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ABSTRACT: Novel types of vertical filament mesh (VFM) fog harvesters, 3D VEM
fog harvesters, and multilayer 3D VEM fog harvesters were developed by mimicking
the water-harvesting nature of desert beetles and the spider silks from fog. Four
different types of polymer filaments with different hydrophilic—hydrophobic
properties were used. The polymer filaments were modified with the polyur-
ethane—sodium alginate (PU—SA) mixture solution, and a simple spraying method
was used to form alternating 3D PU—SA microbumps. Polymer VFMs exhibited a
higher fog-harvesting efficiency than the vertical metal meshes. Moreover, the
hydrophobic VFM was more efficient in fog harvesting than the hydrophilic VFM.
Notably, the fog-harvesting efficiency of all VFMs increased by 30—80% after spraying with the mixed PU—SA solution to form a 3D
geometric surface structure (3D PU—SA microbumps), which mimicked the desert beetle back surface. This modification caused the
fog-harvesting efficiency of PTFE 3D VEM to be thrice higher than that of Fe VEM. This increase was attributed to the improved
synergistic effects of fog capturing, droplet growing, and droplet shedding. The multilayer VFMs were more efficient in fog
harvesting than the single-layer VFMs because of a larger droplet capture area. The fog-harvesting efficiency of two-layer and four-
layer polymer VFMs was approximately 35% and about 45% higher than that of the single-layer polymer VEMs, respectively. The
four-layer PTFE 3D VFM with the type B PU-SA bump surface (bump/PU—SA) had the highest efficiency of 287.6 mL/m”/h.
Besides the high fog-harvesting efficiency, the proposed polymer VFMs are highly stable, cost-effective, rust-free, and easy to install
in practical applications. These advantages are ascribed to the elasticity of the polymer filaments. This work provides new ideas and
methods for developing high-performance fog harvesters such as the 3D VEM.

B INTRODUCTION electrospinning to obtain polymer fibers in the form of highly

17,18 .
Water is a vital resource for all forms of life. However, the porous membranes. The second approach involves

number of people with limited or no access to clean water is on immersing a uniform nylon filament into a polymer solution

the rise. Similarly, environmental pollution is on the rise. It is, and then drawing it out horizontally using a dip-coater
therefore, necessary to develop efficient methods of water machine. A cylindrical PMMA film forms on the filament
harvesting. Researchers have studied many water-harvesting surface and spontaneously breaks up into polymer beads
methods in nature by imitating animals and plants such as because of the Rayleigh instability.'””° In these studies, the
desert beetles,' > spider silks,”* and cactus plantsé_10 to beetle-imitating bumps were carried out on the sheet or
harvest fog water (fog harvesting). Good potential studies have membrane fabric with a metal, polymer, or composite material.
been realized by mimicking the Namib Desert beetle”"'* and The knots appeared continuously on the filament’s length and

spider silk."*'* Various biomimetic methods have been
employed to mimic the desert beetle based on the need to
improve the materials’ surface structure. For example, an
improved fog collector was constructed using a weaved
superhydrophobic—superhydrophilic patterned fabric followed
by the in situ deposition of copper particles.'” The surface
containing micro/nanopatterns is prepared by incorporating
femtosecond-laser-fabricated polytetrafluoroethylene nanopar- Received: November 27, 2020
ticles deposited on the superhydrophobic copper mesh using a Accepted:  January 15, 2021
pristine hydrophilic copper sheet. Published: January 28, 2021
Two main approaches to imitate the spider silk have been
explored. The first approach involves designing and preparing
beaded fibers with a periodic knots structure through

increased the droplet capture capacity and large droplet
growth. However, these knots covered the filament’s entire
circumference, which could lead to a decrease in the droplet
shedding efficiency. Nonetheless, only limited studies have
been done regarding dynamic factors’ effects on fog-harvesting
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Figure 1. Preparation and measurement of fog-harvesting efficiency of VFM and 3D VEM: (a) preparation of material (polymer filaments, metal
wires) and wood frame followed by winding of the filament on the wooden frame (vertical filament mesh); (b) spraying the mixed solution of PU—
SA on the filament surface of VFM; (c) representation of the one-layer (single-layer) VEM, two-layer 3D VFM, and four-layer 3D VFM; and (d)
schematic diagram of the experimental setup for fog harvesting of VFM.

efficiency (such as Stokes number (St), shade coefficient (SC),
etc.).

