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This study proposes the investigation of water harvesting on the hybrid surface with different super
hydrophilic sizes, which is inspired by the water-capturing behavior of the Stenocara beetle. The
combination of water collection (superhydrophilic spots) and water-driven (superhydrophobic area)
facilitates the water collection process on such a unique morphology. The results describe the
importance of contact angle hysteresis in the determination of collection efficiency. The higher
hysteresis difference leads to the larger critical droplet volume and can be explained through the
wettability contrast at the boundary. The critical volume calculation of a single droplet has been carried
out and demonstrated a good correlation with the condensation mass. This result figures out the
appropriate hydrophobic-hydrophilic combination and proposes a model for water collection on a
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INTRODUCTION

Dew collection refers to the harvesting of water droplets suspended in
the air. In the Namib Desert, dew is an alternative water source for the
life[1]. Darkling Beetles utilize their own body with elytra surfaces on
the dorsal as a dew collector assuming characteristic fog-basking [2].
Thomas Norgaard et al. have reported O.unguicularis as the only one
of investigated beetles that assumes the head standing fog-basking
behavior, while the Stenocaragracilipes presented the highest water
collection efficiency [1]. Inspired by this interesting behavior, the
dew collection has attracted much attention from researchers of the
potential to become a water source[3]. Water condensation is a
sequential process consisting of 3 steps; nucleation, condensation, and
coalescence[4]. First, the nucleation appears and attracts the neighbor
vapor. The condensed small droplets become large droplets via
coalescence together. Finally, the water droplet falls by the gravity
force[5]. During the water condensation process, the wettability and
morphology of the surface give influence each step. Therefore,
controlling the wettability and morphology of surfaces in water
condensation are the most important factors because it is a key
phenomenon in water harvesting, heat exchange systems, and even
energy conversion [6,7]. Numerous research works focused on water
condensation topics have been introduced[7,8,17-20,9-16]. Many
types of surfaces with different techniques have been carried on to
improve water-capturing behavior[7,8,13,16,19]. Among various
approaches that have been reported, the hybrid pattern inspired by
Namib Desert beetles can be considered a potential structure for water
harvesting, guiding to large applications in water collection devices,
especially in hot and unstable weather regions[8,9,18,21]. In recent
years, hybrid surfaces which contained hydrophilic/superhydrophilic
regions based on the hydrophobic/superhydrophobic background have

been considered a new key phenomenon for water harvesting and
outperform the collection performance compared with other
functional surfaces[8,9,18]. This high performance is attributed to the
hybrid surface’s unique structure, which consisted of different
wettabilities contrast. Owing to the low energy barrier for nucleation,
water droplets are easily found in high wettability states such as
hydrophilic and superhydrophilic[22]. These tiny droplets rapidly
coalesce with the neighboring droplets and maximize their volume
before falling when gravity overcomes the capillary force. The water
repellent property of hydrophobic/ superhydrophobic has proposed an
important role in condensed droplets’ “falling ability” [9,13,18,20].
Water droplets with really high contact angle hysteresis will be stuck
in the hydrophilic area, inheriting the thermal transformation for
extending the volume, therefore falling harder and expressing a much
lower volume compared to the other surfaces. The advantages of
hybrid pattern surfaces in water harvesting also have been observed
especially for a long-time condensation experiment and broad
temperature range [12,17]. However, the reported researches still
possess the contrast between investigated results and even with
artificial samples as well. The reason might be attributed to the lack
of theoretical calculation for a well-designed hybrid surface. This
work aims to evaluate the water condensation efficiency of high
wettability contrast hybrid samples with different hydrophilic dots.
The unit cell was maintained at 600um to mimic the Stenocara beetle
back’s morphology while the hydrophilic spot was verified from 300
to 500um. The single formation of critical droplets will be observed
to figure out the effects of participating factors such as advancing
contact angle, and droplet size. Obtained results also will be
compared with a theoretical approach to document the optimized
combination for enhancing dew collection in hybrid surfaces. The
superhydrophobic, superhydrophilic, and bare Aluminum will be used
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as references to demonstrate the advantage of a hybrid surface for
water collection from moisture.

Experimental setup

Acid etching
’ Hydrophobic
coating

ﬁ Ex}’os?w

Figure 1. The fabrication process (a) and experimental setup for
dew collection (b)
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Figure 1 describes the hybrid surface manufacturing process. The
bare Al surface first was cleaned in order with Acetone, Iso-Propanol,
and Ethanol to remove all dust and residual oxides on the surface. By
using sandpaper to initially grind the surface, followed by etching
using Hydrochloric acid, the hydrophobic disappeared and the surface
became superhydrophilicwith a water contact angle of around 10°.
The modification process was followed by sonication with DI water
several times to remove all acid and aluminum powder residues. For
making the superhydrophobic-based area, the etched surface was
coated with PFPE (PerfluoroPolyEther) solvent for 1 hour and
followed by drying for 1 more hour in the ambient air. After chemical
coating, the surface resulted in a super-hydrophobic surface with a
very high water contact angle (>160°) and extremely low sliding
angle (<2°).

