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Abstract: The spontaneous transport of liquids holds significant application potential 

in biomedicine, heat dissipation, microfluidic chips, and so forth. Particularly, the 

under-oil liquid self-transport is a significant pathway for manipulating the volatile 

liquids. Although numerous functional surfaces have been developed to facilitate the 

directional self-transport of liquids (e.g., water, oil) in the air, reports on the self-

transport of liquids in oily environments remain scarce. Herein, inspired by the lotus 

leaves and cactus spines, we propose a bionic superwetting gradient wedge-shaped 

surface (SGWS) for under-oil self-transport of liquids. The SGWS was fabricated 

through a combination of femtosecond laser texturing and hydrophobic modification. 

The as-prepared SGWS can achieve fast and continuous self-transport of a single 

droplet under-oil, exhibiting a maximal transport velocity of over 250 mm/s and 

transport distance of over 150 mm. The effect of wedge-shaped angle, inclined angle, 

and surface tension on the self-transport behavior of liquid on the SGWS was 

systematically investigated and the underlying mechanism was revealed. Furthermore, 

the potential applications of the SGWS in complex fluid manipulation, droplet 

microchemical reactions, cargo transport, and oil surface particles collection were 

explored in detail. This work offers a novel strategy for realizing under-oil liquid 

manipulation without energy input, showing promising applications in the industry. 

1.  Introduction

Manipulation of liquids has been extensively applied in biomedicine,1–4 material 

identification,5–8 microfluidic control,9–14and so forth. Particularly, the manipulation of 

liquids within oily environments holds significant research value. For instance, 

manipulating toxic gases or volatile liquids in the air will result in fast evaporation and 
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mass loss, threatening the environment and human health. Manipulating those toxic 

gases (Dissolved in an aqueous solution) and volatile liquids in an oily environment is 

an efficient way to reduce harm and avoid liquid evaporation. Therefore, developing 

advanced methods for the manipulation of liquids under oil has important academic 

significance and industrial value.15–17

Liquid manipulation can be achieved through external energy input18–24 or gradient 

surface-based liquid self-transport.3,10,25–31  Among them, achieving the self-transport 

of liquids by bionic gradient surface has attracted wide attention due to its advantages 

of simple structure, low energy consumption, and easy operation. Recently, inspired by 

natural biological structures (e.g., cactus spines or desert beetles), various bionic 

gradient surfaces, such as conical surfaces, wedge-shaped surfaces, and wettability 

gradient surfaces, have been developed for the self-transport of liquids in air.9,25,32–41 

However, rare research about under-oil liquid self-transport is reported. Since the 

surface energy of oil is lower than that of water, the oil is more likely to wet object 

surfaces than water. This results in water having difficulty directly contacting object 

surfaces under-oil, thereby preventing water from using structural gradients to achieve 

self-transport. Additionally, because water droplets move under-oil, they must 

overcome the viscous resistance of the oil. Therefore, for water moving under-oil, it 

must overcome the difficulty of water not easily wetting the surface of objects and the 

viscous resistance generated during movement. Some studies in recent years have also 

successfully achieved the self-transport of water droplets under-oil.34–36 Yu et al.35 

fabricated a TiO2-coated conical spine and subsequently endowed it with underwater 

superhydrophilic properties via UV irradiation. The TiO2-coated conical spine achieved 

the self-transport of under-oil liquid without water prewetting, exhibiting a short 

transport distance of ~3 mm and a low speed of ~1 mm/s. In our previous work, inspired 

by the structure of cactus spines, a conical copper needle with superhydrophilic 

properties was fabricated, which can achieve the self-transport of under-oil water 

droplets via water pre-wetting, exhibiting a transport distance of ~33 mm.36 Although 

existing researches have achieved self-transport of liquids under-oil, the limited 

transport distance, complex prewetting procedure, and curved surface-based driven 
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method greatly restrict their application in practical liquid manipulation. Therefore, 

there is an urgent need to develop advanced methods to achieve the rapid, long-distance 

self-transport of under-oil liquids on the two-dimensional platform.