Recently, W. Shi et al. demonstrated a reduction in the
droplet clogging and fog-harvesting efficiency of a parallel
vertical hydrophilic metal wire system (fog harvesting with
harp).”" A. Sadeghpour et al. did a similar study on the droplet
condensation behavior of beads using vertical hydrophilic
cotton threads.”” Herein, VFM fog harvesters made of vertical
single-layer or multilayer systems containing parallel-arranged
polymer filaments (smooth surface) were designed. Four types
of single-polymer filaments (monofilaments) with different
hydrophilic—hydrophobic properties were used. They included
polytetrafluoroethylene (PTFE), polypropylene (PP), poly-
ethylene (PE), and polyamide (PA). It was assumed that they
had good ability in capturing water droplets from fog and ease
in the sliding down of droplets by gravity based on the
understanding of the filaments’ properties.

Subsequently, 3D VEM harvesters were fabricated with the
hydrophilic bumps (hemispheres) forming part of hydrophobic
parallel filaments’ surfaces. The system had a well-combined
effect of fog capturing, droplet growing, and droplet shedding.
Sodium alginate (SA) has good viscosity properties and shapes
up easily while bonding with polymers. Polyurethane (PU) has
excellent mechanical properties, such as durability and high
adhesion. The PU—SA mixture was more hydrophilic and thus
caused differences in wettability and surface tension on the
surface of hydrophobic materials.”*~>” Polyurethane/sodium
alginate based hemisphere microbumps were also created using
the simple spray method (similar to the beetles’ back surface).
The bumps were located alternatively and continuously on the
single filament’s front surface (similar to the spider silk), which
further improved the fog-harvesting efficiency.

B EXPERIMENTAL DESIGN AND METHODOLOGY

Materials. The materials used herein were ordered from
different companies: 50 wt % polyurethane solution (PU) from
HJ. UNKEL Co., Ltd. (Shanghai, China) and sodium alginate
powder from Sinopharm Chemical Reagent Co., Ltd.
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(Shanghai, China). Oil paint (water-based metal antirust
paint) was purchased from Guangde Huilong Paint Industry
Co., Ltd. (Shanghai, China). Polytetrafluoroethylene (PTFE)
was sourced from Dongguan Shengxin Special Rope
(ShengXin Special Rope Strap) Co., Ltd. (Dongguan,
China), and the thermoplastic polyurethane (TPU) was from
the Shenzhen Jietejia Trading (Jitejia Shenzhen Textile
Technology) Co., Ltd. (Shenzhen, China). Polyester (PET)
and polyamide (PA) were purchased from Shenzhen Yingjie
Metallic Yarn Co., Ltd. (Shenzhen, China). Polypropylene
(PP) and polyethylene (PE) were purchased from NTEC
Monofil Technology Co., Ltd. (Nantong, China). Besides the
single filament, there were additional metal wires and materials
such as a stretch frame of wooden bars to stratify filaments’
layer, glue, and fast absorbent paint.

Fabrication of the Vertical Filament Mesh (VFM)
Harvester. The wooden VFM filament stretch frame’s internal
and external dimensions were 14 X 14 and 18 X 18 cm,
respectively. Wooden bars 2 cm wide and 1 cm thick were used
to make the frame substrate. A single filament was wound
around the frame to enhance the performance and ensure that
the filaments were parallel. The separation distance between
adjacent filaments (P = 2D and P = 2.5 mm) was specified to
enable a stable filament tension during use and avoid tangling
of adjacent filaments because of the slack. The crossbar of the
frame was coated with a layer of paint to make it waterproof
and enhance the filaments’ distance. A 1 cm thick wooden bar
was used for a four-layer sample stuck to the horizontal frame
(Figure 1 and Figure S1 in the Supporting Information).

