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ABSTRACT: Water-repellent superhydrophobic (SH) surfaces promise nearly endless
applications, from increased buoyancy to drag reduction, but their practical use is limited. This
comes from the fact that a SH surface will start to lose its efficiency once it is forced into water
or damaged by mechanical abrasion. Here, we circumvent these two most-challenging obstacles
and demonstrate a highly floating multi-faced SH metallic assembly inspired by the diving bell
spiders and fire ant assemblies. We study and optimize, both theoretically and experimentally,
the floating properties of the design. The assembly shows an unprecedented floating ability; it
can float back to surface even after being forced submerging under water for months. More
strikingly, the assembly maintains its floating ability even after severe damage and piercing in
stark contrast to conventional watercrafts and aquatic devices. The potential use of the SH
floating metallic assembly ranges from floating devices and electronic equipment protection, to

highly floatable ships and vessels.
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Introduction

Water-repellent superhydrophobic (SH) surfaces promise nearly endless applications, from
increased buoyancy to drag reduction -6, but their practical use is limited 3. Typically, SH surfaces
require extensive nano- and micro-scale surface textures and in most cases superhydrophobicity
comes from a layer of air trapped among these structures > 710, This underlying mechanism
imposes two fundamental hurdles that prevent SH surfaces from wide-spread use. First, once
entirely submerged into water, SH surfaces will wet over time and relent its SH response '!-13,
Second, the surface texture is susceptible to mechanical wear and abrasion, which can quickly
degrade and eventually extinguish the surface superhydrophobicity ! 3 1415, Here, we circumvent
both these obstacles and demonstrate a highly floating multi-faced SH metallic assembly inspired
by the diving bell (Argyroneta aquatic) spiders and fire ant assemblies that trap a large amount of
air with their SH body surfaces even fully submerged under water without releasing the air cushion
[5]. We study, both theoretically and experimentally, the floating properties of the design. The
assembly maintains its floating ability even after severe damage and piercing. We envision the
applications of our highly floatable SH assemblies to range from replacing personal floating
devices, to electronic equipment protection, and eventually large aquatic vessels to create super
floatable boats or ships. Other materials can be processed to become SH and future research
directions can include flexible materials to create floating, high loading capacity wearable devices

and clothes that maintain their floating properties even after tearing or piercing.

Results and discussion

Argyroneta aquatic spiders live their entire lives underwater while maintaining a terrestrial

respiratory system, i.e., it breathes air '6. The spiders create a dome-shaped web, so called diving
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bell, between aquatic plants underwater and fill the diving bell with air carried from the water
surface by trapping air between their SH legs and abdomen and within the SH diving bell. The
ability of these creatures to sustain the SH functionality indicates that they evolved to maintain
their superhydrophobicity even after being fully submerged in water indefinitely. Furthermore, fire
ants can self-assemble and form a raft by trapping a large volume of air among their SH bodies !”.
The key insight is that multifaced SH surfaces can trap a large air volume which points towards
the possibility of using SH surfaces to create buoyant devices for aquatic applications. Inspired by
these two species, we present a design of a highly floating device. We note that a single SH metal
can float on water surface + 1819, however, if a force is exerted downward exceeding the loading
capacity, the SH metal will permanently sink and relent its SH properties, i.e., even after it is
brought back to the surface it may not float (Figure 1a and Movie S1 in Supplementary Materials).
Our assembly consists of two parallel Aluminum (Al) plates that are treated to become SH and
connected by a plastic post (Figure 1b and Figure S1). The two SH surfaces face each other so that
they are enclosed and free from external wear and abrasion, while the outer surfaces are regular
untreated Al. Because of the water repellency of the SH surfaces, this assembly will trap a large
volume of air under water and the assembly will float back to the surface even forced into water
(Figure le, and Movie S1). Figure 1d shows a SH assembly forced submerged under water by a
load traps an air bubble between the metal plates (Figure 1d-inset). After the load is released, the
SH assembly floats back to the surface (Figure 1e and Movie S2). On the other hand, the same
assembly consisting of two untreated Al disks remains sunk and no air is trapped between the disks

(see Figures 1d, S1 and Movie S3).
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Figure 1. Design principle of the highly floatable superhydrophobic metallic assembly. (a-c)
Schematics show two SH Al disks (a) sink to the bottom of the beaker after piercing the water
surface. (b) Design of the SH assembly which consists of two Al disks such that their inner
surfaces are treated to be SH. The Al disks are connected by a plastic post. (c) A SH assembly
forced to sink under water will float back to the surface when the load is released. (d) An image
of the assembly forced to sink due to a heavy load while trapping an air bubble between the SH Al
disks. The same assembly with bare Al, however, is unable to float. (¢) An image showing the SH

assembly floating back to the surface after the load is released.

