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LIQUID COLLECTION ON WAVY SURFACES
CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the priority benefit of U.S. Provisional Patent App.
No. 62/716,000 filed on August 8, 2018, the entire disclosure of which is incorporated by

reference herein.
BACKGROUND

[0002] Liquid collection refers generally to the collection of a liquid (e.g., water) from
both airborne liquid droplets and vapor that is present in the environment. Liquid collection
has many applications in a variety of different environments and contexts. For example,
there are many arid and semi-arid regions in the world that receive limited precipitation and
that do not have access to underground water supplies. In such environments, liquid
collection can be used to gather water from the air for drinking water, irrigation, livestock,
etc. In addition to water harvesting, liquid collection techniques can also be used for cooling
water recapture for sustainable electricity generation, dehumidifier systems, cooling systems

for computers or electronics, toxic chemical mist elimination, etc.
SUMMARY

[0003] An illustrative system to collect liquid includes a wavy surface formed on a
substrate, where the wavy surface includes a plurality of waves. The plurality of waves are
configured to capture liquid from the air such that the liquid accumulates in valleys of the
waves. The system also includes a liquid collection container configured to collect the liquid

captured on the plurality of waves.

[0004] An illustrative method for collecting liquid includes directing air over a wavy
surface that is formed on a substrate. The wavy surface includes a plurality of waves, and
each wave in the plurality of waves includes a peak and a valley. The method also includes
capturing liquid from the air on the wavy surface such that the liquid accumulates in the
valleys of the plurality of waves. The method further includes collecting the liquid in a liquid

collection container.

[0005] An illustrative method for forming a liquid collection system includes

determining, based on a desired liquid collection rate, one or more wave characteristics for a
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wavy surface pattern. The method also includes forming the wavy surface pattern on a
substrate such that the wavy surface has the one or more wave characteristics. The method
further includes positioning a liquid collection container relative to the wavy surface pattern
such that the liquid collection container collects liquid that is deposited on the wavy surface

pattern.

[0006] Other principal features and advantages of the invention will become apparent to
those skilled in the art upon review of the following drawings, the detailed description, and

the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] [ustrative embodiments of the invention will hereafter be described with

reference to the accompanying drawings, wherein like numerals denote like elements.

[0008] Fig. 11s a schematic that depicts liquid collection with a multiscale wavy surface

in accordance with an illustrative embodiment.

[0009] Fig. 2 depicts an artificial wavy surface, along with its cross-sectional view and
the curvature gradient of the two-dimensional curve between the peak and valley in

accordance with an illustrative embodiment.

[0010] Fig. 3A depicts schematics of the spontaneous liquid transport on a wavy surface

driven by Laplace pressure gradient in accordance with an illustrative embodiment.

[0011] Fig. 3B shows the equilibrium profile (i.e., shape of the water meniscus) on a
superhydrophilic wavy surface observed under a confocal microscope in accordance with an

illustrative embodiment.

[0012] Fig. 3C compares the dynamics of water infused onto surfaces with various
geometries and wettabilities by a syringe pump at a constant rate of 2 ul./sec in accordance

with an illustrative embodiment.

[0013] Fig. 3D further depicts the influence of surface wettability and geometry on the
liquid transport based on a simulation of the fluid dynamics of water on a given substrate in

accordance with an illustrative embodiment.

[0014] Fig. 4A shows the distribution of droplet sizes on a hydrophobic (HPo) flat

surface and an HPo wavy surface in accordance with an illustrative embodiment.
2
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[0015] Fig. 4B depicts the simulation of the diffusion flux of water vapor on the top side

of flat and wavy surfaces in accordance with an illustrative embodiment.

[0016] Figure 4C depicts the condensation on superhydrophilic and hydrophobic wavy

surfaces in accordance with an illustrative embodiment.

[0017] Fig. 4D compares the condensation rate of a superhydrophilic wavy surface, a
superhydrophilic flat surface, and a hydrophobic wavy surface in accordance with an

illustrative embodiment.

[0018] Fig. SA depicts a liquid collection system in accordance with an illustrative

embodiment.

[0019] Fig. 5B depicts simulation results of fog particle trajectory near a wavy surface in

accordance with an illustrative embodiment.

[0020] Fig. 5C depicts experimental results of fog collection rate for a flat surface and

wavy surfaces with various wettabilities in accordance with an illustrative embodiment.

[0021] Fig. 5D depicts experimentally obtained images that show significantly more
droplet deposition on wavy surfaces as compared with flat surfaces in accordance with an

illustrative embodiment.