Fabrication of 3D PU—SA Micro Bumps on the Single-
Filament Surface. The fabrication of 3D PU—SA micro-
bumps on the single-filament surface was done by dissolving
0.5 g of sodium alginate in 9.5 g of water under a magnetic
stirrer for 30 min. This was followed by mixing 100 g of the
polyurethane solution and the sodium alginate solution at
room temperature for 30 min under a magnetic stirrer to
obtain a PU—SA mixture with a 55% concentration. A PU—-SA
of 40% concentration was obtained using a similar process

https://dx.doi.org/10.1021/acsomega.0c05776
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Figure 2. The scanning electron microscope (SEM) image of the microbumps’ structure on the single-filament surface: (a) rough/PU—SA (type
A), (b) bump/PU-SA (type B), and (c) spindle knot/PU—SA (type C).
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Figure 3. (a) The water-harvesting rate of the VFMs (P = 2D) with five different filament diameters and seven different materials. (b) The water-
harvesting rate of the PA VFMs with different filament diameters (P = 2.5 mm). (c) The water-harvesting rate of the VFMs with six different

materials and a filament diameter of 0.3 mm (P = 2.5 mm).

(Figure S1 in the Supporting Information). The PU—SA
solution was then sprayed on the filament surface using three
different methods with two distinct concentrations. The
spraying was based on the Rayleigh instability of the fluid
membrane breakup,lg’20 and Young’s model of surface tension
energy and the liquid’s contact angle on the solid surface.”**’
The Laplace pressure differences between the two phases and
the curvature of the surface,’’ >’ and Furmidge’s theory of
droplets sliding on a solid surface and spray retention*® were
also factored in. Figure 2 shows the fabrication process for 3D
structures on the surface of a single filament. There were three
types of 3D geometric structures (3D PU—SA) on the surface
of the filaments: type A, rough/PU—SA (Figure 2a); type B,
bump/PU-SA (3D PU—SA microbump) (Figure 2b); and
type C, spindle knot/PU—SA (Figure 2c) (Figures S1—-S3 in
the Supporting Information).

The surface of the PA VFM (D = 0.2 and 0.3 mm) was
modified with a PA/oil paint to accelerate the sliding of
droplets and to improve the fog-harvesting efficiency of VFM.
The paint used was more hydrophilic and slippery
(lubricated—hydrophilic). It adequately covered the circum-
ference of the filaments. The sample was placed in the
laboratory for 24 h, and the fog-harvesting efliciency was

measured (Figure S5 in the Supporting Information).**~**
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Design of the Experimental Setup of the Fog-
Harvesting Chamber. An experimental chamber of 2 X 2
X 2 m was set up for the water-harvesting experiment. The
temperature of the chamber was maintained at 23 °C with
humidity at about 90% using a humidifier. The fog blowing
speed and the amount of fog on the sample’s surface were also
controlled using a portable wind speed meter and humidity
measuring instrument, respectively.a'g_42 Samples were sus-
pended vertically facing the fog generator at 12 cm and an
airflow of 350 mL/h. The volume of collected water was
measured after 2 h using an electronic balance (Figure 1d and
Figure S1 in the Supporting Information).

Surface Morphology and Optical Contact Angle
Measurement. An optical contact angle measuring device
(OCA 15EC) was used to measure the different filament
materials’ static water contact angle. A Panasonic HC-X920M
camera was used to record the drop morphology, condensation
process of fog drops, movement state, and water droplets’
sliding on the mesh. Measurements of the receding and
advancing contact angles (6, and 0,) were combined with
those of the camera analyzed using the software.'>*' The
FlexSEM 1000-HITACHI SU1000 was used to determine the
surface characteristics of VFMs (Figure 2 and Figure S6 in the
Supporting Information).
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Table 1. Summary of the Water-Harvesting Efficiency of Single Filaments and Wires

single- receding advancing
filament contact contact contact experimental “critical ~ shedding rate  volume aggregate
diameter angle  angle (6:  angle (6, sliding volume” for (droplets/in in the first 10':
single filament/material/parameters (D: mm) 6:°) °) °) cos 0, — cos 6, droplet (V,: uL) the first 10") V, = VAN (uL)
polytetrafluoroethylene PTFE 0.2; 0.3; 0.5 117.1 96.1 102.0 0.09 091 11 10.01
polypropylene PP 0.3; 04 109.2 92.7 98.1 0.11 1.10 9 9.90
polyethylene PE PE 0.2; 0.3; 0.4; 101.4 80.6 90.0 0.16 1.40 7 9.80
0.5; 0.7
polyamide PA 0.2; 0.3; 0.4; 83.0 65.4 84.2 0.32 2.33 4 9.32
0.5; 0.7
copper Cu 0.2; 0.3 81.7 62.3 80.8 0.31 2.35 4 9.40
steel Fe 0.2; 0.3 69.4 43.6 70.7 0.39 2.87 3 8.61
PA/oil paint PA/ 0.2; 0.3 39.9 23.1 27.6 0.03 0.20 45 9.00
paint
3D VEM PTFE/ 0.2; 0.3 90.2 71.2 88.3 0.29 2.44 S 12.21
PU-
SA

alginate

The values pflymathianeghodinthwater Bldp-SMlumes represent average8bfthree trials. The values of contact angles and uncertainty correspond to +1—2 standard deviations.

