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Abstract: Superhydrophobic surfaces could repel water due to the capillary force associated with
surface roughness, which has a large range of applications, such as underwater drag reduction, heat
transfer enhancement, oil/water separation, and so on. However, the engineering applications of
superhydrophobic surfaces rely on the stability of the superhydrophobic surfaces. In this study, a
hydrophilic metal mesh was modified to be superhydrophobic. The resulting superhydrophobic
mesh was designed as a bowl capable of holding water without leaking and as a boat floating on
top of water without sinking. The stability of an impacting droplet on a superhydrophobic mesh
was investigated using both experiments and theoretical analysis. It was demonstrated that the
capillary force is able to prevent water from passing through the mesh and maintain the stability of
the air-water interface under dynamic pressure. Furthermore, a theoretical model was developed to
diagnose the stability of the air-water interface on the superhydrophobic mesh when in contact with
water, and the results are consistent with the experimental findings. The results of this work can be
utilized to design robust superhydrophobic meshes and advance the field of droplet manipulation.
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1. Introduction

Inspired by the lotus effect, a superhydrophobic surface, composed of microstructures
and low surface energy materials, is able to trap a thin air layer within the microstruc-
tures [1-3]. The air layer is trapped between solid micro-sized surface roughness and
fluids, which is stable [4,5]. Due to the air-water interface on the superhydrophobic sur-
face that contacts with water, the superhydrophobic surface can be widely applied in a
series of engineering applications, such as underwater drag reduction [6-13], heat transfer
enhancement [14-17], droplet manipulation [18-21], de-icing techniques for outdoor facili-
ties [17,22], microfluidics [23,24], oil-water separation [25-28], and so on. When a mesh
is modified to be superhydrophobic, with the surface roughness decreasing to a micron
scale, the role of the capillary force plays a more important role in the macro phenomenon
of water on it. For example, when a large droplet impacts a superhydrophobic mesh array,
monodisperse droplets will be generated, which is useful in microfluidic engineering,
materials science, and drug production. A superhydrophobic mesh could be an efficient
approach to separate oil from water [29-31]. It could be used to enhance the water collection
rate from the atmosphere and fog via a superhydrophobic mesh [32].

The stability of the air-water interface on the superhydrophobic surface is one of
the most concerning factors for engineering applications. When air-water lies on the
micron surface structures, it is supported by the Laplace pressure, which increases with the
decrease in the size of the surface micro-structures [33,34]. As a result, superhydrophobic
surfaces with nano-sized structures have been proposed to enhance the robustness of
superhydrophobicity [35]. What is more, inspired by the “Salvinia effect”, hydrophilic
spots have also been introduced into a superhydrophobic substrate to enhance the air
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stability on the superhydrophobic surfaces [36,37]. When a mesh, with holes of ~100 pm,
is coated with a superhydrophobic coating made of nano-sized roughness, the dual-sized
structures can make the mesh superhydrophobic, where a novel interfacial phenomenon
appears [38-40]. When a droplet impacts a superhydrophobic wire, it will be divided into
halves [41]. When a droplet impacts a superhydrophobic mesh, a portion of the water
droplet will pass through the mesh with submillimeter pores during impact [40]. According
to the lattice Boltzmann simulation, the inertial effect dominates the spread stage of droplet
impact [38]. The dual-sized structures can make the mesh superhydrophobic; however, the
relatively large holes on the mesh make the air-water interface very weak. It should be
noted that theoretical analysis associated with experimental investigations on the stability
of the air-water interface on superhydrophobic meshes is still lacking due to the complex
interaction between the capillary and inertia force. In this work, a superhydrophobic mesh
is fabricated, and the stability is investigated experimentally.

2. Experimental Setup
2.1. Modification of the Wettability of the Mesh

The stainless-steel mesh without treatment was hydrophilic. To make it superhy-
drophobic, a lab-made superhydrophobic coating was prepared in advance. The superhy-
drophobic coating was a mixture of hydrophobic SiO, nanoparticles (Aerosil RX300) with
a diameter of 100 nm and a binder of methylphenyl silicone resin (SR3555, Momentive
Performance Materials), both of which were pre-mixed in acetone [42,43]. The solution
was mixed with an ultrasonic stirrer for 10 min. Then, the coating was spray-coated on the
stainless-steel mesh and dried in the air for 2 h. As shown in Figure 1, the superhydrophobic
coating shows a very large contact angle at ~165°.

e el
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Figure 1. (a) Contact angle of a droplet on the surface coated with the superhydrophobic coating.
(b) SEM image of the superhydrophobic coating. (c) Size of the tested mesh, where d and w are the
diameter of the mesh fiber and the spacing of the fibers of the mesh, respectively.