Herein, to address the above challenge, a superwetting gradient wedge-shaped 

surface (SGWS) was proposed for under-oil liquid self-transport. The SGWS was 

fabricated by combining femtosecond laser processing and surface modification. The 

self-transport behavior of under-oil liquid on the as-prepared SGWS was systematically 

investigated and the underlying mechanism was revealed. The as-prepared SGWS can 

realize the fast, long-distance, and continuous self-transport of liquid in different types 

of oil environments. In addition, the potential application of the as-prepared SGWS in 

droplet microchemical reactions, cargo transport, and oil surface particles collection 

was demonstrated. This work presents a novel strategy for the self-transport of under-

oil liquids, providing fresh design concepts and inspiration in the area of microfluidic 

and liquid manipulation.

2. Results and Discussion

2.1 The Design and Characterization of the SGWS

In nature, the micro-nano mastoid structures on the upper surface of the lotus leaf 

endow it with excellent superhydrophobic properties.42 The tapered spines of cactus can 

realize the spontaneous self-transport of fog via the curved surface-based Laplace 

pressure gradient.43 Inspired by the lotus leaves and cactus spines, a superwetting 

gradient wedge-shaped surface (SGWS) was designed for the self-transport of under-

oil liquid. As shown in Figure 1a, the designed SGWS contains a wedge-shaped pattern 

with superhydrophilic properties and a lotus-inspired area with superhydrophobic 

properties.
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Figure 1. (a) The design of SGWS was inspired by the mastoid structures on the 

surface of the lotus leaf and the conical cluster of thorns on the stem of the cactus. (b-

e) Fabrication schematic of the SGWS, the SEM, and the water contact angle (WCA) 

images of the substrate surface after each procedure. Snapshot of the under-oil liquid 

self-transport on the SGWS: (f) experiment results (Top view, wedge-shaped angle of 

1.4°); (g) simulation results (Top view, wedge-shaped angle of 1.4°). Scale bar, 10 

mm.

The quartz glass possesses intrinsic under-oil hydrophilicity due to the high surface 

energy of SiO2 and the abundant surface polar group (-OH) on its surface.44,45 Hence, 

to endow the wedge-shaped pattern with under-oil superhydrophilic properties, the 

quartz glass was selected as a substrate to fabricate SGWS.  The fabrication process of 

SGWS was illustrated in Figure 1b-e and Table S1 (Supporting Information). First, 

periodic bionic mastoid structures were constructed on the quartz glass via femtosecond 

laser texturing (Inset of Figure 1b). The quartz glass transformed from hydrophilic 

(Figure S1a, Supporting Information) to superhydrophilic. Second, the laser-textured 

quartz glass was hydrophobically modified via grafting octadectyltrichlorosilane (OTS) 

self-assembled film (Figure 1c). EDS spectrum of laser-textured glass showed that the 

Page 4 of 24Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
1 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/4

/2
02

5 
3:

34
:0

8 
A

M
. 

View Article Online
DOI: 10.1039/D5NR02015H

https://doi.org/10.1039/d5nr02015h


mass fraction of the C (Carbon) element increased from 9.13% to 34.06% after OTS 

modification (Figure S2a-c, Supporting Information), confirming the successful 

grafting of the OTS self-assembled film. The OTS-modified textured glass exhibited a 

WCA of ~ 154.2°±1.5° in the air (Figure S1b, Supporting Information) and ~ 

163.4°±2.1° under-oil (Figure 1c), showing outstanding superhydrophobicity. Third, a 

smooth and superhydrophilic wedge-shaped channel was constructed on the OTS-

modified textured glass via laser polishing to remove the OTS modification and mastoid 

structures (Figure 1d). EDS spectrum of the laser-polishing area shows that the mass 

fraction of the C element decreased from 34.06% to 11.62% (Figure S2d, Supporting 

Information), confirming the complete removal of the OTS film. The laser-polishing 

area became superhydrophilic under oil. Finally, new bionic mastoid structures were 

constructed on the wedge-shaped channel via secondary laser texturing (Figure 1e). The 

new bionic mastoid area exhibited superoleophilicity in air (Figure S3a, Supporting 

