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ABSTRACT: Slippery liquid-infused surfaces (SLIPS) with excellent liquid sliding
abilities have attracted great attention due to their multifunctions in broad fields.
However, current research is mainly concentrated on the isotropic SLIPS, and there
are few studies about the fabrication of anisotropic SLIPS and the investigation of
anisotropic bubble sliding. Herein, we reported a kind of distinct periodic '
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microgrooved slippery surface (MGSS) by one-step femtosecond laser scanning " Oil spinning spreading

and realized bubble anisotropic sliding in a liquid system. The MGSS enables the
bubble to slide along the direction of grooves but prevents the bubble from sliding
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along the perpendicular direction to the groove. The mechanism is mainly related to

the energy barrier difference caused by the spin-coating oil film thickness and the groove height along the parallel and
perpendicular directions. The relationship between the driven force of buoyancy and the resistance of contact angle hysteresis
was investigated by theoretical analysis, and the theoretical prediction showed a great adherence with the experimental results.
We also studied the influence of laser power and groove period on the degree of anisotropy, and it was found that the groove
space has little effect on the degree of anisotropy and the strongest bubble anisotropy can reach nearly 80°. Finally, the MGSS
was successfully used in anisotropic bubble transportation on flat and curved surfaces. We believe that such functional surfaces
will be promising candidates for manipulating bubble directional sliding behavior and further underwater gas collection.

KEYWORDS: Microgrooved slippery surface, One-step femtosecond laser scanning, Contact angle hysteresis,
Anisotropic bubble transportation, Underwater gas directional collection

1. INTRODUCTION

Inspired by natural carnivorous pitcher plants, different kinds
of slippery liquid-infused surfaces (SLIPS) have been
researched for many years,' " which consist of a lubricating
liquid film locked in place by a porous substrate. Due to their
excellent properties of self-cleaning, self-healing, and super-
repellency against various liquids,”~" SLIPS have been used in
lots of applications, such as anti—icing,8’9 antifouling,10
anticorrosion,"' drag reduction,'” and droplet manipula-
tion."”'* For example, Heng et al. fabricated two different
kinds of SLIPS by utilizing a reduced graphene oxide film to
achieve the manipulation of droplet motion with electric
response.’* Leslie et al. proposed a bioinspired omniphobic
surface coating on medical devices to prevent thrombosis and
biofouling."” Jiang et al. presented a photoelectric cooperative-
responsive slippery surface for droplets’ multifunctional
manipulation.'® It is worth noting that there were large
numbers of studies about droplet transportation on slippery
surfaces. Besides, as important components of multiphase
systems, slippery surfaces can also be used for the manipulation
of bubble movement in a liquid environment, which has
tremendous potential applications ranging from catalytic
reactions to energy exploration and liquid drug delivery.'” =
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A slippery surface has an adhesion force to bubbles and
exhibits easy sliding behavior for bubbles; thus, it is superior to
other kinds of interfaces in bubble transportation systems.
Jiang and co-workers investigated the sliding behavior of
underwater bubbles on the paper-based slippery surface from
various perspectives, such as the slant angle of surface, volume
of bubbles, and track width.'” Wang et al. proposed a
geometry-gradient lubricant surface for on-demand bubble
transportation,'® which realizes bubble transportation against
buoyancy.”” Guo et al. realized magnetically controllable
bubble manipulation on amphibious slippery gel surfaces,
which introduced a new way of designing amphibious surfaces
for smart control over the sliding behaviors of bubbles
underwater.”® Recently, Jiao et al. fabricated a kind of
microtextured slippery surface by laser irradiation and
superhydrophobic treatment, and they deeply investigated
the influence of the lubricant viscosity on the underwater
bubbles sliding in a liquid system.” However, it is worth
noting that present works are mainly concentrated on the
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Figure 1. Fabrication procedure of the MGSS and its anisotropic sliding behavior of bubble underwater. (a) Detailed process of preparing MGSS
inspired from pitcher plants, including two main steps of laser scanning and lubrication. (b) SEM images of the microgrooves (space ~150 yum,
depth ~70 um) with different magnifications. (c) Side view of contact angles along the parallel and perpendicular directions of a 20 L bubble

underwater and its sliding behavior.