B RESULTS AND DISCUSSION

Filament Diameter Influences the VFM’s Fog-Har-
vesting Efficiency. The selection of a suitable filament
diameter is an essential factor in structure optimization and
improved water-harvesting efficiency of the VFM. Figure 3a (P
= 2D) and Figure 3b (P = 2.5 mm) show the fog-harvesting
efficiency of seven kinds of VFMs. The fog-harvesting
efficiency increased significantly with the decrease of filament
diameter. The water-harvesting rate is a quantity directly
related to the efficiency of the overall water harvesting of the
VEM. The increase in water-harvesting efficiency between
filaments (difference in diameter: 0.1 mm) was approximately
15—20%. The filament’s water-harvesting efficiency with a 0.2
mm diameter was about twice that with a 0.7 mm diameter. As
such, the efficiency difference for P = 2.5 mm between the PA
VEM (D = 0.2 mm) and PA VFM (0.7 mm) was close to 121%
(Supplementary Discussion S2 in the Supporting Information).

The water-harvesting rate is directly correlated with a

structure’s overall fog collection efficiency,”"**** that is:
n=n*n,n=S/(S+n/2) (1)
2
S _ 2/7 watervorfog
=
9"’%irRﬁlament (2)

where S, is the Stokes number, 7 is the fog-harvesting
efficiency, 7, is the aerodynamic efliciency of the wind stream,
and 74 is the deposition efficiency of fog droplets suspended in
the wind passing through the filaments. p,, is the density of
water, rg,g is the fog droplet radius, v, is the fog stream velocity,
My is the air’s viscosity, and Ry pene is the filament radius. Eqs
1 and 2 show that the filament radius is closely related to the
Stokes number. A reduced filament radius increases the S,
value, thus increasing the fog-harvesting efficiency of VFMs.
Because of this, small-diameter filaments were the preferred
choice for improving the efficiency of fog deposition/fog
capture efficiency.

The Influence of the Hydrophobic—Hydrophilic
Filament in VFM’s Fog-Harvesting Efficiency. The surface
energy of single-type filaments leads to differences in shapes,
water contact angles, advancing contact angle, receding contact
angle, and contact angle hysteresis because of the differences in
the chemical properties of hydrophobic—hydrophilic struc-
tures. These differences result in different fog-harvesting
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efficiencies. It is therefore important to choose a suitable
filament type to improve the fog-harvesting efliciency. An
increase in fiber contact angle with water increased the water-
harvesting rate (Figure 3a,c). The fog-harvesting efficiency of
the polymer VEMs increased in the following order: PA VEM
< PE VFM < PP VFM < PTFE VFM. The hydrophobic VFM
was more effective in water harvesting than the hydrophilic
VEM (Figures 3a,c). At a diameter D of 0.3 mm, the efficiency
of hydrophobic VFMs increased by about 12—46% (P = 2D)
and 16—76% (P = 2.5 mm) compared to that of hydrophilic
VEM.

The fog-harvesting efficiency of PTFE VFM was 24% (P =
2D) and 39% (P = 2.5 mm) higher than that of PA VFM.
Moreover, the fog-harvesting efficiency of polymer VFM
harvesters was higher or equivalent to that of metal vertical
wire meshes at both filament distances (P = 2D and P = 2.5
mm) (Figure 3a,c). The fog-harvesting efficiencies of the
copper vertical wire mesh and PA VEM in both distance
categories (P = 2D and P = 2.5 mm) were equivalent but lower
than those of all other polymer VFM harvesters. Notably, the
water-harvesting efficiency of PTFE VFM was approximately
46—76% higher than that of Fe VFM (Supplementary
Discussion S2 in the Supporting Information).