Information) and superhydrophilicity. However, due to the inherent characteristics of 

quartz glass (High surface energy and abundant polar groups), this region exhibits 

superhydrophilicity under-oil and superoleophobicity underwater.45 That is, in the 

region with the new mastoid structures, water can rapidly spread out under-oil (Figure 

S3b, Supporting Information), while oil cannot underwater (Figure S3c, Supporting 

Information). As compared with the smooth channel surface, the channel with mastoid 

structures could enhance the wetting and spread of liquid (Figure S4, Supporting 

Information). The optical image of the as-prepared SGWS is shown in Figure S5 

(Supporting Information). It can be seen that the appearance of a wedge-shaped channel 

was whitish, while the superhydrophobic background was darker. The laser scanning 

confocal microscope (LSCM) image showed that the micro-mastoid structures in the 

SGWS superhydrophobic region have a height of ~39.35 μm, and the micro-mastoid 

structures within the superhydrophilic channel exhibit a height of ~26.28 μm, with the 

channel depth measuring ~116.32 μm (Figure S6, Supporting Information).

The self-transport behavior of under-oil liquid on the as-prepared SWGS was 

observed experimentally. First, the as-prepared SGWS was immersed in the oil phase 

(N-dodecane. Unless otherwise specified, all droplets moved in n-dodecane). Then, a 
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water droplet was released at the narrow side of the SGWS by the precision liquid 

syringe, and the dynamic behavior of the droplet was recorded by a video camera. To 

enhance visualization, the water droplets were stained with methylene blue. As shown 

in Figure 1f, it can be seen that once the water droplet (25 μL) contacted the tip of the 

wedge-shaped channel, it immediately formed a liquid precursor film in front of the 

droplet (Figure S7a and Movie S1 in Supporting Information). The droplet's bulge 

became thinner and elongated as it moved along the wedge-shaped channel. Eventually, 

the droplet’s bulge completely spread and fused with the liquid precursor film at a 

distance of 39.27 mm at 0.87s. Subsequently, the precursor film kept moving forward 

and eventually stopped at the channel position of 90 mm at 4.73s (Figure S8, Supporting 

Information).

Further, the self-transport behavior of under-oil liquid on the SGWS was 

numerically studied through a two-phase coupling phase field simulation method 

(Detailed simulation parameters were shown in Note S1, supporting information). As 

shown in Figure 1g and Figure S7b (Supporting Information), it can be seen that similar 

phenomena including the formation and transport of precursor transport film and bulge 

were observed in the simulation results, which are highly consistent with the 

experimental results, demonstrating that the precursor film plays a crucial role for 

driving the droplet to transport on the wedge-shaped channel. After the first droplet’s 

movement, a thin layer of water film covered the entire superhydrophilic channel of the 

SGWS. On this basis, the second droplet moved faster compared to the first one 

(Figures S9 and S10, Supporting Information). This is because the water film was 

formed on the channel after the first droplet moved over, which reduced volume loss 

for the subsequent droplets, and acts as a lubricant film.

It can be seen from the processing of SGWS that the depth of the superhydrophilic 

channel (△h) and the spacing between the mastoid structures within the channel (D) are 

important factors affecting the movement performance of water droplets under-oil. 

Therefore, we prepared SGWS with different △h and D by using different laser powers 

and different scanning spacings to explore their influence on the droplet movement 

performance (Figure 2a and b).
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Figure 2. (a) LSCM images of quartz surfaces under different △h conditions. △h = 

8.61, 27.08, 49.68, 118.27, 148.06 μm were prepared using laser powers of 4.4, 5.2, 

6.1, 10.0, and 12.0 W, respectively. At this time, D = 50 μm. Sa represents surface 

roughness. Scale bar, 100 μm. (b) LSCM images of quartz surfaces under different D 

conditions. The laser scanning intervals were 400, 200, 100, 50, and 20 μm in 

sequence. At this time, the laser power = 10.0 W. Scale bar, 200 μm. (c) The surface 

wettability after processing superhydrophobic quartz glass at different laser powers. 