isotropic SLIPS for bubble manipulation,'”>**' and there are

few studies about the fabrication of anisotropic SLIPS. It is still
challenging to find a more facile and environmental-friendly
method to fabricate anisotropic SLIPS without chemical
processes. Fortunately, femtosecond laser fabrication is a
kind of high-tech approach with high machining precision and
low thermal effect, which is widely used to prepare multiscale
microstructures with superwetting liquid/bubble wettability for
the manipulation of liquid/gas movement.”>~>* However, the
anisotropic sliding of underwater bubbles on the anisotropic
SLIPS by utilizing femtosecond laser has also been rarely
explored, which would restrict their potential application in the
fields of bubble directional collection, microfluidics, and so on.
Additionally, to achieve progressive practical applications, the
influence of the microgroove depth, period, and lubricant film
thickness on the degree of anisotropy and the mechanism of
bubble interaction with anisotropic slippery surfaces should be
further studied.

Here, we fabricated a kind of periodic microgrooved slippery
surface (MGSS) by one-step femtosecond laser ablation
without superhydrophobic treatment, and the anisotropic
sliding of underwater bubbles was achieved on the prepared
surface. The experimental results showed that the bubble could
slide along the direction of the grooves on the MGSS, but
MGSS could prevent the bubble from sliding along the
perpendicular direction to the groove. The mechanism of this
anisotropic sliding is mainly attributed to the energy barrier
difference caused by the oil film thickness and the groove
height along the parallel and perpendicular directions.
Moreover, it was found that the laser power has an important
effect on the degree of anisotropy and the strongest bubble
anisotropy can reach nearly 80°. Finally, the MGSS was
successfully used in anisotropic bubble transportation on flat
and curved surfaces. We believe such functional surfaces will be
promising candidates for manipulating bubble sliding behavior
in liquid systems, which has many potential applications in gas-
directional transportation, gas collection, and so on.
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2. RESULTS AND DISCUSSION

To achieve the anisotropic sliding of bubbles, three criteria
must be satisfied: (1) the surface must be easy to slide for the
bubble; (2) there must be an anisotropic structure to guide the
bubble in achieving directional sliding; and (3) it should be in
a Wenzel state for the bubble on the MGSS surfaces. In these
cases, the bubble would adhere tightly on the surface, and it is
influenced by the structure. From these principles, the PDMS
substrate with microgroove arrays is prepared using one-step
femtosecond laser ablation, as shown in Figure la. First, the
periodic microgrooves are simply constructed by line-by-line
irradiation (scanning speed ~2 mm/s). The laser processing
system and optical path can be seen in Figure S1, which have
been introduced in our previous studies.’”**” Then the
surface is lubricated by silicone oil (100 cst) through spin
coating, and a thin oil film forms on the surface. Silicone oil is
chosen as the aimed lubricant because of its low surface
tension and it is widely used in industry. In this experiment,
the original PDMS surface was changed from hydrophobic to
superhydrophobic by laser ablation because of the increased
surface roughness by the microgrooves.”® The superhydro-
phobic capability will make the silicone oil stably on the
surface.”” It can be seen that a 20 uL bubble exhibits
anisotropic spreading on the oil-infused microgrooves under-
water. Figure 1b shows the topographical features of the laser-
induced MGSS (space ~150 ym, depth ~70 um) at different
magnifications. It can be seen that the nanoparticles are
randomly located on the surface after laser ablation on account
of the interaction between the laser and material. We also
fabricated different parameters of microgrooves to further
explore the effect of microgroove depth and period on the
degree of anisotropy on the MGSS (Figure S2). The parallel
contact angle of a 20 uL bubble (BCA,, ~60°) along the
direction of microgrooves has a great difference with the
perpendicular contact angle ( BCA; ~103°) (Figure Ic).
When the MGSS is slightly tilted, bubbles can easily slide along
the direction of microgrooves (SA,, ~9°, Movie S1). However,

DOI: 10.1021/acsami.9b06849
ACS Appl. Mater. Interfaces 2019, 11, 20574—20580


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b06849/suppl_file/am9b06849_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b06849/suppl_file/am9b06849_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b06849/suppl_file/am9b06849_si_002.avi
http://dx.doi.org/10.1021/acsami.9b06849

ACS Applied Materials & Interfaces

Research Article

the bubble is pinned on the MGSS when it is perpendicular to
the groove direction (SA; ~90°, Movie S2).