[0022] Fig. 6 is a block diagram of a computing device for a liquid collection system in

accordance with an illustrative embodiment.
DETAILED DESCRIPTION

[0023] It has been well documented that fog (airborne water microdroplets) and dew
(condensed water droplets on surfaces) often co-exist in nature. Also found in nature are
plants and animals that have water harvesting abilities which can extract the dew and/or
capture the fog. In studying these phenomena, the inventors identified and studied the
hierarchical wavy surface structure found on the unique plant Welwitschia mirabilis, which is
a plant that typically lives for up to 2,000 years in the Namib Desert. Ever since the first
scientific work by an Austrian researcher Dr. Welwitsch, this plant has been known for its
long lifespan and interesting strategy for surviving in this arid region — water harvesting.
From the macroscopic observation and scanning electron microscopy of Welwitschia leaf

samples from actual plants (3-5 years old), the inventors identified hierarchical wavy surface

3



WO 2020/033667 PCT/US2019/045682

structures from micro to millimeter scale that induce capture of airborne water droplets and

directional transport of captured water along the micro/milli-grooves.

[0024] Described herein are liquid collection techniques and systems utilizing artificial
multiscale wavy surfaces that are at least partly bio-inspired from the two-phase flow around
multiscale, wavy leaf surfaces. The description below (i) introduces the impact of humidity,
air velocity, and droplet size on fog and vapor water capture, (ii) considers loss mechanisms
for a variety of liquids, and (iii) integrates transport mechanisms to produce a unified
framework of continuous, generalized liquid collection. The proposed embodiments do not
simply find a way to collect liquid using a material that is effective for a type of atmospheric
water source or part of the entire liquid collection process, but rather combine important
scientific principles associated with capture, loss, and transport of a broad range of liquids on

multiscale textured wavy surfaces.

[0025] The proposed embodiments focus on surface design of multiscale wavy surfaces
that affects the three major steps of liquid collection — capture, loss, and transport. As
discussed in more detail below, by synergistically integrating the principles for improved
capture, loss, and transport mechanisms, it is possible to optimize liquid collection systems
for solving a wide range of problems associated with water, environmental, and energy
issues. The various embodiments described herein do not depend on specific materials and
expensive nanofabrication, are relatively easy to fabricate and scale up, and can be optimized
to enhance the energy efficiency compared to existing systems. Additionally, the proposed
systems are characterized in that both sides of the wavy surface can be used and integrated

into existing condensation and mist elimination systems.

[0026] The proposed systems and methods are also based in part on the following
observations about complex liquid capture, loss, and transport mechanisms on multiscale
wavy surfaces. First, it has been determined that the complex water capture from airborne
droplets and vapor can be enhanced by a macroscopic wavy surface structure that induces
local circulation and focused diffusion flux. The wavy surface can also include a
microscopic texture that influences complex flow near the textured surface and capillary
condensation. Second, by expanding the range of liquids from water to other low surface
tension liquids, the inventors also examined how to minimize the loss of collected liquids by

re-entrainment and evaporation when the collected liquid is located on the valley regions of
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such a wavy surface structure. Third, the inventors have determined that collected liquid can
be self-transported from the ridges to valleys of the wavy surface due to the pressure
difference created by the capillary effect (and further enhanced by the gravitational force).
By controlling and manipulating these characteristics, systems for efficient liquid collection
can be realized, along with the ability to accurately map droplet and vapor capture, loss, and

transport during the liquid collection process.

[0027] As described herein, the proposed methods and systems are valuable because they
(1) increase the efficiency of the liquid capture rate of wavy surfaces compared to flat
surfaces, (2) decrease the loss of captured liquid by spontaneous self-transporting the
captured liquid to the valley region where evaporation and re-entrainment rates are low, and
(3) optimize multiscale surface textures to enhance the overall liquid collection rate

depending on the two-phase flow conditions.

[0028] Fig. 11s a schematic that depicts liquid collection with a multiscale wavy surface
100 in accordance with an illustrative embodiment. As shown, liquid droplets and vapor
from the air 105 deposit liquid 110 on both sides of the multiscale wavy surface 100 as the air
flows over the surface. The liquid can be water or any other substance that is present as a
liquid/vapor in the air. For example, in addition to water, the liquid can be hydrochloric acid,
sulfuric acid, other acids, bases, gases/liquids that induce cancer and other medical issues,

etc. With regard to such other liquids, mist elimination processes in the chemical industry
can use the proposed system as most chemicals will wet a wavy surface made of metallic,

polymeric, and ceramic surfaces.