(d) The average velocity of droplet movement on the SGWS under different laser 

powers (V = 40 μL, α = 1.4°, L = 90 mm, D = 50 µm). (e) The average velocity of 

droplet movement on the SGWS under different laser scanning intervals (V = 40 μL, 

α = 1.4°, L = 90 mm, laser processing power = 10.0 W).

Different △h could be obtained by using different laser processing powers. Figure 

2a shows SLCM images with different △h processed successively using laser powers 
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of 4.4, 5.2, 6.1, 10.0,  and 12.0 W. The greater the power of the laser, the greater its △h. 

At the laser power = 4.4 W, △h = 8.61 µm, the Sa decreased from 12.74 µm (Untreated 

area) to 9.14 µm. At this point, the WCA of the treated surface was ~137°, while the 

under-oil WCA was ~155° (Figure 2c), preventing droplets from moving on the channel 

(Figure S11a, Supporting Information). At the laser powers = 5.2 W and 6.1 W, △h 

gradually increased, and Sa gradually decreased. Despite the hydrophilicity of the 

processed areas (WCA ~ 73° and ~23°, respectively), droplets could not reach the end 

of the channels due to their under oil WCA ~143° and ~82° (Figure S11b and c, 

Supporting Information), respectively. When the laser power reached 10.0 W, △h = 

118.27 µm, the Sa of the processed region rose to  10.23 µm, and the wettability 

achieved under-oil superhydrophilicity. Consequently, the droplets could move quickly 

under the oil along the channel to the end (Figure 2d and S11d, Supporting Information). 

However, when the laser power was increased to 12.0 W, the Sa and △h increased 

significantly to 24.04 µm and 148.06 µm, respectively, due to the excessive power. As 

a result, the droplet was consumed at a significantly faster rate during its movement, 

resulting in a decrease in its travel speed (Figure S11e, Supporting Information).

Subsequently, we investigated the effect of the spacing between different papillary 

structures within the superhydrophilic channel on droplet movement performance 

(Figure 2b). Different D values were obtained using different laser scanning intervals. 

The laser scanning interval and D are in a corresponding relationship (When the laser 

scanning interval is 50 µm, D is 50 µm). As shown in Figure 2e, as D decreased from 

400 µm to 20 µm, the average movement speed of the droplets first increased and then 

decreased. This can be explained as follows: as D decreased from 400 µm to 50 µm, 

the number of papillae structures per unit area increased, Sa increased, and the 

wettability of the droplets was enhanced, thereby increasing the average movement 

speed. However, when D was further reduced to 20 μm, significant overlap occurred 

between adjacent microchannels (The laser spot diameter ~30 μm), causing the basic 

microchannel structure to disappear, and Sa decreased instead. Therefore, the average 

motion velocity at D = 20 μm was lower than that at 50 μm. Unless otherwise specified, 

the SGWS was prepared at 10.0 W and D = 50 μm throughout the article.
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As shown in Figure S12 (Supporting Information), the second droplet exhibited a 

maximum velocity of 256.76 mm/s and a transport distance of over 90 mm, showing 

exceptional performance in the under-oil self-transport of liquids. As shown in Figure 

S13 and Table S2 (Supporting Information), compared with the reported underwater 

self-transport systems for water droplets in previous literature,34–36 the as-proposed 

SGWS by this work achieved the fast, long-distance transport of under-oil liquid on a 

two-dimensional platform for the first time.

2.2 Effect of Droplet Volume, Wedge-Shaped Angle, Droplet Types, and Oil Types 

on Droplet Motion Performance

To further understand the underlying mechanism of the self-transport of under-oil 

droplets on the SGWS, the forces exerted on the droplet during its self-transport process 

on the SGWS were analyzed and discussed in detail. As shown in Figure 3a, when the 

droplet came in contact with the tip of the wedge-shaped channel of the SGWS, the 

droplet tended to spread on the channel under the drive of the capillary wetting force 