To better understand the bubble anisotropic sliding
behavior, the mechanism of the bubble transportation on the
MGSS is analyzed in Figure 2. It should be noted that the

Figure 2. Physical mechanism of anisotropic sliding of bubble
underwater on the MGSS. (2) A 20 uL bubble can easily slide upward
along the direction parallel to grooves under buoyancy with an
inclined angle of about 30°. (b) The bubble is pinned on the surface
along the perpendicular direction under the same condition because
of the increasing resistance. The images on the right are the
experimental results.

bubble is in a Wenzel state’® on the MGSS. As shown in Figure
2a, a 20 pL bubble can move rapidly along the direction of
microgrooves under a slope angle of 30°. In contrast, the
bubble with the same volume is pinned on the surface when it
is perpendicular to the groove direction with the same slope
angle (Figure 2b). The driven force of bubble motion is the
axis-direction component of buoyancy, which is defined as

Eiriven = pVgSIH a (1)

where p, V, g, and a denote the water density, bubble volume,
gravitational acceleration, and tilt angle of surface, respec-
tively.'” According to eq 1, when a 20 uL bubble slides along
the tilted substrate of ~30°, the accurate calculation of Fy., is
9.8 X 107° N. The adhesion force of MGSS guarantees that the
bubble is in contact with grooves and is in a Wenzel state. This
force is balanced with the component of buoyancy
perpendicular to the axial direction. The main motion
resistance is the contact angle hysteresis (CAH) of the bubble.
The resistance of CAH is calculated as

Fepgs = 1-L-(cos 6, — cos 6)) 2)

where ¥, L, 6,, and 6, represent the surface tension of water,
bubble’s contact line length, and receding and advancing angles
of the bubble, respectively.'”> The experimental results of the
contact line length, receding, and advancing angles in Figure 2a
are measured about 0.46 cm, 66°, and 80° respectively.
According to eq 2, the Fcpyy, is calculated about 7.7 X 107> N.
Besides, the contact line length, receding, and advancing angles
in Figure 2b are measured about 0.32 c¢m, 72° and 106°,
respectively, so the calculated Fcuyy, is about 1.34 X 107* N.
Apparently, along the perpendicular direction to grooves, the
resistance of CAH caused by energy barrier Fcuy exceeds
Fiiven (1.34 X 107 > 9.8 X 107> N), so the bubble cannot slide
when the slant angle is nearly 30°. It should be considered that
the contact line would pin at the highest energy barrier until
the contact line is forced to pass this sticking point.”’ On the
contrary, along the parallel direction to grooves, because the
resistance of CAH caused by energy barrier Fc,yy/, is smaller
than the Fy., (7.7 X 107° < 9.8 X 107° N), so the bubble is

prone to move in the direction of grooves. It is worth noting
that the experimental results have a great adherence of the
theoretical prediction.

The bubble anisotropic sliding behavior is closely related to
the oil film thickness on the MGSS. It should be pointed out
that the oil film thickness is the distance between the upper
surface of the oil film and top of grooves and it is
approximatively measured by the microscope. The detailed
measurement strategy of oil film thickness is shown in the
Supporting Information. As a matter of fact, the film thickness
is mainly influenced by two factors under spin coating. One is
the rotation speed of the spin coater, and the other is rotation
time. It is worth pointing out that the oil film thickness during
this experiment is controlled by adjusting the rotation time at a
constant rotation speed (1500 r/min). The oil film thickness
and its variation with spin time are shown in Figure 3a. In the
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Figure 3. (a) Relationship between the spin time and oil film
thickness. (b) Different sliding angles along the parallel and
perpendicular directions under different oil film thicknesses. (c)
Relationship between the CA and the spin time in both directions. (d)
Relationship between the CAH (cosf), — cos 8,) and the spin time in
both directions.