[0029] As discussed above, this configuration was inspired in part by the wavy surface
characteristics of the Welwitschia mirabilis plant. Fig. 2 depicts an artificial wavy surface,
along with its cross-sectional view and the curvature gradient of the two-dimensional curve
between the peak and valley in accordance with an illustrative embodiment. As shown, the
curvature gradient (lower right) is with respect to the peak positioned at x=-1 millimeter
(mm) and the valley that is positioned at x=1 mm in the cross-sectional view (upper right).
The artificial wavy surface can be made from a variety of different materials such as
aluminum, stainless steel, copper, plastic, silicon, carbon fiber, etc. Additionally, the

artificial wavy surface can be made using any technique(s) known in the art.
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[0030] In one embodiment, the artificial wavy surface is constructed from aluminum
(e.g., A1 1100, 0.076 mm thick), and is formed using molds. The molds can be formed by
three-dimensional (3D) printing, but can also be fabricated using alternative procedures. In
an illustrative embodiment, a pair of molds are 3D printed to include a desired wavy surface
pattern. The surface pattern is then transferred to a substrate (e.g., aluminum) by pressing the
substrate in between the molds such that the substrate conforms to the wavy surface pattern
of the molds. In alternative embodiments, the substrate can be 3D printed, injection molded,
thermally molded using a single mold, physically bent, etc. to impart a desired wavy surface

pattern thereon.

[0031] In some embodiments, the wavy surface can be in the form of a patterned
aluminum surface that is intrinsically hydrophilic with a water contact angle of 81°. The
patterned samples can be cleaned by oxygen plasma for 2 minutes (or any other technique) to
remove any organic contaminants. The surface wettability can be varied by chemical coating
in solution, and/or by nano-texturing via boiling or another process. As an example,
nanoscale textures can be obtained on an aluminum surface by boiling the cleaned surface in
water for 30 minutes to undergo the boehmitization process. A hydrophobic coating can be
applied to the surface by immersing the cleaned samples in 1 wt.% solution of fluoroaliphatic
phosphate ester fluorosurfactant (FS-100, Pilot Chemical) in ethanol at 70°C for 30 minutes.
Alternatively, a different technique may be used to impart a hydrophobic coating. The
combination of coating and nano-texture yields four different surface wettabilities, namely a
hydrophilic (HP1) surface (no coating or texture), a superhydrophilic (SHP1) surface (no
coating, with nano-texture), a hydrophobic (HPo) surface (a hydrophobic coating with no

texture), and a superhydrophobic (SHPo) surface (a hydrophobic coating and nano-texture).

[0032] In an illustrative embodiment, the wavy surface pattern is designed to maximize
the liquid transport driven by the capillary interfacial forces. It is known that liquid droplet
motion can be triggered by the surface curvature gradient. Specifically, droplets
spontaneously move from a topographically convex location (positive mean curvature) to a
concave one (negative mean curvature) to minimize the total interfacial energy as shown in
Fig. 3A. Specifically, Fig. 3A depicts schematics of the spontaneous liquid transport on a
wavy surface driven by the Laplace pressure gradient in accordance with an illustrative

embodiment. In Fig. 3A, the inset on the upper right depicts the curvature at the peak and the
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inset on the lower right depicts the curvature at the valley. Using the Young-Laplace

equation (AP = P, — P, = yC) and still referring to Fig. 3A, it can be shown that

Py (i.e.,at the peak) = Pyimosphere +£ > P, (i.e., at the valley) = Pyrmosphere — %

This implies that flow occurs from the peak to the valley.

[0033] In the light of this mechanism in which droplets spontaneously move from a
topographically convex location to a concave location, the inventors designed the cross-
sectional profile (in the x-y plane) by assuming an almost-constant Laplace pressure gradient
across the surface, as shown by the near constant slope of curvature vs. position in the lower
right side of Fig. 2. This yields a periodic wavy profile, with a peak-to-peak distance (Ax) of
4 mm and an amplitude (Ay) of about 2.6 mm. In alternative embodiments, different

dimensions may be used.

[0034] As discussed above, the equilibrium liquid shape on a surface depends on both its
wettability and geometry. Fig 3B shows the equilibrium profile (i.e., shape of the water
meniscus) on a superhydrophilic wavy surface observed under a confocal microscope in
accordance with an illustrative embodiment. As shown, water preferentially resides in the
valley to reduce the total liquid-air surface area. The synergistic effect between surface
wettability and surface geometry was further investigated by performing controlled

experiments.

[0035] Fig. 3C compares the dynamics of water infused onto surfaces with various
geometries and wettabilities by a syringe pump at a constant rate of 2 microliters/second
(uL/sec) in accordance with an illustrative embodiment. Specifically, Fig. 3C shows liquid
dynamics of water infused onto the peak (bottom side) of a superhydrophilic wavy surface, a
superhydrophilic flat surface, and the peak of a hydrophobic wavy surface. On the
superhydrophilic wavy surface, as indicated by the dashed circles in Fig. 3C, water
spontaneously spreads from the peak (bottom side) to the next valley (top side) against
gravity with negligible water film thickness at the peak. When the wavy geometry is absent
and surface becomes flat, water grows larger in size with an appreciable maximum liquid
thickness due to limited driving force of liquid motion. On a hydrophobic wavy surface,
however, droplets grow at the infusing point (needle) without moving to the valley. Fig 3C
is a time lapse diagram that depicts liquid dynamics at t=0 seconds, 5 seconds, and 30