(FC), which led to a rapid formation of a precursor film in front of the droplet. Besides, 

the droplet on the precursor film tends to form an asymmetrical bulge shape under the 

action of the asymmetrical wettability gradient force (FW) generated from the boundary 

between the superhydrophilic wedge-shaped channel and the outside superhydrophobic 

area. The asymmetrical surface curve of the bulge shape generated an unbalanced 

Laplace force (FL) on the droplet, which drove it to move from the tip side to the base 

side of the wedge-shaped channel. During the movement of droplet and precursor film 

on the SGWS, hysteresis drag (FH) and fluid viscous drag (FD) play as resistance to 

restrain the movement.9,27,44,46–49 Detailed mechanical analysis was shown in Note S2 

of (Supporting Information). It can be seen that the forces exerted on the droplet are 

mainly affected by the droplet size, the wedge-shaped angle, the surface tension, and 

the viscous resistance of oil, which further dominate the transport of underoil liquid on 

SGWS.
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Figure 3. (a) Mechanical analysis of under-oil liquid self-transport on the SGWS. (b) 

The relationship between the droplet average velocity and the droplet volume (α = 

1.4°, L = 90 mm). (c) The relationship between the droplet average velocity and the 

wedge-shaped angle (V = 45 μL, L = 90 mm). (d) The relationship between the 

droplet average velocity and the percentage of ethanol (V = 40 μL, α = 1.4°, L = 90 

mm). (e) The relationship between the droplet average velocity and the different types 

of oil (V = 40 μL, α = 1.4°, L = 90 mm). 

The moving velocity of the first droplet’s precursor film and the second droplet 

bulge varies with the droplet volume, as shown in Figure 3b and Figure S14 (Supporting 

Information). It can be seen that the moving velocity of the droplet precursor film 

increased with the increase of droplet volume. This is because the larger droplets have 
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higher surface energy, which accelerates the spreading of the droplet on the SGWS. 

Besides, the moving velocity of the second droplet bulge decreased with the increase 

of droplet volume, which can be attributed to the larger droplet possessing higher 

viscous resistance. Subsequently, we further investigated the relationship between the 

number of droplets and the average movement speed by continuously adding droplets 

(Figure S15, Supporting Information). The moving velocity of the first droplet’s 

precursor film and the second droplet varies with the wedge-shaped angle of the SGWS, 

as shown in Figure 3c and Figure S16 (Supporting Information). It can be seen that the 

moving velocity of the first droplet’s precursor film decreased with the increase of the 

wedge-shaped angle of the SWGS. This is because when the wedge-shaped angle of 

SGWS is larger, it increases volume consumption, thereby reducing movement speed. 

Moreover, the moving velocity of the second droplet bulge increased with the increase 

of the wedge-shaped angle of the SGWS. This is because a higher asymmetrical 

curvature was generated on the front and rear surfaces of the droplet when it was placed 

on the SGWS with a higher wedge angle, which generated a larger Laplace force to 

promote the movement of the droplet on the SGWS. Finally, by measuring the average 

speed of droplets from the first to the 50th droplet on the SGWS, we demonstrated the 

excellent robustness of the SGWS (Figure S17, Supporting Information).

Besides, the relationship between surface tension and droplet movement 

performance was investigated. Liquids with different surface tensions were created by 

adding different amounts of anhydrous ethanol to deionized water. As shown in Figure 

3d, the results indicate that the average velocity of the liquid's movement decreases as 

the concentration of the ethanol solution increases. This can be attributed to the lower 

surface tension resulting in reduced Laplace force on the droplet, which consequently 

leads to a decrease in the moving velocity of the droplet on the SGWS. In addition, the 

moving velocity of droplets on the SWGS in different oil environments was evaluated. 

As shown in Figure 3e, the results show that the moving velocity of the droplet is highly 

related to the viscosity of the oil phase. The droplet moves faster in an oil with lower 

viscosity. This can be attributed to the higher the viscosity, the higher the resistance the 

droplet experiences while moving, which leads to a lower moving velocity of the 
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droplet on the SWGS. In addition, the self-transport of liquid in heavy oil (Taking 

dichloromethane with a density of 1.325 g/cm3 as an example) was studied. As shown 

in Figure S18 (Supporting Information), the under-oil liquid can be spontaneously and 

continuously transported on both the horizontal SGWS and the inclined SGWS. 

