured surface.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Wetting state of a LM droplet on different silica glass surfaces: (a) flat silica glass and (b) laser-ablated silica glass.
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surface. If the LM droplet is dripped on the laser-structured
silica glass surface, the oxide layer rst touches the peaks of
the surface microstructure. The gravity is not enough to reach
the yield stress that allows the densely packed microstructure
on the silica glass surface to puncture the outside oxide layer, so
the internal LM cannot ow out to wet the surface. In fact, the
contact between the LM and the laser-treated silica glass surface
is replaced by a solid–solid contact rather than liquid–solid
contact. Fig. 2b shows that the LM is just in contact with the
Fig. 3 LM repellence of (a, d and g) PDMS, (b, e and h) copper, and (c, f, a
the laser-ablated surfaces. (d–f) LM droplet on the untreated flat surface

This journal is © The Royal Society of Chemistry 2020
tops of the laser-induced microstructure, agreeing well with the
Cassie wetting state. The surface microstructures can lead to
a signicant reduction of the contact area between the LM and
the solid substrate, resulting in very low adhesion between the
LM droplet and the laser-ablated surface. Therefore, the LM
droplet is inclined to maintain a spherical shape on the rough
surface and roll away easily.

Fs laser is able to ablate almost all the known materials.37–39

Microstructures could also be induced on the surfaces of PDMS
nd i) stainless steel surfaces after laser treatment. (a–c) SEM images of
s. (g–i) LM droplet on the laser-treated surfaces.

RSC Adv., 2020, 10, 3301–3306 | 3303
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Table 1 Adhesive force between LM droplet and different sample
surfaces

Materials

Adhesive force (mN)

Flat Rough

Silica glass 320.2 1.2
PDMS 730.2 1.4
Copper 306.8 1.2
Stainless steel 257.2 66.8
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(Fig. 3a), copper (Fig. 3b), stainless steel (Fig. 3c), etc., by one-step
fs laser ablation besides silica glass.40 Those surfaces were also
endowed with ultralow adhesion to LM droplet. The CA values of
the LM droplet on the untreated PDMS, copper, and stainless
steel surfaces are only 136� � 2� (Fig. 3d), 132� � 5� (Fig. 3e), and
140� � 7� (Fig. 3f), respectively. The at surfaces also exhibit high
adhesion to the LM droplet. In contrast, the CA values of LM
droplet can increase to 169� � 3� (Fig. 3g, for PDMS substrate),
158� � 1� (Fig. 3h, for copper substrate), and 161� � 1� (Fig. 3f,
for stainless steel substrate) aer fs laser processing, indicating
great supermetalphobicity of the laser-ablated substrates.

Table 1 shows the measured adhesive force between the LM
droplet and different sample surfaces. The untreated at
substrates usually exhibit a very high adhesive force to LM
droplet. Compared to the at surfaces, the laser-induced rough
microstructure enables that the adhesive force between the LM
droplet and the textured sample surfaces reduces by tens to
hundreds of times. For example, the adhesive force between the
Fig. 4 CA change of a LM droplet on the sample surfaces after being pre
silica glass surface after pressing. (b) Shape change of a LM droplet on
droplet on different substrates after being pressed by a force: (c) untrea

3304 | RSC Adv., 2020, 10, 3301–3306
LM droplet and the original at silica glass surface is 320.2 mN,
while it declines to near zero for the laser-treated surface.