beginning (<2 s), the silicone oil fully covers the micro-
structures and forms a thick film of ~150 ym, so the bubble
directly contacts with the flat oil film (inset of Figure 3b) with
a small CAH. Both the parallel and perpendicular sliding angles
of bubbles are close to 6°, which makes the MGSS isotropic.
The contact angles in both directions (CA/ ,~37°, CA, ~39°)
are almost the same at the beginning of spin time (Figure 3c
and Figure S3). With the increase of spin time, the oil film
becomes thinner and uneven because of the existence of
microgrooved structures (inset of Figure 3b); thus, the bubble
shows a high CAH and obvious anisotropic behavior along the
perpendicular direction. It can be seen that, when spin time
reaches 20 min, the oil film thickness decreases to about 6 ym
(Figure 3a) and the bubble shows the strongest anisotropy of
~80°. It slides along the groove direction with a slant angle of
9°, while it is pinned on the surface along the perpendicular
direction even when the slant angle reaches 90° (Figure 3b).
Similarly, the contact angles in both directions also reach the
biggest difference when the spin time comes to 20 min (CA,
~58°, CA, ~108°). To further understand the anisotropic
spreading behavior of the MGSS with the variation of spin
time, we calculated the theoretical value of CAH (cosf, — cos
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0,) along the two directions under different spin times
according to eq 2 (Figure 3d). It can be seen that the CAH
along the parallel direction to grooves remains constant and
the bubble shows a small CAH all the time, while along the
perpendicular direction to grooves, the CAH of bubbles
increases from 0.05 to 0.97 with the increase of spin time,
which is mainly caused by the decrease of oil film thickness.
When the oil film becomes thinner, the bubble would directly
contact with the uneven film caused by the microgrooves and
would show a high CAH. It would be restricted by adjacent
microgrooved structures when sliding along the perpendicular
direction to grooves, and the bubble shows strongest
anisotropy at a spin time of ~20 min. The experimental
results have a great coherence with the theoretical prediction.

Additionally, we conducted quantitative research to explore
the influence of different groove parameters (depth and
period) on the degree of anisotropy. The experimental results
show that the anisotropy of underwater bubbles can be
controlled by adjusting the laser power and scanning period
(Figure 4). The depth of grooves increases with the power of
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Figure 4. Quantitative research of different parameters associated
with anisotropy. (a) Relationship between the laser power and the
groove depth. (b) SEM images of the groove depth at different laser
powers. (c) Influence of microgroove depth on degree of anisotropy.
(d) Influence of microgroove space on degree of anisotropy.

laser ablation, which forms an approximate proportional
relationship, as shown in Figure 4a. The MGSSs with different
depths (42, 56, 70 um) were obtained under different powers
of laser ablation (200, 300, 400 mW) (Figure 4b). In Figure 4c,
the difference in the perpendicular and parallel sliding angles of
20 uL bubbles represents the degree of anisotropy. When the
laser power is SO mW, the groove depth is small (~18 ym)
with a low energy barrier. In this case, it needs more spin time
(~20 min) to make the oil film interface below the
microstructure and to reach the anisotropy. When laser
power reaches 400 mW (depth ~70 um), it only needs 15
min to achieve an obvious degree of anisotropy of about 80°. It
can be pointed out that the anisotropy of MGSS increases with
the increasing depth of grooves. In addition, the relationship
between the degree of anisotropy and the groove space is
studied as well (Figure 4d). The results show that the groove
space has little effect on the degree of bubble anisotropy on the
MGSS, and there exists a similar degree of anisotropy when the

groove space increases from 100 to 300 um, which may
probably be because the resistance of CAH is basically the
same at different groove period.

To further explore the suitability and durability of MGSS for
underwater bubble anisotropic sliding, we conducted a series
of repetitive sliding angle (SA) experiments on the MGSS with
different types of lubricants and different kinds of liquid
systems (Figure S). It is apparent that all the SAs on the MGSS
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Figure S. Suitability and durability of MGSS for underwater bubble
anisotropic sliding. (a) Degree of anisotropy of MGSS under different
lubrication conditions. (b) Degree of anisotropy of MGSS under
different liquid systems. (c) Influence of pH on the anisotropic
behavior of MGSS. (d) Relationship between the sliding angle and the
test recycles.