Meanwhile, a droplet with a specific size can be separated from the end of SGWS under 

the action of buoyancy (Movie S2, Supporting Information), which provides a concept 

to produce microdroplets in the oil phase. 

Figure 4. Snapshots of the (a) first droplet and (b) second droplet moving on the 

inclined SGWS under-oil (n-dodecane). (c) Continuous transport of under-oil (n-

dodecane) liquid on the inclined SGWS. (d) The critical volume of droplet self-

transport on the un-prewetting SGWS with different inclination angles (α = 1.4°, L = 

60 mm). (e) The critical volume of droplet self-transport on the prewetting SGWS 

with different inclination angles (α = 1.4°, L = 60 mm). 

Moreover, the movement of droplets on the inclined SWGS was investigated. 

Figures 4a and b show the optical images of a water droplet with a volume of 30 μL 

transported on the channel with a tilt angle of 4° and a length of 60 mm (Part 1 of Movie 

S3, Supporting Information). When the first spherical water droplet on the syringe came 
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into contact with the superhydrophilic channel, it immediately moved rapidly along the 

channel. With the increasing displacement of the movement, the droplet bulge 

continually became thinner and lengthened, and reached the end of displacement at 1.9 

s (Figure 4a). Meanwhile, the second droplet had a similar motion to the first droplet 

and moved to the end of the channel at t = 1.8 s (Figure 4b). Besides, the under-oil 

liquid can be continuously upward transported on the inclined SGWS as shown in 

Figure 4c. A total of ~104 μL of liquid was transported from the tip of the SGWS to the 

base of the SGWS (Part 2 of Movie S3, Supporting Information). 

In addition, the critical volumes of droplets for self-transportation at tilt angles of 

2°, 4°, 6°, 8°, and 10° were recorded by statistical analysis. The critical volume is 

defined as the maximum volume of droplets that can self-transport on the SGWS at a 

specific inclination angle. As shown in Figure 4 (d, e), it can be seen that the droplet 

critical volume on the inclined SGWS decreased with the increase in inclination angle, 

which has nothing to do with whether the SGWS is prewetted. This is because the 

component of droplet gravity in the direction of droplet motion is increased with the 

increase of the SGWS’s inclination angle, which plays a role in resisting to inhibit the 

self-transport of droplets. Furthermore, due to the water film formed on the SGWS 

surface through prewetting (~10 μL of water pre-moved along the channel), the 

movement resistance and volume loss during subsequent droplet movement were 

reduced, enabling droplets to move more easily along the channel. Therefore, at the 

same tilt angle, the critical volume of droplets on prewetting SGWS was higher than 

that on un-prewetting SGWS.

2.3 Complex Fluid Manipulation and Potential Applications Based on SGWS. 

In this section, the potential applications of the as-prepared SGWS in complex fluid 

manipulation, microchemical reactions, cargo transport, and oil surface cleanup were 

studied and discussed. As shown in Figure 5, structured surfaces based on SGWS were 

designed and fabricated to verify their potential application in under-oil complex 

microfluidic tasks such as splitting, merging, and long-distance transport. As shown in 

Figure 5a, a continuous liquid splitting can be realized on a designed “structured pattern” 

based on the SGWS (Part 1 of Movie S4, Supporting Information). Besides, a "Y"-
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shaped surface based SGWS was constructed for under-oil droplet mixing as shown in 

Figure 5b. When two droplets with different concentrations were released 

simultaneously at the end of "Y"-shaped channel, and the droplets spontaneously 

moved toward the intersection of the channel, and merged upon contact, forming a large 

fluid bulge there. The merged fluid bulge is continuously transported to the end of the 

"Y"-shaped channel (Part 2 of Movie S4, Supporting Information). In addition, as 

shown in Figure 5c, an SGWS-based channel was designed to achieve the long-distance 

self-transport of under-oil liquids on a 2D planar platform. The results indicate that the 

under-oil liquids can be continuously transported on the SGWS-based channel with a 

transport distance over 150 mm (Part 3 of Movie S4, Supporting Information).