A surface is considered SH if a water droplet beads up on the surface with a contact angle
(CA) 6 > 150° 2:20-33_ To create a SH Al surface, we use a direct femtosecond (fs) laser processing
technique to produce a range of hierarchical micro- and nano-structures on Al. Fs laser technique
can directly create micro/nanoscale hierarchical structures on a wide variety of materials by a

simple one-step scanning method 24-2°, which is a powerful method for research of various special
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surface wetting properties 7> 14-15. 20,22, 27-32 ' To further control the degree of hydrophobicity, we
control the surface morphology by varying the laser processing conditions and the surface energy
by immersing the structured Al surface in aqueous ethanol solution of stearic acid for various
durations. Details on the experimental setup and fabrication processes are described in
supplementary materials (Methods section). Without fs laser treatment, CA for bare Al is only
~54° see Figure 2a and 2b. Similar to our previous work !> 27, fs laser processing also turns the
treated area pitch black with the near-unity optical absorption (Figure 2¢) '27. As shown in Figure
2d, Al becomes black and SH with §~168" following fs laser and chemical treatments. Figure 2e
and 2f shows SEM images of typical hierarchical micro- and nano-structures formed on the Al
surface following fs laser treatment. The structure consists of an array of microgrooves (Figure 2¢)
covered by extensive nanostructures (Figure 2f), also see Figure S2 for more SEM images. The
surface morphology is also measured using confocal UV laser microscope shown in Figure 2g and
2h. The strong water repellency of our SH Al is captured by water droplet bouncing from the

surface shown in Figure 2i and Movie S4.
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Figure 2. Femtosecond laser treated SH Al surface. (a-d) Sample photos and corresponding water
CA of a bare Al surface (a and b), and that with fs laser treatment and stearic acid modification (¢
and d). (e and f) SEM images of Al surfaces after fs laser treatment. (g and h) Confocal UV laser
microscope image of the three-dimensional surface profile (g) and a cross section showing the

height variation (h). (i) Photo of water droplets bouncing off the fs laser treated SH surface.

The gap distance between the two Al plates, H, is a key parameter in our design. There is
a minimum H value for the assembly to trap enough air to keep itself floated (Hy,;,) (see Figure
3a). A larger H will trap more air and increase the buoyancy and loading capacity of the device,
however, there exists a maximum A where the assembly lose its buoyancy as it can no longer trap
air inside (Hp.y). Therefore, our first study is to determine the admissible range of H for the
assembly to stay afloat. H,,;, is determined by equating the weight of the overall assembly to the
displaced water. Using our assembly with the Al disk thickness of 0.2 mm, H,,,;, is ~0.68 mm (see
Supplementary Information). This value agrees with our experimentally observed value of 0.761

mm (Figure S3), where the assembly will remain stationary, neither rise nor sink (Figure 3b). The

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

discrepancy between calculated and demonstrated H,,;, is due to the approximation in the

calculations and the additional weight of the plastic post and glue used for preparing the assembly

(Figure S1). Note that H,,;, is independent of the Al disk radius (R).
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Figure 3. Design parameters: Determination of the gap distance range of multifaced SH assembly.
(a) Schematic of the gap distance (H) effect on the assembly buoyancy. (b) An image of the
assembly with H = H,,;, staying stationary in water. (c and d) Calculated topography of the dimple
formed on water surface after placing a single SH surface (¢) and a schematic illustrating the
dependence of H,,,, on R and 6 (d). (e) Photo of the experimental setup used to determine H,,,,.
(f-1) Photos of the trapped air underwater with H= 1.0 mm (f), H= 2.0 mm (g), H= 3.0 mm (h),
and H= 4.0 mm (1). (j and k) Experimental and calculated results of the largest gap distance (H,,.)

as a function of the SH surface radius (j) and CA (k).
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Next, we investigate the maximum possible gap distance, Hy,y, as a function of the Al disk
radius and surface hydrophobicity. To find H,,.x theoretically, our approach is to consider a single
SH plate with radius R floating on the water surface. The water surface will form a dimple and the
dimple topography s(x, y), at equilibrium, is determined by the Young-Laplace equation, py,
gs = aV - n, where py, is the water density, o is the water-air interfacial energy, g is the gravity
constant, s = s(x,y) is the formed dimple surface, and n = n(x,y) is the surface normal vector !*