These results are consistent with the theory of Kawasaki and
Furmidge and the study done by Weiwei Shi. The effective
drainage of the droplets down the VEMs is quantified using a
contact angle hysteresis model. Theoretically, the critical
volume (Vc,t) required for a droplet to slide down the wire is
approximated as:” 2% 7%

gV, = aRgy(cos 6, — cos 6)) 3)
where py... is the density of water, g is the gravitational
acceleration constant, V, is the theoretically obtained critical
sliding volume, R; is the radius of the filament, y is the surface
tension of the liquid, 6, is the advancing contact angle, and 6, is
the receding contact angle.

In eq 2, pyaeer & and 7 are constant values. As such, the value
of V, depends on the values of y and cos 6, — cos 6, at the same
filament diameter. An increase in cos @, — cos 0, causes an
increase in V, and vice versa. Substituting eq 2 with the values
of cos 8, — cos 6, in Table 1 produces the results. Comparing
the V, values of different filaments, the order of magnitude is:

pwater

Vieree) < Ver) < Vieer) < Vieea) < Viccw) < Vicre)

https://dx.doi.org/10.1021/acsomega.0c05776
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Figure 4. (a) Comparison of the water-harvesting rate of the PTFE VFM (P = 2D; D = 0.2 and 0.3 mm) with three types of filament surface
geometry structures (rough/PU—SA (type A), bump/PU—SA (type B), and spindle knot/PU—SA (type C)). (b) Comparison of the water-
harvesting rate of the 3D VFMs with the VEMs (D = 0.2 and 0.3 mm; P = 2D). (c) Comparison of the water-harvesting rate of the 3D VFMs and

the VFMs (D = 0.3 mm; P = 2.5 mm).

If the static contact angle values (Table 1) are filled in
Young’s model eq 1 (ysy = ypv cos 8 + ¥g.), the comparable
results of the surface tension energy (y) of the single filaments
are:

Yerre) < Yep) < Yer) < Yea) < Ycw) < Yre)

These results are consistent with those obtained after
comparing the theoretically obtained critical sliding volume V.
The smaller the volume, the higher the drainage efficiency of
the droplets. As such, the drainage level of VFM in ascending
order is:

PTFE > PP > PE > PA > Cu > Fe

These initial results demonstrated that most hydrophobic
VEMs (within this study’s scope) had a high effective drainage
of droplets and a higher fog-harvesting efficiency than
hydrophilic VEMs. In the same line, the effective drainage of
droplets in PA/oil paint VFM (lubricated—hydrophilic) was
high despite it having a low water-harvesting efficiency(its
causes are discussed in the subsequent sections). These results
will be the basis for choosing a suitable filament type based on
3D VFM fabrication to obtain the optimum efficiency.

The Filament Surface Morphology Affected the
Water-Harvesting Efficiency of the 3D VFM. The water-
harvesting rate of 3D VFM type B (bump/PU—SA) was higher
than that of 3D VFM type A (rough/PU—SA), 3D VFM type
C (spindle knot/PU—SA), and VEM (Figure 4a). The water-
harvesting rate of the 3D VFM with P = 2D increased by
approximately 12—25% compared to that of VFM (Figure 4b).
Notably, the difference in the water-harvesting rate between
3D PTFE VFM and the original PTFE VEM with P = 2.5 mm
was approximately 80% (Figure 4c). The water-harvesting rate
of 3D PTFE VFM was the highest (273.3 mL/m?®/h)
(Supplementary Discussion S2 in the Supporting Information).
Nonetheless, the water-harvesting rate of the hydrophobic 3D
VFM was higher than that of the hydrophilic 3D VFEM.

The fog-harvesting efficiency of 3D VFM with bump/PU—
SA was affected by several factors. One factor was the solid
surface’s heterogeneous wettability, which caused the ”driving

force F," to appear. The F, is expressed by eq 4°”°°7>" as:

(4)

where Ry is the droplet’s radius, ¥ is the surface tension, and 6,
and 6y are the contact angles at the less wettable and more
wettable side of the droplet, respectively (Figures Sb,d). The

F, = nRy(cos 6y — cos 6,)
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Figure S. (a) Driving force generated by the shape gradient (F)
propels liquid droplets toward the region with a larger curvature
radius. (b) Driving force generated by surface wettability gradient
(F,;) propels liquid droplets toward the wetter region (adapted from
ref 30. Copyright 2014 American Chemical Society). (c) Driving
forces of the directional movement of droplets on the surface of
vertical cylindrical filament with spindle knots. (d) Driving forces of
the directional movement of droplets on the surface of the vertical
filament with bumps.