Figure 5. Optical images of the SGWS-based functional surfaces for complex 

microfluidic manipulation. (a) Splitting, (b) mixing, (c) long-distance of under-oil 
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liquids. Scale bar, 10 mm.

Moreover, a microfluidic pattern based on SGWS was designed for under-oil 

microchemical reactions (Figure S19, Supporting Information). The SGWS-based 

microfluidic pattern consists of wedge-shaped transport channels on both sides and a 

circular reaction area in the middle. The SGWS-based microfluidic pattern can be used 

to identify the acidity and alkalinity of the solution. As shown in Figure 6a and Movie 

S5 (Supporting Information), a litmus droplet (~ 50 μL) was first placed on the circular 

reaction area in the middle of the SGWS-based microfluidic pattern. Subsequently, a 

hydrochloric acid droplet (w(HCl) = 20%) was released on the tip of the right side 

SWGS-based microfluidic pattern. It can be seen that the hydrochloric acid droplet 

spontaneously transported toward the reaction zone and merged with the litmus. It can 

be seen that the color of the merged solution changed from purple to pink, indicating 

that the hydrochloric acid solution was acidic. Subsequently, a droplet of ammonia 

solution (w(NH3) = 10%) was released on the tip of the left side SWGS-based 

microfluidic pattern. It can be seen that the ammonia solution droplet spontaneously 

transported toward the reaction zone and merged with the solution. The color of the 

merged solution changed from pink to blue, indicating that the ammonia solution was 

alkaline. This device offers a strategy for detecting harmful gases and volatile liquids 

to reduce material consumption and environmental pollution, showing a broad 

application prospect.
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Figure 6. (a) Snapshots of chemical microreactions under-oil using the SGWS-based 

system. (b) Snapshots of cargo transport using the SGWS-based system. (c) Snapshots 

of particles collection on the oil surface using the SGWS-based system. Scale bar, 10 

mm.

In addition, a SGWS-based liquid conveyor was constructed to transport under-oil 

solid particles by placing a weighing paper on the droplet (Figure S20, Supporting 

Information). The transport of solid particles on the SGWS-based liquid conveyor was 

assessed. As shown in Figure 6b, a 3D-printed particle (Polyethylene Terephthalate 

Glycol-modified, < 0.01 g) was placed on the liquid conveyor to demonstrate the 

transport of the solid particle, and the liquid conveyor was placed on the narrow side of 

SGWS and fixed by a tweezer. After removing the tweezer, the liquid conveyor 

carrying the solid particle spontaneously transported from the narrow side to the wide 

side of the SGWS system (Movie S6, Supporting Information). 

Besides, as shown in Figure S21 and Part 1 of Movie S7 (Supporting Information), 

it was found that the SGWS-based system can realize the self-transport of a simi-

immersed droplet (Partially immersed in the oil and partially exposed to the air). Based 

on the concept of a liquid conveyor, it can be used for the collection and transportation 

of particles on the oil surface. An oil surface particle collection device was constructed 

Page 16 of 24Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
1 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/4

/2
02

5 
3:

34
:0

8 
A

M
. 

View Article Online
DOI: 10.1039/D5NR02015H

https://doi.org/10.1039/d5nr02015h


by aligning three SGWS-based channels (Figure S22 and S23, Supporting Information). 

A foam rod was placed on the droplet and fixed by a tweezer on the narrow side of the 

SGWS-based surface. As shown in Figure 6c, after removing the tweezer, the foam rod 

spontaneously moved toward the wide side of the SGWS-based surface. Subsequently, 

the expandable polystyrene particles floating on the surface of the oil were collected 

and transported to the wide side of the SGWS-based surface (Part 2 of Movie S7, 

Supporting Information). The SGWS-based system could be employed for a wide range 

of applications such as complex liquid manipulation, microfluid chips, droplet micro-

reaction, and cargo transport.