seconds for each of the 3 surfaces.
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[0036] Fig. 3D further depicts the influence of surface wettability and geometry on the
liquid transport based on a simulation of the fluid dynamics of water on a given substrate in
accordance with an illustrative embodiment. Fig. 3D also shows droplet/film dynamics over
time. The uppermost figures represent an SHP1 wavy surface, the middle figures represent an
SHPi1 flat surface, and the bottom figures represent an HPo wavy surface. In Fig. 3D, the
simulations were performed based on the level set method (i.e., bottom side of the surfaces

only).

[0037] The inventors have conducted numerous experiments regarding the performance
of the proposed wavy surfaces for condensation of water. In the presence of non-condensable
gases (NCGs) such as air, the condensation rate primarily depends on three factors: 1) the
nucleation rate of water, i1) the diffusion of water vapor in the gas phase, and ii1) liquid
removal on the solid surface. Under a substantial supersaturation of humidity relative to the
surface temperature, where nucleation of water is fast, the condensation rate is limited by
diffusion and water shedding. The rate of condensation rate is both a diffusion-limited
process as well as a heat transfer limited process, since water is much more thermally
insulating as compared to metallic surfaces (i.e., by about 2 orders of magnitude in heat

resistivity).

[0038] The effect of the surface geometry on diffusion of water vapor in the air was first
compared between a wavy surface and a flat surface, both of which were hydrophobic for
visualization purposes. Fig. 4A shows the distribution of droplet sizes on a hydrophobic
(HPo) flat surface and an HPo wavy surface in accordance with an illustrative embodiment.
The surface temperature was maintained at 1°C, and the relative humidity in the ambient air
was 80% at 23°C. While the droplets are more uniform in size with an average diameter of
0.13 + 0.02 mm after 20 min of condensation, the droplets show much larger sizes (0.19+
0.02 mm) on the peak, and much smaller sizes (less than 0.05 mm in diameter) in the valley

of the wavy surface.

[0039] Further investigation revealed that the mass transport of water vapor by diffusion
in the air phase is significantly influenced by the surface geometry, as shown in Fig. 4B.
Specifically, Fig. 4B depicts the simulation of the diffusion flux of water vapor on the top
side of flat and wavy surfaces in accordance with an illustrative embodiment. Compared to

the uniform diffusion flux on the flat surface, the wavy surface shows a greater magnitude of
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incoming diffusion flux on the peaks which are convex to the air, and a smaller magnitude of
diffusion flux in the valleys which are concave to the air. This simulation result is consistent

with the droplet size distribution observed in Fig. 4A.

[0040] Combining the effects of diffusion and water transport yields a significant impact
on the overall condensation rate. Fig. 4C depicts the condensation on superhydrophilic and
hydrophobic wavy surfaces in accordance with an illustrative embodiment. In Fig. 4C, the
dashed circles indicate the motion of condensed droplets. Under the surface temperature of
1°C and ambient humidity of 80°C at 23°C, water first condensed on the peaks for both
surfaces regardless of the wettability. On the superhydrophilic surface, condensed water
quickly spread out from the peak and gradually moved toward the valley as the droplets grew
in size. On the hydrophobic surface, however, the condensed droplets are pinned at the peaks
due to the lack of driving forces for motion. The droplet moves as condensation happens and
continues on both surfaces are indicated by the dashed circles in Fig. 4C, where the peaks of
both surfaces were dyed for better visualization. After 30 minutes of condensation, above
90% of the peak area of the superhydrophilic wavy surface was recovered from the
condensate coverage as compared to 10 minutes of condensation, while almost 100% of the

peak area of the hydrophobic wavy surface was still covered by water.

[0041] Fig. 4C thus shows how condensate is quickly transported from the peak to the
valley on the superhydrophilic surface, whereas droplets were pinned at the peaks on the
hydrophobic surface, thereby hindering heat transfer. Since the peaks are crucial with respect
to obtaining efficient condensation, the superhydrophilic wavy surface outperforms the
hydrophobic wavy surface and the superhydrophilic flat surface by around 30%, as shown in
Fig. 4D. Specifically, Fig. 4D compares the condensation rate of a superhydrophilic wavy
surface, a superhydrophilic flat surface, and a hydrophobic wavy surface in accordance with
an illustrative embodiment. In the comparison of Fig. 4D, all samples were 4.2 centimeters
(cm) x7.8 cm in size, and data for each sample was collected by averaging the results of 3
experiments, each of which spanned 3 hours. The surface temperature was kept at 1°C, and

ambient humidity was 80% at 23°C.