fog droplets spread quickly and formed large droplets upon
contacting the hydrophilic PU-SA bumps. However, the fog
droplets contacting the non-PU—SA-coated filament area with
a more hydrophobic surface condensed rapidly and moved
simultaneously toward the more hydrophilic PU-SA bumps.
This phenomenon was attributed to the F,, force. These
findings were consistent with those of Shuai Yang et al. The
study revealed that antigravity water transport could
spontaneously transport water from the lower hydrophobic
side to the upper superhydrophilic side without an input of
external energy. The water droplets would continue to merge
with the larger droplets on the hydrophilic PU—SA bumps (the
hydrophilic and millimeter-scale bumps are great for increasing
the diffusional flux of water vapor), thus accelerating the
growth of the large droplets.”® This phenomenon was similar
to the water-droplet-capturing behavior of desert beetle backs.
The findings confirmed the effectiveness of 3D VEM in water
droplet capture and droplet growth abilit;n
The second factor was based on eq 5:°*°°7%

R,
2
F = / 7yzsin adz
R, (R+Ry) )

where R is the local radius of the cone-structured object, Ry is
the radius of the droplet, R; and R are the local radii of the
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Figure 6. Illustration of the state, shape, and size of water droplets on different VMFs at different times (D = 0.3 mm; P = 2.5 mm): (a) the first 30
s; (b) the first 60 s; (c) the time for large droplets to reach the critical sliding volume before it starts to slide down; (d) illustration of the side and
top views: S1, S2, S3, and S4 are new 3D droplet capture areas of the lubricated—hydrophilic filament, hydrophilic filament, hydrophobic filament,
and hydrophilic/hydrophobic filament (bump/PU—SA filament) in the same length segment (/) on the vertical filament surface, respectively. S3D
is the original droplet capture area of the bump/PU—SA filament surface. L1, [2, I3, and 4 are the distance between adjacent droplets of the
lubricated—hydrophilic filament, hydrophilic filament, hydrophobic filament, and hydrophilic/hydrophobic filament, respectively.

object at the two opposite sides of the droplet, a is the half
apex angle of the cone, and dz is the minute incremental radius
along the cone (Figure Sa,c,d).

The pressure difference was caused by differences in radius
(shape gradient) on the bump surface and the positions of
PU—SA bumps on the filament surface. These differences
caused the Laplace force to propel liquid droplets toward the
region with a larger curvature radius. The Laplace force could
accelerate the movement of droplets and the growth of large
droplets (Figures Sa,d). These findings were consistent with
the study results of Junrui Wu et al., which reported that the
prepared sample spontaneously and directionally moved the
water droplets from the minor side to the large side of the
trapezoidal platform surface.’’ It was also similar to the act of
capturing waterdrops in the spider silk. This finding further
confirmed the effectiveness of 3D VFM in water droplet
capture and droplet growth.

The third factor was the wettable filament surface structure,
the shape of the droplet, and condensing on the hydrophilic
cotton thread’s yarn surface, also known as bead coalescence.””
Differences in the size, shape, and distribution of water
droplets on the filament surface affected the droplets’ capture
area and capture efficiency (Figure 6). The dropped fog rapidly
formed very small round droplets on multiple sides of the
filament surface (front, left, and right with a dense covering)
upon contacting the hydrophobic VEM surface. Based on the
theory of surface tension and Young’s model, water contacting
the surface of lower-surface-energy materials (hydrophobic
materials) would shrink rapidly and form a round thick water
droplet. Herein, the static contact angle, advancing contact
angle, and receding contact angle were large (Table 1). They
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then grew up to form large and small round droplets
alternating continuously. The distance between the droplets
was very short, [3 = 0—0.5D. This phenomenon caused a "new
3D surface area (S3 is large) /new 3D droplet capture area” to
rapidly form on the surface of the filament, which was larger
than the “original filament surface area.” The area had lots of
very small round water droplets that appeared during the first
30 s. (Figure 6¢,d). This occurrence caused the capturing
ability of new droplets to increase. The increase was attributed
to two reasons: increased surface area and better droplet
absorption on the surface of water droplets than the filament
itself ("droplets capture droplets”).