33-35 In our system, the Young-Laplace equation can be expressed in polar coordinate as following

where sop= s (o) is the dimple height from the water surface at infinity, i.e., approaching the
waterline where the dimple vanishes. By setting & = py, g/c and s’ () = tan ¢ with ¢ € (0, 6] (0 is

the CA), the above equation can be converted to the parameter space as

dr(e) r(@)cose @)
do — &r(@)so—s(@)] + sing
d d
il((:)P) = tan(p%(pp) 3)

r(0.)=R,s(6.)=0 (4)

For a given s, the above differential equations can be solved numerically. The real solution is
obtained when the given s satisfies so = s(p = (). When the top Al plate has the same radius as
the bottom plate, the maximum gap distance that enables air trapping is H e = S(¢) on the
surface with @ different from 6 and satisfying r(¢,) = R. The calculated 3D dimple topology is

shown in Figure 3¢, and the dependence of H,,,, on the diameters and on the CAs of the SH Al
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surfaces are shown in Figure 3J and 3K (all data can be found in supporting information Table

S1). The calculational details are presented in the supporting information.

To determine experimentally H,,x, we use a high-resolution digital micrometer and attach
two aligned Al SH surfaces to the micrometer legs. First, we have the two surfaces touching each
other and reset the digital micrometer to zero (see Figure S4). Next, we increase the gap distance
outside of water, set it to a certain value, and adiabatically immerse the assembly to ~lcm (see
Figure 3e) below the water surface. The adiabatic process here means that the SH assembly is
immersed into the water rapid enough that the trapped air does not leak out. The beaker is filled
with water to ~5 cm high, and the water pressure variation over the 5 cm is ~ 0.5 % of atmospheric
pressure so that the effect of the water depth is negligible. Since our study focuses on floating
effect and the SH assembly always floats back to surface after being forced into water, we neglect
deep-water pressure effect and leave it for future investigations. For small H, here 1 mm, the
trapped air bubble takes an approximate shape of a cylinder close to the diameter of the disk
(Figure 3f). When H increases to 2 mm and 3 mm, the trapped air takes a clearer form of a
hyperboloid (Figure 3g and 3h). Finally, at # = 4 mm, the SH plates are incapable of trapping air
(Figure 31). To study the dependence of H,,x on the disk radius R and the water-solid CA, we
fabricate a series of samples with R = 3.2, 6.3, 7.9 and 11.1 mm with 8 = 168° (Figure S5) and CA
6~153°, 160°, and 168° with R = 7.9 mm (Figure S6). Figure 3j shows the experimental and
calculated results for H,,.x as a function of R (two examples are shown in Figure S7). For smaller
R values, H,,, increases with R while for larger R values, H,,,x becomes a constant. Figure 3k
shows the experimental and calculated results for H,,.x as a function of CA. As expected, a larger

CA (stronger hydrophobicity) results in a larger H ..
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Figure 4. Applications: loading capacity and durability after severe damage. (a) Schematic of the
gap distances H; and H,: we started with an initial gap distance H;, then reduced the gap distance
underwater to minimize the gap so that the trapped air will take the form of an ideal cylinder that
has radius R and gap distance H. (b and ¢) Photos of the trapped air topology in water for an initial
gap distance (H,) (here, 2.75 mm) (b), and the gap distance where the trapped air takes the form
of a regular cylinder in water (H) (here, 2.338 mm) (c). (d) The dependence of H, on H;, and the
corresponding buoyancy force (£}) based on H,. (¢) Two Al squares with area ~ 30 mm x 30 mm
with only ~ 3 mm width frame treated with fs laser to be SH (black frame). (f) SH assembly based
on the Al squares shown in (e) submerged under water with a heavy load while trapping an air
bubble. (g) A SH assembly remains floating even after significant structural damage (six smaller

through holes each with a 3-mm diameter and one larger through hole with a 6-mm diameter).