[0042] In another experiment, a custom designed liquid collection system was designed.
A housing (in the form of a wind tunnel) was 3D printed, and air flow through the wind

tunnel was generated using an AC-powered fan attached at the outlet of the tunnel. The fan
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was powered using a variable voltage transformer such that the input voltage was adjustable
and the fan was able to produce three different wind speeds: 1 meters/second (m/s), 2 m/s,
and 3 m/s. Alternatively, a fan may not be used and the system may receive air through wind
and natural air currents. At the inlet of the wind tunnel was a flow stabilizer and a
commercial humidifier producing fog droplets of deionized water with diameters ranging
between 5 and 40 micrometers (um). Wavy surfaces with varying wettabilities were placed
parallel to the incoming fog-laden airflow. Fig. SA depicts the liquid collection system in
accordance with an illustrative embodiment. This wind tunnel was used for testing wavy and
flat surfaces of varying wettability. The wind tunnel, or variations thereof, can also be used
as a liquid collection system that can be incorporated into an existing collection system or
used as a standalone liquid collecting system to perform any of the applications described

herein.

[0043] In the experiments using the liquid collection system depicted in Fig. SA, water
deposited on the surfaces was transported downwards in the direction of gravity to a
collection apparatus (sponge-like material). Experiments were run for each surface at the
three aforementioned wind speeds for 30 minutes in a high humidity environment (RH =
95%) to reduce the effects of convective evaporation. The mass of the apparatus was
measured before and after the completion of the experiments. The results produced average
fog collection rates over 30 minutes and were compared against flat surfaces with the same

projected surface area.

[0044] Fig. 5B depicts simulation results of fog particle trajectory near a wavy
surface in accordance with an illustrative embodiment. The simulation results show
enhanced droplet deposition on the peaks of the waves. The speed of the droplets is
represented by their shade, in accordance with the legend. Also, the dots on the wavy surface
represent deposited fog droplets. Fig. SC depicts experimental results of fog collection rate
for a flat surface and wavy surfaces with various wettabilities in accordance with an
illustrative embodiment. As shown, the supherydrophilic wavy surfaces have the highest fog

collection performance of any wettability or geometry tested.

[0045] Still referring to Fig. 5B, the simulation over time reveals fog droplets deposited
evenly over the peaks of the wavy surface, while the valleys remain dry. Fig. 5D depicts

experimentally obtained images that show significantly more droplet deposition on wavy
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surfaces as compared with flat surfaces in accordance with an illustrative embodiment. The
simulation results are consistent with the observed experimental results. The incoming fog
droplets initially impact the peaks of the wavy surfaces, grow in size, transport into the
valleys, and then finally transport downwards to the collector. For the hydrophobic wavy
surfaces, individual droplet growth and transport is observable. For the superhydrophilic
wavy surfaces, on the contrary, the impacting droplets are immediately spread into a thin film
and transported downwards towards the collector. The superhydrophilic surface therefore
shows no observable droplets deposited on its surface because the deposited droplets

immediately form the thin film that allows for more efficient droplet transport.

[0046] The aforementioned differences in surface types and shapes are evident in the
average fog collection rates of the various surfaces, shown in Fig. 5C. Two main conclusions
can be derived from Fig. 5C: 1) wavy surfaces exhibit increased fog collection rates relative to
flat surfaces, and i1) superhydrophilic wavy surfaces exhibit greater fog collection
performance than hydrophilic or hydrophobic wavy surfaces. The differences in fog
collection performance become more pronounced at higher windspeeds as the deposition
efficiency of fog droplets increases. This data can be used to design more efficient liquid

collection systems for use in any of a number of applications.

[0047] Traditional liquid collection systems are unable to achieve the efficiency and cost-
effectiveness of the proposed phase change and liquid collection methods described herein.
The proposed technology can be used in applications such as atmospheric water generators,
thermal power plants, cooling systems for supercomputers, microfluidic systems for
biomedical/healthcare applications, marine biofouling reduction systems, food-energy-water
production systems, water desalination/purification systems, fuel processing, mist elimination
systems, energy efficient dehumidification systems, material deposition processes based on
phase change, general chemical distillation, residential/commercial HVAC systems, inkjet
printing systems, functional lens surfaces for robotics/sensors, systems for reducing

contamination on touchscreens, etc.

[0048] In an illustrative embodiment, any of the aforementioned applications can be
implemented in part by designing a liquid collecting surface as described herein. The liquid
collecting surface can be formed from a substrate, which can be made from aluminum,

plastic, stainless steel, copper, silicon, etc. In some embodiments, the substrate can be a flat
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sheet of material. The substrate is transformed into a wavy surface that includes one or more
waves, each of which has a peak and a valley. In an illustrative embodiment, the peaks and
valleys that form the waves are curved surfaces such that a cross-sectional view of the wavy
surface has the general appearance of a sine wave with near-constant curvature. In an
alternative embodiment, the peaks and/or valleys that form the waves can be pointed surfaces

such that a cross-sectional view has the appearance of interconnected straight lines.