The wettability of the LM on a at surface will inevitably
change under pressure due to the easy deformation of the LM
droplet, limiting the practical applications of the LM. Fortu-
nately, the LM repellence of the structured surface is very stable
even the LM droplet is pressed onto the surface. Fig. 4a and
b shows the CA change of a LM droplet on the sample surface
aer being pressed by a force. A 7 mL LMdroplet is dripped on the
sample surfaces by a microsyringe. With regard to at silica
surface, the CA of the LM droplet sharply decreases from 128.4�

� 1.4� to 85� � 11� as the LM droplet was pressed (Fig. 4a). The
CA change reaches up to 43�. Such CA decline can also be
observed on other untreated materials surfaces (Fig. 4c). The
pressed droplet spreads on the at surfaces with a larger contact
area, so it adheres tightly to the silica glass surface. On the
contrary, the LM droplet is able to keep its spherical shape on the
fs laser-structured silica glass surface even though it is pressed
(Fig. 4b). The change of CA value is not obvious before and aer
press, with just a slight shape change of the LM droplet,
demonstrating a very strong and stable repellence of the laser-
induced microstructure to LM. Even though a large press force
of 1440 mN was acted on the LM droplet, the LM was still unable
to penetrate into the laser-induced microstructure and the
surface maintained remarkable LM repellence. In addition to the
silica glass surface, the laser-ablated PDMS, copper, and stainless
steel surfaces also show stable supermetalphobicity (Fig. 4d).

The features of high conductivity, great exibility, and strong
ductility allow the LM to have important applications in exible
electronics. Controlling the wettability of the LM on a solid
ssed by a force. (a) Shape change of a LM droplet on the untreated flat
the laser-structured silica glass surfaces. (c and d) CA change of a LM
ted flat surfaces and (d) laser-ablated surfaces.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Preparation of simple LM circuit based on fs laser-induced supermetalphobic microstructures. (a) A circuit composed of LM line, LED
lamp, battery, and switch. (b) Construction of the LM circuit. (c and d) Lighting LED lamp up with the as-prepared circuit on different substrates:
(c) silica glass and (d) PDMS surfaces.
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substrate by fs laser treatment provides a new simple strategy
for designing various circuits regardless of the substrate mate-
rials. Various circuit patterns can be directly obtained on the
structured surfaces. A proof-of-concept for preparing a simple
LM circuit on the laser-ablated surface was demonstrated, as
shown in Fig. 5a. Part of the substrate surface was selectively
ablated by fs laser to generate surface microstructure, making
the rest un-ablated area form a connected pattern (Fig. 5b).
When the LM was poured on the substrate surface, the repel-
lence of the laser-induced microstructure would drive the LM to
ow to the un-ablated domain. That is, the LM was restricted to
just the at pattern. As a result, a LM pattern formed on the
substrate surface, which can act as a circuit. To investigate the
electric continuity of the as-prepared LM circuit, it was con-
nected with a LED lamp and a battery (Fig. 5a). As the switch was
turned on and the whole circuit was connected, the LED lamp
lighted up (Fig. 5c). The result demonstrates that the LM circuit
has high conductivity. LM circuits can also be prepared on
exible substrates based on the similar method. As shown in
Fig. 5d, LM circuit on the PDMS canmaintain great conductivity
even if the substrate was bent greatly. The results show that
selective wetting of LM on different surfaces can provide an
effective strategy for printing exible circuits.
4. Conclusions

Microstructure was directly fabricated on the silica glass
substrate by one-step fs laser ablation. The fs laser treatment
endows the silica glass surface with great repellence to LM. A
This journal is © The Royal Society of Chemistry 2020
LM droplet on the structured surface has a CA of 157� � 3� and
SA of 10�. Compared to the untreated at surface, the adhesive
force between LM droplet and the laser-ablated silica glass
surface is reduced from 320.2 mN to 1.2 mN. The PDMS, copper,
and stainless steel surfaces also show ultralow adhesion to LM
aer fs laser ablation besides silica glass. The solid–solid (oxide
layer-substrate) contact between the LM and solid surface
replaces the original liquid–solid contact, resulting in the Cas-
sie wetting state between the LM droplet and the laser-induced
microstructure. The repellent property makes the LM be hard to
adhere to the laser-structured surface. The supermetalphobic
microstructure enables us to obtain LM patterns on a solid
substrate, which can be used as a circuit. By taking advantages
of high conductivity and exibility, we believe that the laser-
induced supermetalphobic microstructures have important
potential applications in exible electronics.
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