Experimentally, as we submerge the assembly adiabatically into the water, there will be air

loss during the submersion process and this air loss is more pronounced with a larger initial gap
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distance. Therefore, the diameter of the trapped air column decreases with gap distance H, as
shown in Figure 3. Accordingly, it is difficult to quantitatively estimate the volume of the trapped
air only by knowing H. For example, it is difficult to tell if the volume of the entrapped air in
Figure 3h is greater than that in Figure 3g, although Figure 3h has a larger H. To determine the H
value that gives the maximum buoyancy force F},, we started with an initial gap distance H; then
reduced the gap distance underwater to minimize the curvature so that the trapped air takes the
form of an ideal cylinder that has a radius R and a gap distance H, (see schematic Figure 4a).
Example images of the trapped air column with H; =2.75 and H, = 2.338 mm are shown in Figure
4b and 4c, respectively, for an assembly of R=11.1 mm and 8 = 168° (see Figure S8). For a given
H,, the trapped air volume and the corresponding buoyancy force F, can be readily calculated
using H,according to the following equation: Fj, = pyygmR?(H, +2hy,), where R and hyare radius
and thickness of our Al SH plates (11.1 and 0.2 mm in this case), respectively. The calculated
results for £}, are shown in Figure 4d (black round). The linear change of H vs. H; is also plotted
in Figure 4d. For SH Al disks of R = 11.1 mm, when H; < 2.75 mm, H, increases with H;, which
means that by simply increasing the gap distance, the trapped air volume, and buoyancy, increases.
For H;>2.75 mm, H,decreases with H;, due to the decrease in the trapped air radius that we noted
earlier in comparing Figure 3g and 3h. In the demonstrated case, the largest buoyancy force for
the SH Al assembly corresponds to H; ~2.75 mm. Therefore, we prepared an assembly with H =
2.75 mm and R = 11.1 mm, and tested its loading capacity. The assembly can float back to the
water surface even with a load of 2.5 times of its weight (Movie S5 and Figure S9). The maximum
loading capacity (1.021 g here) agrees well with the calculated maximum buoyancy shown in
Figure 4d (F, = 0.01043 N, which corresponds to 1.064 g). If the intended application is to create

a floating device with high loading capacity, we note that it is sufficient to only transform the outer
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rim of the metal plates to be SH instead of the entire plates, as shown in Figure 4e. Indeed, the
device will trap an air bubble and remain afloat after releasing load as shown in Figure 4f and
Movie S6. For an assembly with a given H, the loading capacity scales with R?, for example for H
= 2.75 mm, an assembly with R = 13.82 m can handle a load of 1 ton, while the required area

treated to be SH is only about 0.5 m? (see Figures S10 and S11).

Although the SH surface textures are susceptible to mechanical wear and tear, our design
overcomes this problem since the SH surfaces are enclosed within the assembly and they are
neither in direct contact with any external load nor the water. For a durability test, a loaded SH
assembly has been left in water for two months, and the assembly remains floating for the entire
period without sinking or any observed deterioration. The We note that the trapped air remains
under water due to loading for the entire period (see Figure S9). Another important advantage of
the SH assembly is that although the floating principle is the same as other floating device, e.g.
ships, the assembly structure can withstand severe damage and even substantial piercing without
sinking. If the air entrapment was due to conventional methods of concealment, water will rush
inside the device after piercing, e.g. damaging a ship’s hull or piercing a personal floating device,
and it will sink if the floating object is denser than water. However, in our design, the SH assembly
automatically conceals the entrapped air even if the SH metals are pierced and water replaces the
trapped air within the pierced volume (Figure 4g). In principle, no matter how many holes are
drilled through the assembly, the structure will float because the water volume is replaced by water
so the buoyancy condition of the entire structure is still satisfied (schematics shown in Figure S12).
Figure 4g shows a severely pierced SH assembly (~20% of the structure is removed) without
affecting its ability to float (see Movie S7). More clearer images show the severely pierced SH

assembly on water surface can be found in Figure S13. No water rushes inside the assembly, which
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is in stark contrast to conventional buoyant devices comprised of denser-than-water materials.
Furthermore, the severely pierced SH assembly can float back to the water surface very quickly
(about 2.5 second) even after being immersed in a deep (44 cm) container, as shown in Movie S8.
Note, a watercraft or a personal floating device made of denser-than-water material(s) would sink
if pierced. On the other hand, the existence of two SH plates conceals the trapped air automatically

after piercing and no water can rush inside the plates, which is a unique property for our assembly.