[0049] The waves can be formed on the entire substrate, or on just one or more portions
of the overall substrate. In such an embodiment, the one or more portions of the substrate
without waves can be a flat surface. Additionally, a single substrate can include a plurality of
different types of waves. The different types of waves can be on the same side of the
substrate or on opposite sides of the substrate. The different types of waves can have
different water contact angles, different curvature, different amplitude, different peak-to-peak

distances, different coatings, etc.

[0050] In some embodiments, the wavy surface is formed on a single side of the substrate
such that the substrate has both a flat side and a wavy surface that is opposite the flat side.
Alternatively, the wavy surface can be formed on both sides of the substrate. Whether the
surface is wavy on both sides or just one side can be determined based on the application. As
an example, in applications where the goal is to maximize liquid collection (e.g., a water
harvesting system), the wavy surface can be imparted on both sides of the substrate such that
both sides maximally contribute to the liquid collection. In other more targeted
embodiments, such as electronics cooling, only a single side of the substrate may be formed

into a wavy surface.

[0051] A peak-to-peak distance (Ax) and/or amplitude (Ay) of waves that form the wavy
surface can also be controlled depending on the application and desired liquid collection
attributes of the system. For example, a large scale system may include larger waves and a
small scale system can include smaller waves. Additionally, the peak-to-peak distance and
the amplitude can be used to control the curvature of the waves, which as discussed above
affects how the collected liquid interacts with the surface and the rate at which liquid
accumulates in the valleys. Controlling the curvature (via the peak-to-peak distance and/or
amplitude) can therefore be used to control the rate of liquid accumulation in the valleys for

the system.
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[0052] The substrate can be formed into the wavy surface using any fabrication
techniques known in the art. In one embodiment, a pair of molds can be 3D printed, where
the molds include the desired wavy surface pattern(s). The substrate can be pressed in
between the molds such that the substrate takes on the wavy surface pattern(s). Alternatively,
the substrate can be a melted substance that is poured into a mold that includes the desired
wavy surface pattern(s). In another alternative embodiment, a custom machine can be used to
bend the substrate to form the wavy surface pattern(s) thereon. The bending can be

performed in the presence of heat to make the substrate more malleable.

[0053] A texture (e.g., nano-texture), coating, or process can also be applied to the
substrate, before or after the substrate is manipulated to include the wavy surface pattern(s).
Any texture, coating, or process known in the art may be used. The texture, coating, or
process can be used to impart hydrophobic, superhydrophobic, hydrophilic, or
superhydrophilic properties to the wavy surface pattern, which can be used to control the
water contact angle of the surface. As discussed above, these properties help dictate the
amount of liquid that the system is able to collect and the rate at which collected liquid
accumulates in the valleys. In some embodiments, different portions of the wavy surface can
be formed to include different properties. For example, a first portion of the wavy surface
can be hydrophobic and a second portion of the wavy surface can be superhydrophilic to
control the collection rates of the different portions of the surface. In such an embodiment,
the hydrophobic surface can be on one side of the substrate and the superhydrophilic surface
can be on the other (opposite) side of the substrate. The wavy surface can be manipulated
such that either the hydrophobic surface side or the superhydrophilic surface side is facing an

incoming air flow, depending on the current water accumulation needs of the system.

[0054] The system may also utilize a fan or other air movement system to direct air over
the liquid collecting surface. As a result, more air will pass over the liquid collecting surface,
resulting in more collected liquid. Alternatively, a fan may not be used and the system can
rely on wind and air current to move air across the surface. The system can also include a
liquid collection container that is designed to collect the liquid from the wavy surface. The
liquid collection container can be a simple receptacle into which the water flows or is
directed from the wavy surface. In some embodiments, the liquid collection container can
include a sponge or other substance designed to absorb the liquid. The liquid collection

container can be at least partially covered to help prevent evaporation. In some
13
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embodiments, the liquid collection container can include a cover that opens and closes. The
cover can be controlled to open when liquid is to be received, and the cover can be closed
upon receipt of the liquid to prevent contaminants from getting into the container and to

prevent evaporation.