The fog drops spread rapidly and formed water droplets in
long and long—thin shapes upon contacting the surface of the
hydrophilic VFM and lubricated—hydrophilic VFM (Figure 6).
The droplets (11, I2 = 2—6D) were larger than those of the
hydrophobic group. A long—thin water membrane continu-
ously formed, covering the hydrophilic VEM before forming
the large droplet. The water droplets created the S1 and S2 on
the hydrophilic VEM surface and lubricated—hydrophilic VFM
surface, respectively (S1 < S2 < S3). These findings implied
that the droplet capture effect of the hydrophilic VFM and
lubricated—hydrophilic VFM was lower than that of hydro-
phobic VFM.

The 3D PTFE VFM had an added advantage of the 3D
surface area of the bump (S3D). It was, therefore, capable of
enhancing the advantages of both hydrophobic and hydro-
phobic surfaces. The thick round droplets still formed on the
original filament area part of the hydrophobic PTFE (not
coated with the PU—SA solution) to increase the new droplet
capture area. These droplets also moved toward the bump. The
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Figure 7. (a) The number of droplets that slid down the VFM in the first 10 min (D = 0.3 mm; P = 2D). (b) The overall water volume poured into
the container after the first 10 min. (c) The water-harvesting rate of 3D PTFE VFM (PTFE/PU—SA) and VFMs.
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Figure 8. Illustration of droplet shapes on the different VEMs (D = 0.3 mm; P = 2D): (a) A droplet sliding down from one side of a vertical
filament (w/2 < P — Ry P is the center-to-center spacing between adjacent filaments, R; is the radius of the filament); type 1. (b) A droplet sliding
down between two adjacent vertical filaments (w/2 > P — Ry); type 2. (c) A liquid filmlike droplet sliding down along three adjacent vertical
filaments (w/2 > > P — Ry); type 3. Droplet shape on the hydrophobic VEM, where w is the width of the droplet, F, is the gravity force, and F is the
retention force of the liquid on the solid (reproduced from ref 21. Copyright 2018 American Chemical Society). (d) Droplet shapes on the
hydrophilic VFM. (e) Droplet shapes on the lubricated—hydrophilic VEM. (f) Droplet shapes on the 3D VMF.

droplets on the bump/PU—SA also quickly formed to create a
new droplet capture area surface: S4 > S3 > S2 > S1. The
distance between the droplets was 4 = 0—0.5D (Figure 6c¢). It
was possibly the reason why the 3D VFM had a superior water-
harvesting efficiency compared to FM.
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The fourth factor that could have caused the droplet capture
area to be effective was the efficient droplet pouring process of
the 3D VFM. The process had commendable rates of critical
droplet sliding down (shedding rate) per unit time (N), critical

sliding volume (V,), and the overall water volume poured into
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with layers of VFM and 3D VFM.

the container after a critical droplet had slid down (V, and V;)
(Figure 7).

Although the shedding rate of 3D VFM was higher than that
of Fe VFM, PA VEM, and Cu VEM, it was lower than that of
hydrophobic VEM and the lubricated—hydrophilic VEM
(Figure 7a). However, the overall water volume poured into
the container during the first 10 min (P = 2.5 mm) in 3D VFM
was much higher than that in other VEMs (Figure 7b). Figure
7c shows the superior water-harvesting efficiency of 3D VFM
compared to VFM. Notably, the water-harvesting efliciency of
3D PTFE VEM was about thrice that of Fe VFM
(Supplementary Discussion S2 in the Supporting Information).

Efficient droplet pouring was further demonstrated by the
overall water volume poured into the container after a critical
droplet had slid down (V,;) (P = 2D) (Figure 8).

The lubricated—hydrophilic VEM appeared only as droplets
type 1 in the case of P = 2D. The hydrophilic VFM appeared in
many types of drops 1 and 2. The 3D VFM and hydrophobic
VEM appeared as many types of drops 2 and 3. Based on eqs 3,
6, and 7,226 =% the shedding rate of large droplets of type 3
was slower than that of types 1 and 2.

pwatergv; = ZﬂRf}/(COS Hr — COoS 63) (6)

gV = 3aRy(cos 6 — cos 6) )

However, when large droplets (V) of type 3 slid down, they
spread to a wider area and slid down together with the below
droplets (Vi) As such, the overall water volume poured
into the container after a critical droplet had slid down (V;) in
the 3D VFM was very high. This phenomenon caused the fog-
harvesting efficiency of the 3D VFMs to be higher than that of
VFMs.