with different lubricants, such as FC3283, Krytox-101, liquid
paraffin, and white oil, show an anisotropic degree of 60°
(Figure Sa). The MGSS is also suitable for different kinds of
liquid systems (Figure Sb). It can be seen that the bubbles
keep an anisotropic degree of ~75° when the liquid system is
replaced by citric acid, which shows a great suitability of the
anisotropic feature. In addition, the pH of the liquid system has
little influence on the anisotropy (Figure Sc), and the bubbles
exhibit anisotropic behavior about 60° with the increase of pH
from acid (pH ~1) to alkaline (pH ~14). Figure Sd studies the
durability of MGSS for underwater bubble anisotropic sliding.
It can be seen that the MGSS shows a stable anisotropic sliding
ability after several test cycles (20 cycles). However, it is clear
that, with the increase of experiment cycles, the loss of
lubricant oil existed, which is caused by the interaction
between the bubble and the film.”> To prolong the durability
of MGSS for bubble anisotropic sliding, the lubricant on the
MGSS should be replenished in time to achieve the continuous
anisotropic ability.

Underwater bubble directional manipulation is highly
desirable in recent studies. Although it has been researched
using different kinds of materials with superwettability, it is still
a challenge to achieve on-demand bubble directional trans-
portation on the large-area slippery surface. Therefore, on the
basis of anisotropic MGSS, three kinds of L-shaped, curved,
and semicircle-shaped MGSSs are prepared by one-step laser
linear ablation for on-demand underwater bubble directional
manipulation and bubble merging. First, the L-shaped
microgrooves are processed (laser power ~400 mW, space
~150 pm) and subsequently spin-coated with silicone oil in 20
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min. After being placed underwater with an inclined angle of
about 30° (Figure 6a), bubbles can slide along the 2 cm length

L-shaped grooves

Slip aloﬁg gfoove

T=7s

Curved grooves

~Sample
/.

=

Bubble T=3s

Semicircle-shaped
grooves

Figure 6. Applications of anisotropic bubble sliding behavior in
directional transportation of bubble underwater. (a) Large-area L-
shaped microgrooves with an inclined angle of about 30°. (b,—b,)
The bubble slips upward along grooves in 16 s with an L-shaped track.
(c) A large-area curved MGSS is held upright. (d,—d,) The bubble
moves along microgrooves in 5 s without any displacement in the
perpendicular direction. (e) Large-area semicircle-shaped micro-
grooves on the MGSS. (f,—f,) Process of two bubbles merging on
the MGSS with semicircle-shaped microgrooves.

L-shaped path precisely in 16 s (Figure 6b and Movie S3). It
can be seen clearly that the bubble would not slide
perpendicular to the direction of grooves even at the turning
point (Figure 6b;—b;). It moves along the direction of grooves
from beginning to end (Figure 6b,). Soon afterward, a linear
MGSS is ablated using the same parameters, and then it is
spin-coated with oil. It is attached on a cylinder so that the
MGSS turns into a curved surface (Figure 6¢). It is found that
the bubble can still slide along the direction of grooves (Movie
S4). Because of the high slant angle (90°), the driven force
becomes larger so that the bubble moves about 1.5 cm in S s
(Figure 6d,—d,). Finally, we designed a kind of semicircle-
shaped groove on the MGSS to achieve the merging of two
bubbles from different directions (Figure 6e), which have
potential applications in the field of bubble microreactors. It
can be seen that, when the first bubble (bubble 1) is dropped
on the left bottom of MGSS, it only slides along the
circumferential direction under the effect of buoyancy (Figure
6f,). When the other bubble (bubble 2) is dropped on the
right bottom of MGSS (Figure 6f,), it is also confined in the
slippery area and only slides along the circumferential
direction. Finally, two bubbles merge into a big bubble at
the highest point of the semicircle-shaped grooves (Figure
6£3,f,). The detailed merging process is shown in Movie SS. In
short, the proposed strategy, which is based on silicone oil

infused large-area MGSS, shows powerful bubble anisotropic
sliding behavior and may open a new avenue for underwater
flammable gas collection, chemical experiments, and trans-
portation systems.