[0055] In some embodiments, the wavy surface may be movable such that the wavy
surface can have a number of different orientations. For example, the wavy surface can be
placed into a collection orientation in which liquid collects on the wavy surface, and then into
a deposit orientation in which the collected liquid is deposited into a liquid collection
container. In such an embodiment, the collection orientation can be flat (i.e., substantially
parallel to a ground plane) and the deposit orientation can be angled (i.e., where the wavy
surface is at an angle relative to the ground plane). Placing the wavy surface into the deposit
orientation encourages the liquid to flow along (i.e., parallel to) the valleys of the wavy
surface and into the liquid collection container. In such an embodiment, a cover for the liquid
collection container can be opened prior to placing the wavy surface into the deposit
orientation and closed once the liquid has been collected to prevent evaporation,

contamination, etc.

[0056] The system can also include a housing that holds the wavy surface, the liquid
collection container, the fan, a power source, and/or electronics. The housing can be sized
based on the size of the wavy surface to be included therein. In some embodiments, the
housing can include a plurality of wavy surfaces, each of which is designed to collect liquid.
The various wavy surfaces in the housing can be the same or have different characteristics as
described herein. The power source can include a battery, a solar panel and accompanying
hardware, and/or a plug for a power receptacle. The electronics can include a computing
system (described in detail below), an actuator to move the wavy surface(s) within the
housing, an actuator to open/close a cover to the liquid collection container, controls for the

fan, etc.

[0057] Fig. 6 is a block diagram of a computing device 600 in communication with a
network 635 in accordance with an illustrative embodiment. The computing device 600 can
be part of the electronics included in a liquid collection system in an illustrative embodiment.
The computing device 600 can alternatively be a standalone system that is used to design a

liquid collection system based on desired characteristics of the system. The computing
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device 600 includes a processor 605, an operating system 610, a memory 615, an input/output
(I/O) system 620, a network interface 625, and a liquid collection application 630. In
alternative embodiments, the computing device 600 may include fewer, additional, and/or
different components. The components of the computing device 600 communicate with one
another via one or more buses or any other interconnect system. In an illustrative
embodiment, the computing device 600 is a dedicated device that is incorporated into the
liquid collection system. Alternatively, the computing device 600 can be any type of
networked computing device such as a laptop computer, desktop computer, smart phone,

tablet, gaming device, workstation, server, a music player device, etc.

[0058] The processor 605 can be used to determine parameters for a liquid collection
system, control the liquid collection system, provide data regarding the operation of the liquid
collection system, etc. In one embodiment, the processor 605 can determine surface
parameters for the wavy surface based on the application. The wavy surface patterns can
differ based on the application of the surface being formed, the conditions in which the
surface will be subjected, the material from which the substrate that forms the surface is
made, the coating/treatment on the substrate, etc. The processor 605 can also control the
system fan (if present), control movement and orientation of the wavy surface, control the

liquid collection container, etc.

[0059] The processor 605 can be any type of computer processor known in the art, and
can include a plurality of processors and/or a plurality of processing cores. The processor
605 can include a controller, a microcontroller, an audio processor, a graphics processing
unit, a hardware accelerator, a digital signal processor, etc. Additionally, the processor 605
may be implemented as a complex instruction set computer processor, a reduced instruction
set computer processor, an x86 instruction set computer processor, etc. The processor 605 is

used to run the operating system 610, which can be any type of operating system.

[0060] The operating system 610 is stored in the memory 615, which is also used to store
programs, user data, network and communications data, peripheral component data, the liquid
collection application 630, and other operating instructions. The memory 615 can be one or

more memory systems that include various types of computer memory such as flash memory,
random access memory (RAM), dynamic (RAM), static (RAM), a universal serial bus (USB)

drive, an optical disk drive, a tape drive, an internal storage device, a non-volatile storage
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device, a hard disk drive (HDD), a volatile storage device, etc. The memory 615 can include
computer-readable instructions that, upon execution by the processor 605, cause any of the

operations described herein to be performed.

[0061] The I/O system 620 is the framework which enables users and peripheral devices
to interact with the computing device 600. The I/O system 620 can include a mouse, a
keyboard, one or more displays, a speaker, a microphone, etc. that allow the user to interact
with and control the computing device 600. The I/O system 620 also includes circuitry and a
bus structure to interface with peripheral computing devices such as power sources, USB
devices, data acquisition cards, peripheral component interconnect express (PCle) devices,
serial advanced technology attachment (SATA) devices, high definition multimedia interface

(HDMI) devices, proprietary connection devices, etc.

[0062] The network interface 625 includes transceiver circuitry that allows the computing
device 600 to transmit and receive data to/from other devices such as remote computing
systems, servers, websites, etc. The network interface 625 enables communication through a
network 635, which can be one or more communication networks. The network 635 can
include a cable network, a fiber network, a cellular network, a wi-fi network, a landline
telephone network, a microwave network, a satellite network, etc. The network interface 625
also includes circuitry to allow device-to-device communication such as Bluetooth®

communication.