In type A rough/PU—SA, the fog-harvesting efficiency of the
3D VEM decreased compared to that of the original VFM.
This decrease was attributed to the filament surface coating
with the smallest size (about 30—100 um) of PU—SA droplet
overlapping layer, which led to an increase in filament
diameter. Eq 2 demonstrates that the Stokes number decreased
with an increase in the filament diameter, which reduced the
water-harvesting efficiency.

In type C, the Laplace force propelled the water droplets
toward the region with a larger curvature radius, thus
promoting growth (eq S). However, the whole filament

p water
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surface had been coated by hydrophilic PU—-SA, causing the
fiber diameter to increase. This increase caused the large
droplets to converge because of the lack of F,, force. Large
droplets took longer to form and reach the critical sliding
volume, thus reducing the water drainage efficiency of 3D
VFM.

These findings revealed that the hydrophilic—hydrophobic
properties of the VFM and 3D VEM should balance between
fog capturing, droplet growing, and droplet shedding to
achieve a higher fog-harvesting efficiency. There were four
typical cases for this complex relationship: PTFE VEM, Fe
VEM, PA/paint VFM, and 3D PTFE VEM. Nonetheless, the
shedding rate of PA/paint VEM was superior. In PA/paint
VEM, the water volume that poured into the container after a
critical droplet slid down was not high. As such, the efficiency
of harvesting water was not high. In contrast, the critical sliding
volume of Fe VEM was large but with a low shedding rate.
PTFE VFM had an effective drainage efficiency and effective
droplet pouring. Notably, the 3D PTFE VEM effectively
worked out this compromise by significantly improving the
fog-harvesting efficiency. This improvement was attributed to
the enhanced synergistic effects of fog capturing, droplet
growing, and droplet shedding.

The Filament Multilayer and the Water Harvesting of
the VFM and 3D VFM. The efficiency of the double-layer
polymer VFM was 34% higher than that of the single-layer
polymer VFM (Figure 9). In the same line, the efficiency of the
four-layer polymer VFM was 46% higher than that of the
single-layer polymer VEM. The four-layer polymer VEM with a
3D bump surface (PU—SA) had the highest efficiency of 287.6
mL/m?/h (Supplementary Discussion S2 in the Supporting
Information).

The main reason for the improved efficiency was the
modified filaments with small diameters similar to the beetle’s
dorsal surface (the bump is only on the front part of the fiber
diameter circumference). These modifications enhanced the
deposition efficiency (high Stokes number) based on eqs 1 and
2. The multilayered structure increased the droplet capture
area, which enhanced the fog capture efficiency (Figure 8b).
These attributes led to the high efficiency of the multilayer 3D
VMF compared to the findings of Musaddaq Azeem et al.”>®*
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B CONCLUSIONS

Polymer VEMs exhibited a higher fog-harvesting efficiency
than the vertical metal meshes because of the efficient fog
capturing and rapid droplet sliding down (droplet shedding).
Nonetheless, the hydrophobic VFM was more efficient in fog
harvesting than the hydrophilic VEM. The fog-harvesting
efficiency of all VEMs increased after spraying the mixed
solution of PU-SA and forming a 3D geometric surface
structure (3D PU—SA microbumps) to mimic the desert
beetle back surface. The increment of fog-harvesting efficiency
was about 30—80%. It was attributed to the improved
synergistic effects of fog capturing, droplet growing, and
droplet shedding. The multilayer VFMs were more efficient in
fog harvesting than the single-layer VEMs because of a larger
droplet capture area. The fog-harvesting efficiency of two-layer
and four-layer polymer VFMs was approximately 35% and
about 45% higher than that of the single-layer polymer VEMs,
respectively. The four-layer PTFE 3D VFM with type B PU—
SA bumps surface (bump/PU—SA) had the highest efficiency
of 287.6 mL/m?/h. Besides the high fog-harvesting efficiency,
the proposed polymer VFMs are highly stable, cost-effective,
rust-free, and easy to install in practical applications. These
advantages are ascribed to the elasticity of the polymer
filaments. This work provides new ideas and methods for
developing high-performance fog harvesters such as the 3D
VEM.
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