The stability of the superhydrophobic mesh was robust. As shown in Figure 2a,b, the
superhydrophobic mesh was shaped into a bowl; it could take water as high as 10 mm with
a volume of ~25 mL. What is more, the superhydrophobic bowl of mesh could take water
from a container dynamically without leaking, as shown in Video S1.mp4 of the supporting
information. The superhydrophobic bowl could even float on top of the water. As shown
in Figure 2c and Video S2.mp4 of the supporting information, the superhydrophobic mesh
did not sink on top of water, even with a load as high as 25 g on it.

2.2. Experimental Setup for Tests of an Impacting Droplet on a Superhydrophobic Mesh

The stability of the air-water interface of the superhydrophobic mesh was evaluated
via the impacting test using a high-speed camera, as shown in Figure 3. A droplet was
released from a needle with a volume of 9 pL. The impacting velocity was changed by
varying the releasing height. A piece of mesh, 15 mm wide and 50 mm long, was fixed
right below the needle. A high-speed camera (Revealer, M120, Hefei, China) was used to
capture the impacting process at speed of 1000 fps.
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Figure 2. (a) Superhydrophobic bowl that could carry water. (b) Air-water interface at the bottom of
the superhydrophobic bowl. (c) A superhydrophobic mesh of stainless steel that could carry loads
floating on top of water. Scale bars in (a—c) are 10 mm, 1 mm, and 10 mm, respectively.

Droplet

¥ M High-speed camera

Figure 3. Schematic of the experimental setup to test the stability of water on mesh.

3. Results and Discussion
3.1. Impacting Process of a Droplet on Different Substrates

When a water droplet impacts a superhydrophobic surface, it rebounds off the surface
in a short time due to the low surface energy between the water and superhydrophobic
substrate, as shown in Figure 4a. Previous experiments indicated that the contact time
of the impacting droplet on the superhydrophobic surface, t., is independent of the di-
mensionless Weber number, We = szR/ v, where p, V, R, and «y are the water density,
impacting velocity, the radius of the droplet, and the surface tension of water in the air, re-
spectively [44,45]. More specifically, the contact time is proportional to an inertial—capillary
timescale T = /pR3 /7y [44]. For the droplet in our experiments, T = 5.5 ms. A previous
study has shown, both theoretically and experimentally, that the relationship between
the real contact time and the inertial-capillary timescale of a droplet is t./T = /2.2,
which is independent of the size and fluid property of the droplet [44]. This equation can
predict the contact time precisely if the droplet maintains one unit after the impact. In our
experiments, droplets with an impacting speed in a range between 0.4 m/s and 1.0 m/s
were tested, and ¢./T was between 2.1 and 2.3, which agrees well with the prediction on
the bare superhydrophobic surface.

When a droplet impacts the hydrophilic mesh, as shown in Figure 4b, the droplet
passes through the mesh and is split by the fiber during the early stage of the impacting
process. Due to the hydrophilicity of the mesh substrate, the water sticks to the hydrophilic
mesh after passing through the mesh, hanging on it without falling.
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Figure 4. Impacting process of a droplet on different substrates. (a) Superhydrophobic substrate.
(b) Hydrophilic mesh. (c¢) Superhydrophobic mesh. The mesh in (b,c) is NO. 2#. The impact speed of
the droplet is 0.6 m/s. Scale bars are 3 mm.

When a droplet impacts the superhydrophobic mesh, as shown in Figure 4c, the
droplet is still able to rebound off the substrate if the impacting speed is slower than
0.6 m/s on 2# mesh. However, in the early stage of the impacting process, as shown
in the third image of Figure 4c, part of the droplet passes through the gap between the
mesh fibers and is stopped by the surface tension. Eventually, the droplet rebounds off the
superhydrophobic mesh, and the contact time of the droplet on the superhydrophobic mesh
was 11 ms, which is much smaller than the value predicted by ref. [44] and 15% shorter
than the one on a bare superhydrophobic substrate. The reduced contact time of droplets
on the superhydrophobic mesh comes from the fluid passing through the hollow mesh and
contracting during the rebounding period [46].

3.2. Stability of Impacting Water on Superhydrophobic Mesh

When a droplet rests on the superhydrophobic mesh, the air-water interface on the
gap is maintained by Laplace pressure, as shown in Figure 5a. The Laplace pressure is
caused by the curvature of the air-water interface, AP = 2%, where r is the radius of
the interface curvature. For the air-water interface between the gap of the mesh fibers,
r > 0.5w. As aresult, the Laplace pressure is AP < 4 /w. The maximum of the Laplace
pressure, AP = 4v/w, increases as the size of the gap of the mesh decreases. When a
droplet impacts on a superhydrophobic mesh, as shown in Figure 5b, the dynamic pressure,
0.50U?, transfers to static pressure, P, during the slowing period of the early stage. To make
the air-water stable, the following condition should be maintained:

AP = 4% > 0.50V2 1)
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When the speed of the impacting droplet is relatively small, the Laplace pressure is
high enough to maintain the air-water interface, as shown in Figure 4c. However, as the
droplet speed overcomes a critical value,

V < \/8y/wp )

the droplet is split into several parts and part of the droplet passes through the mesh. As
shown in Figure 6, at a relatively high impacting speed, part of the droplet passes through
the mesh and is divided into several tiny droplets. The rest of the droplet rebounds off the
superhydrophobic mesh upward.