Figure 2. SEM (a) and FIB images (b) of etched Al surface,
corresponed contact angle on superhydrophobic (¢) and
superhydrophilic (d)

To investigate the correlation between superhydrophilic and
superhydrophobic parts on the hybrid surface, we have used shadow
masks in the treatment process. Superhydrophobic surfaces were
attached to the masks of different sizes (300um, 400u, and 500um)
and followed by UVO exposure during the process. The covered area
remained in a superhydrophobic state while exposed spots exhibited a
completely wetting state with a water contact angle below 10°. The
completely superhydrophilic surface and bare Al were cleaned and
rinsed in DI water for reference. The investigation of dew collection
has been carried out inside the environmental chamber maintained at
the standard condition (27°C in temperature and 60% in humidity) for
4 hours and repeated at least 5 times before collecting the average.
The hybrid surfaces were compared with the uniform surfaces

including the

original Al superhydrophobic  and

superhydrophobic surfaces.

RESULTS AND DISCUSSIONS
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Figure 3. Water collection on different morphologies
Table 1. Measured values for examined surfaces
No. | Hydrophilic | Hydrophobic 0 0, 0, Vit
(mm?®)
1 300 600 145 42 160 3.7
2 400 600 142 20 159 5.5
3 500 600 138 19 90 3.47
4 Completely hydrophilic 15 -- --
5 Completely hydrophobic 162 165 2
6 Bare 82 115 67

In contrast to the superhydrophobic and hydrophilic (Bare) samples,
drop-wise condensation was obtained on superhydrophobic and
hybrid surfaces. This is due to the chemical coating when the water
droplets are found difficult to contact with surface roughness,
resulting in a single droplet on the surface. A little difference was
observed in the bare surface case when water droplets condensed on
the different regions spontaneously to create water “bumps”, but
rapidly coalescence and formed a water film on the surface. On the
other hand, the water collection on hybrid samples exhibited
preeminence compared to the single wettability samples. All hybrid
samples illustrated the high water collection ability with at least 16.7
(L/m%*/day), about 11,3% higher than superhydrophilic and 19.3%
higher than superhydrophobic surfaces.
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Figure 4. Condensation process on surfaces with different
morphologies and wettabilities
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Especially, the results showed that surfaces with 400um of spot size
expressed the highest performance in water condensation followed by
300um in size while the S00um sample presented low ability in the
collection. It can be explained by the correlation between the volume
of droplets and the distance between hydrophilic spots. The
condensation depends on both the nucleation and coalescence
process, so the volume of a water droplet on hydrophilic size should
be considered together with the distance between neighbor
hydrophilic parts. The critical droplets of three surface morphologies
will be calculated based on the measure factor (Table 1) using the
calculation model which was first introduced by Furmidge for
predicting the condensation efficiency[23]. The critical volume can be
expressed as followed:

_ (1 —cos6,)*(2 + cos b,)
B 2sin3 6,

1% 3

In which V.0, w is critical volume, advancing contact angle, and
diameter of a single droplet, respectively. Table 1 indicates the
calculation of critical volume based on the advancing and receding
angle. Interestingly, the highest volume was found at 400um and the
smallest one belonged to 500um. The calculated values were plotted
against the corresponding droplet diameter and critical volume based
on equation 1. The higher the advancing contact angle and droplet
size we can generate, the higher the critical volume we can achieve.
The higher receding contact angle results in the low spreading
tendency of the water droplet, therefore preventing heat transfer for
the consecutive nucleation process. Hence, the optional combination
should be considered by observing the contact angle hysteresis
parameter when it was the result of combined effects from surface
morphology and wettability.

CONCLUSIONS

In this work, we present the investigation of water harvesting on the
hybrid surface of different sizes which was inspired by the Stenocara
beetle’s wing structure. The combination of water collection from the
hydrophilic spots and water-driven from the hydrophobic surrounding
area facilitated the water collection process on such a unique surface.
The results described the dramatic advantage of 400 — 600 in the unit
cell compared to the other sizes, illustrating the good correlation with
nature-inspired morphology. The difference in contact angle
hysteresis leads to the larger critical water droplet and can be
explained through the unique contrast between hydrophobic and
hydrophilic areas. Further investigation figured out the correlation
between hydrophilic size and contact angle hysteresis and proposed a
mechanism for water collection on a hybrid surface. The consecutive
investigation will focus on the other topographies of the hybrid forms
such as circle, oval, or parallel sections.
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