3 Conclusion

In this research, inspired by the mastoid structures of lotus leaf surfaces and cactus 

spines, superwetting gradient wedge-shaped surfaces (SGWS) were prepared on quartz 

glass by combining femtosecond laser processing and octadecyltrichlorosilane (OTS) 

chemical modification techniques, and applied for the self-transport of liquids under-

oil. The as-prepared SGWS achieved a maximum transport velocity of over 250 mm/s 

and a transport distance of over 150 mm. It was observed that during the liquid's self-

transport, the first droplet movement generates a water film that significantly reduces 

resistance for subsequent droplets, thereby improving the second droplet's velocity. 

Additionally, the volume of the droplet, the wedge-shaped angle, surface tension, and 

the viscosity of the oil have an important influence on the droplet's movement 

performance. Building on the realization of complex fluid manipulation, including 

splitting, mixing, and long-distance curved self-transport, the SGWS-based system has 

also successfully achieved under-oil chemical microreaction, cargo transport, and oil-

surface particles collection. This research enhances the understanding of liquid 

manipulation and provides a new strategy for developing high-performance under-oil 

liquid self-transport systems.

4 Materials and Methods

4.1 Materials

The n-hexane, n-dodecane, dichloromethane, dodecyl mercaptan, silicone oil, and 
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trichlorooctadecylsilane (OTS) used in the experiment were purchased from Sahn 

Chemical Technology (Shanghai) Co., Ltd. Anhydrous ethanol was purchased from 

Chengdu Lixinhe Chemical Co., Ltd. Quartz glass, kerosene, and deionized water were 

purchased from BOE.

4.2 Preparation of SGWS

The SGWS was prepared by combining femtosecond laser (FemtoYL-20, Anyang, 

Wuhan) processing and chemical modification, utilizing quartz glass as its substrate. 

First, an array of lotus leaf papillae-like structures with an interval of 50 μm was 

fabricated on the quartz glass at a scanning speed of 50 mm/s for one time, using the 

laser with a pulse width of 300 fs, frequency of 500 kHz, power of 10 W, and 

wavelength of 1030 nm. And then the quartz glass was scanned 3 additional times at a 

scanning speed of 200 mm/s. Subsequently, the quartz glass after laser processing was 

ultrasonically cleaned using anhydrous ethanol for 10 min and then dried. Second, the 

quartz glass was immersed in a mixed solution (40 ml of n-hexane was mixed with 2 

ml of OTS, stirred for 2 minutes, and then 10 μL of deionized water was added and 

stirred again for 1 minute) for chemical modification for 40 minutes.  Then, the as-

prepared sample was dried at 60 ℃ for 60 minutes to obtain the superhydrophobic 

surfaces. Third, the laser, moving at a scanning speed of 1000 mm/s and an interval of 

3 μm, was used to polish the localized surface of the sample 3 times to remove the OTS 

modification and obtain the superhydrophilic wedge-shaped channels. Finally, the 

sample was processed 3 times at a scanning speed of 200 mm/s and a scanning interval 

of 50 μm with the remaining laser parameters unchanged, and the superhydrophilic 

wedge-shaped corner structure was obtained after laser processing five times at a 

scanning speed of 500 mm/s.

4.3 Characterization

The trajectory of a droplet moving on the surface of the SGWS was captured by a 

mobile phone (Galaxy S23, Samsung) at a rate of 60 fps. The velocity of the droplet 

was obtained from the analysis of its position by employing Tracker software. The 

surface morphology images of the sample were taken by a field emission electron 

microscope system (SEM, SU8220, Apreo) and Laser Scanning Confocal Microscopy 
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(LSCM, OLS4100, Olympus). Elemental analysis was carried out by energy dispersive 

spectroscopy (EDS, Bruker). The water contact angle (WCA) was measured by using a 

dynamic contact angle meter (Dataphysics, OCA15, Germany) at room temperature. 

The volume of water droplets used in the WCA measurements was 4 μL. The WCA 

was measured 3 times and averaged.

4.4 Simulation

A simulation study of the self-transporting system beneath oil was conducted. This 

study was utilized to elucidate the experimental motion trend through the application 

of equations. The equation explanations and parameter settings of the simulation model 

are detailed in Note S1 (Supporting Information).
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