(a) '.

Figure 5. (a) Schematic diagram of the Laplace pressure that holds the water above the super-
hydrophobic mesh. (b) Instantaneous image of an impacting droplet on the superhydrophobic
mesh (NO. 1#).

- ‘ul
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Figure 6. Breaking process of the droplet on the superhydrophobic mesh. The impacting velocity is
0.99 m/s. The mesh is NO. 2#. Scale bar is 3 mm.

The critical velocity for the droplet collapsing on the superhydrophobic mesh changes
as a function of the width of the mesh gap, as shown in Figure 7. Equation (2) agrees well
with experimental results, which shows that an impacting droplet is easier to collapse and
is divided by the mesh as the size of the mesh gap increases.

14
; = collapse
12¢ ® no collapse
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Figure 7. Critical velocity for the droplet collapsing on the superhydrophobic mesh changes as a
function of the width of the mesh gap (w).
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The size of the gap of the mesh affects the splitting behavior. As shown in Figure 8,
where only one droplet is divided by the superhydrophobic mesh, the size of the first
divided droplet increases as the size of the gap increases. Since the mesh with a larger gap
holds a smaller Laplace pressure, it is easier for the droplet splitting behavior to happen on
the superhydrophobic mesh with a larger gap.

1# 2# 3#

Figure 8. Effect of mesh size on the droplet cutting process. Scale bar is 3 mm.

3.3. Contact Time of Droplet on the Superhydrophobic Mesh

Figure 9 shows the contact time of a droplet on different substrates. As a droplet
impacts a bare solid superhydrophobic surface, the contact time is independent of the
impacting speed, i.e., t. = 2.21/pR3 /7 [44]. However, the contact time of the droplet on
the superhydrophobic mesh is not constant and decreases as the impacting speed increases
on the superhydrophobic mesh. On No. 2 of the superhydrophobic mesh, the normalized
contact time of the droplet is only 54% of the one on the bare superhydrophobic substrate
at We=17.

3
r A |
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2L MA A A o) @)
L o)
- L | 2 o) . O O °
pu = O
10 L |
L m 1# O 2#
A 3# @ Dbare surface
i —22
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We

Figure 9. Normalized contact time of a droplet on the superhydrophobic mesh.

The impacting velocity affects the dividing process of the impacting droplet on the
superhydrophobic mesh significantly. As shown in Figure 10, as the impacting speed in-
creases, the number of divided tiny droplets that pass through the superhydrophobic mesh
increases. For example, when the impacting speed is 0.44 m/s on 2# superhydrophobic
mesh, where the width of the mesh gap is 0.9 mm, only one tiny droplet (with a diameter
of ~ 0.6 mm and a volume of ~0.11 pL) passes through the mesh. However, over 10 tiny
droplets are divided from the droplet and pass through the mesh as the impacting velocity
increases to 1.00 m/s, and the volume of the rest of the droplet is much smaller than the
original one. As shown in the last image of Figure 10, the diameter of the droplet that

rebounds off the superhydrophobic mesh is R’~1 mm, where t' = 2.24/pR"*/q ~ 8 ms
and t'/t ~ 61%, which agrees well with the real contact time of the droplet.
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Figure 10. Effect of impacting velocity on the droplet cutting process. The mesh is NO. 2. Scale bar
is 3 mm.

4. Conclusions

The impacting process of a droplet on a superhydrophobic mesh was investigated. The
Laplace pressure is able to maintain the air-water interface on the superhydrophobic mesh,
which can serve as a bowl to carry water and a boat floating on top of the water with loads.
The stability of the air-water interface was investigated based on the balance between the
Laplace pressure and the dynamic pressure, which agrees well with experiments. When
the dynamic pressure is higher than the Laplace pressure, part of the impacting droplet
is divided into tiny droplets by the superhydrophobic mesh, which passes through the
mesh, and the rest of the droplet rebounds off the surface in a shorter time compared to the
one on a regular superhydrophobic surface. Due to the reduced volume of the droplet, the
contact time of the droplet on the superhydrophobic mesh is reduced at the same time. The
findings from this research can be applied to develop durable superhydrophobic meshes
and make significant strides in the area of droplet control.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ coatings13040756/s1, Video S1, Video S2.
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