[0063] The liquid collection application 630 can include software in the form of
computer-readable instructions which, upon execution by the processor 605, performs any of
the various operations described herein for determining and analyzing surface characteristics,
dimensions, shapes, coatings, etc. The liquid collection application 630 can also be used to
control a liquid collection system, as described herein. Specifically, the liquid collection
application 630 can utilize the processor 605 and/or the memory 615 as discussed above to
control the system and its components. In an alternative implementation, the liquid collection
application 630 can be remote or independent from the computing device 600, but in

communication therewith.

[0064] The word "illustrative" is used herein to mean serving as an example, instance, or

illustration. Any aspect or design described herein as "illustrative" is not necessarily to be
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construed as preferred or advantageous over other aspects or designs. Further, for the

purposes of this disclosure and unless otherwise specified, "a" or "an" means "one or more.”

[0065] The foregoing description of illustrative embodiments of the invention has been
presented for purposes of illustration and of description. It is not intended to be exhaustive or
to limit the invention to the precise form disclosed, and modifications and variations are
possible in light of the above teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to explain the principles of the
invention and as practical applications of the invention to enable one skilled in the art to
utilize the invention in various embodiments and with various modifications as suited to the
particular use contemplated. It is intended that the scope of the invention be defined by the

claims appended hereto and their equivalents.
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WHAT IS CLAIMED IS:
1. A system to collect liquid, comprising;

a wavy surface formed on a substrate, wherein the wavy surface includes a
plurality of waves, and wherein the plurality of waves are configured to capture liquid

from the air such that the liquid accumulates in valleys of the waves; and

a liquid collection container configured to collect the liquid captured on the

plurality of waves.

2. The system of claim 1, further comprising an actuator configured to control an

orientation of the wavy surface relative to the directed air.

3. The system of claim 2, further comprising a processor configured to control the
actuator such that the wavy surface is in a collection orientation to capture the liquid or a

deposit orientation to deposit the liquid into the liquid collection container.

4. The system of claim 1, further comprising an actuator configured to open and

close a cover of the liquid collection container.

5. The system of claim 1, further comprising a coating or texture on the wavy

surface that controls a liquid contact angle of the wavy surface.

6. The system of claim 5, wherein the coating or texture comprises a nano-texture

such that the wavy surface is superhydrophilic.

7. The system of claim 1, further comprising a housing that is configured to contain

at least the substrate and the liquid collection container.

8. The system of claim 1, wherein the substrate has a first side that includes the wavy

surface and a second side opposite the wavy surface that is flat.

9. The system of claim 1, further comprising a fan that is configured to direct air

over the substrate.
10. A method for collecting liquid, the method comprising:

directing air over a wavy surface that is formed on a substrate, wherein the
wavy surface includes a plurality of waves, and wherein each wave in the plurality of

waves includes a peak and a valley;
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capturing liquid from the air on the wavy surface such that the liquid

accumulates in the valleys of the plurality of waves; and
collecting the liquid in a liquid collection container.

11. The method of claim 10, further comprising adjusting an orientation of the wavy

surface relative to the directed air or relative to the liquid collection container.

12. The method of claim 11, wherein adjusting the orientation comprises alternating
the wavy surface between a collection orientation to capture the liquid and a deposit

orientation to deposit the liquid into the liquid collection container.

13. The method of claim 12, further comprising closing a cover of the liquid
collection container when the wavy surface is in the collection orientation and opening
the cover of the liquid collection container when the wavy surface is in the deposit

orientation.

14. The method of claim 10, wherein the wavy surface comprises a first wavy surface
formed on a first side of the substrate, and wherein a second side of the substrate includes
a second wavy surface, and further comprising adjusting an orientation of the substrate to
alternate between the first wavy surface facing the incoming directed air and the second

wavy surface facing the incoming directed air.

15. The method of claim 10, wherein the wavy surface includes a coating or texture to

control a liquid contact angle of the wavy surface.
16. A method for forming a liquid collection system, the method comprising:

determining, based on a desired liquid collection rate, one or more wave

characteristics for a wavy surface pattern;

forming the wavy surface pattern on a substrate such that the wavy surface has

the one or more wave characteristics; and

positioning a liquid collection container relative to the wavy surface pattern
such that the liquid collection container collects liquid that is deposited on the wavy

surface pattern.
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17. The method of claim 16, wherein forming the wavy surface pattern comprises
forming a first wavy surface pattern on a first portion of the substrate and a second wavy

surface pattern on a second portion of the substrate.

18. The method of claim 16, wherein the one or more wave characteristics comprise

one or more of a peak-to-peak wave distance, a wave amplitude, and a wave curvature.

19. The method of claim 16, further comprising applying a coating or texture to the

wavy surface to control a liquid contact angle of the wavy surface.

20.  The method of claim 16, further comprising mounting the substrate in a housing

such that an orientation of the wavy surface is adjustable.
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