3. CONCLUSIONS

In summary, a kind of distinct slippery periodic microgroove
was realized by one-step femtosecond laser ablation for
underwater bubble anisotropic sliding. The MGSS enables
the bubble to slide along the direction of grooves but prevents
the bubble from sliding along the perpendicular direction to
the groove. The mechanism of anisotropic behavior is believed
as the energy barrier difference caused by the spin-coating oil
film thickness and the groove height along the parallel and
perpendicular directions. In addition, it is found that the
groove space has little effect on the degree of anisotropy and
the strongest bubble anisotropy can reach nearly 80°. Finally,
the MGSS is successfully applied in anisotropic bubble
transportation on flat (L-shaped and semicircle-shaped) and
curved surfaces, which could be used for on-demand
underwater bubble directional transportation and bubble
merging. This novel surface will find wide applications in
bubble microreactors, bubble-directional transportation, mi-
crofluidics, and related research.

4. EXPERIMENTAL DETAILS

4.1. Materials. The PDMS (Sylgard 184 Kit, Dow Corning)
substrate was prepared by mixing the prepolymer and crosslinker at a
ratio of 10:1. After degasification for about 30 min, the mixture was
poured in a square mold and cured on a heating plate for 0.5 h at 100
°C. Finally, it was cut into pieces (2 X 2 cm®) for laser processing.
The viscosity of silicone fluid (PMX-200, Dow Corning) in this
experiment was 100 cst. FC-3283 (viscosity of 0.75 cst at 20 °C) was
the 3M Fluorinert electronic liquid. Other lubricants such as Krytox
101 (viscosity of 440 cst at 20 °C; DuPont), liquid paraffin (viscosity
of 230 cst at 20 °C), white oil (viscosity of 10 cst at 20 °C), and
isohexadecane (viscosity of 3 cst at 20 °C) were also used for this
research. Solution mass fractions of citric acid, HCI solution, salt
solution, sugar solution, and glucose were 4.07, 5.12, 4.40, 2.37, and
3.0%, respectively. NPT (normal pressure and temperature) air (20
°C, 1 atm, 1.205 X 107% g/cm® density) served as the test material in
the underwater contact and sliding angle measurement.

4.2. Microstructure Fabrication. The PDMS substrate was
ablated by line-by-line femtosecond laser scanning, and the processing
area was 1.5 X 1§ cm® The laser beam (104 fs pulses) with a
repetition rate of 1 kHz at a central wavelength of 800 nm from a
regenerative amplified Ti:sapphire femtosecond laser system (Legend
Elite-1 K-HE, Coherent, USA) was employed for ablation. The laser
beam was guided onto the PDMS substrate surface through a
galvanometric scanning system (SCANLAB, Germany), which was
equipped with a 63 mm telecentric ff lens to make the laser beam
focus and scan along the x/y coordinate direction. The schematic of
the femtosecond laser system and scanning path is shown in Figure
S1. The scanning spacing between two adjacent lines ranged from 100
to 300 pum. The laser power ranged from S0 to 400 mW, and the
scanning speed was 2 mm/s.

4.3. Spin-Coating Processing. The laser-induced microstruc-
tured surface needed to be spun with silicone oil. The spin coater
(124, purchased from Crown Brand Electronic Equipment Factory,
Jinan, China) was used in this experiment. The adjustable rotation
speed was between 100 and 7000 rpm at factory settings. By adjusting
the rotation time from 0 to 20 min at a constant rotation speed (1500
r/min), different oil film thicknesses on microstructures were
obtained.

4.4. Instrument and Characterization. Scanning electron
microscopy (SEM) photos were utilized to analyze the surface
topography of the laser-induced PDMS substrate via use of a field-
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emission scanning electron microscope (JSM-6700F, JEOL, Japan).
The contact angles of the bubble underwater were measured on the
slippery microstructured surface with a contact angle system
(CA100C, Innuo, China). The volume of the air bubble was set to
be 20 pL. The average values were obtained by measuring five bubbles
at different locations on the same surface. Furthermore, to measure
the sliding angle of the air bubble in water, the microstructured
surface was slowly tilted with an increment of 2° until the air bubble
started to slide. All the contact and sliding angle measurements were
conducted under 10% humidity and 20 °C temperature, respectively.
4.5. Underwater Bubble Anisotropic Sliding Strategy. After
spin-coating processing, the oil-infused microstructured surface was
placed in water. By tilting the surface slowly until the bubble started
to slide, bubble sliding angles in parallel and perpendicular directions
were measured. After comparing the different anisotropy with
different parameters of microstructures and spin times, the strongest
anisotropic behavior of bubbles underwater could be discovered.
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