Conclusion

This work demonstrated how to use SH effects to render metals highly floatable. Our design
overcame the most fundamental hurdles preventing SH surfaces from practical applications,
namely, wetting the SH surface after being submerged into water and mechanical wear and tear.
The work serves as a starting point to develop biomimetic designs inspired by creatures utilizing
their SH surfaces even fully submerged under water. The ability of the SH assemblies to remain
afloat after severe structural damage is unique compared to conventional floating devices and
watercrafts that have been used for millennia. Using a stack of SH assembly can further increase
the loading capacity per unit surface area, which is more suitable for constructing large aquatic
vessels. The applications of the highly floatable SH assembly can range from constructing personal
floating devices, electronic equipment protection, to floatable boats or ships. For example,
inflatable floating devices cannot float after piercing, which can be overcome using our design
concept. As other materials can be processed to become SH, future research can investigate flexible
materials to create floating and high loading capacity wearable devices that can survive tearing

and piercing.
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Experimental Section

Aluminum plates with thickness of 0.2 and 1.0 mm with purity of 99.9% were purchased from
GoodFellow, and degreased in acetone before laser ablation. Stearic acid (98%) and absolute
ethanol were purchased from Alfa Aesar. All chemicals were analytical grade reagents and were
used as received.

The Al was first processed by femtosecond (fs) laser pulses to obtain hierarchical micro-
and nano-scale surface structures, as shown in Figure S14. In our experiments, an amplified
Ti:sapphire laser system was used that generates 65-fs pulses with a central wavelength of 800
nm and at a maximum pulse repetition rate of 1 kHz. The laser beam was focused onto the
sample surface mounted on a computerized XY -translation stage. The pulse energy from the fs
laser was about 0.8 mJ, and the linear velocity of the translation stage is 1 mm/s. To control the
superhydrophobicity, we also use pulse energy of 0.4 and 0.2 mJ. The period between the
adjacent scanning lines is 100 um. To further control the degree of hydrophobicity, we control
the surface morphology by varying the laser processing conditions and the surface energy
through immersing the structured Al surface in aqueous ethanol solution of stearic acid (0.01M)
for various durations. Afterwards, the sample was rinsed by pure ethanol and dried in 60 °C oven
for 30 min.

Water droplet with a diameter of about 2.8 mm was generated from a syringe tip that was
connected to a syringe pump. Water droplets were dropped from a height of 80 mm (tip to
surface). The spreading and retraction dynamics of the droplet on the surfaces were recorded
using a high-speed camera (NAC, HotShot 1280 cc) with 3000 frames per second.

SH assemblies were prepared by using plastic rings with different heights to control the gap
distances between two SH Al plates, as shown in Figure S1. The plastic rings were first cut from

a plastic tube with outside diameter of about 7.0 mm and tube thickness of 0.9 mm. The rings
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were then abraded by sandpapers to obtain the desired height in order to control the gap distance
in SH assembly. An epoxy (Loctite EA 450 A&B) was used to glue the plastic post to the two
aligned SH Al plates to form an Al SH assembly. The two SH Al surfaces face each other so that
they are enclosed and free from external wear and abrasion, while the outer surfaces can be
regular untreated Al. Finally, the SH assembly was placed in an oven with temperature of 50 °C
for 60 min to dry totally. The additional load test was carried out by sticking an Al plate with the
radius 11.1 mm and thickness 1.0 mm on the bottom of the assembly to avoid the overturning of
the sample when it is floating to water surface. To test the piercing effect, the SH assembly was
purposely damaged by drilling several holes on through the SH assembly.

The surface structures were first analyzed by a confocal UV scanning laser microscope
(KEYENCE, VK-9700) that resolves microstructures and provides a larger viewing area. For a
more detailed view, a Scanning Electron Microscopy (SEM) was used to determine micro- and
nano-scale surfaces down to 10 nm resolution. The SEM is a Zeiss- Auriga Field Emission SEM
operating at an accelerating voltage of 20 kV. The surface CA were measured by Kino SL200KB

Contact Angle Meter.

ASSOCIATED CONTENT

Supporting Information: Photos of normal and SH assemblies, SEM images of the SH Al
surface, photos of the SH assembly with H,,;, and the digital micrometer used in this work, SH
surfaces with different diameters, SEM images and photos of SH surfaces with different contact
angles, photos of the samples to determine H,,,, and F), loading test of the SH assembly,
schematics of the loading capacity and treated areas of the SH assembly, schematics of the air

volume of a severely pierced SH assembly and its photos, and experimental setup for fs laser
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processing; detailed calculation processes of the H,,, and H,,,; and additional movies show the
SH Al surface, SH assembly, and floating properties of the assemblies. This material is available

free of charge via the Internet at http://pubs.acs.org.
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