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ABSTRACT: In this work, motivated by an approach used in a cactus to
collect fog, we have developed an artificial water-collection structure. This
structure includes a large ZnO wire and an array of small ZnO wires that are
branched on the large wire. All these wires have conical shapes, whose
diameters gradually increase from the tip to the root of a wire. Accordingly, a
water drop that is condensed on the tip of each wire is driven to the root by a
capillary force induced by this diameter gradient. The lengths of stem and
branched wires in the synthesized structures are in the orders of 1 mm and
100 μm, respectively. These dimensions are, respectively, comparable to and
larger than their counterparts in the case of a cactus. Two groups of tests
were conducted at relative humidity of 100% to compare the amounts of
water collected by artificial and cactus structures within specific time
durations of 2 and 35 s, respectively. The amount of water collected by either
type of structures was in the order of 0.01 μL. However, on average, what has been collected by the artificial structures was 1.4−
5.0 times more than that harvested by the cactus ones. We further examined the mechanism that a cactus used to absorb a
collected water drop into its stem. On the basis of the gained understanding, we developed a setup to successfully collect about 6
μL of water within 30 min.
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1. INTRODUCTION

Deserts roughly cover about one-quarter of the Earth’s land
area, and semideserts another quarter.1 They have little rainfall
every year. Fog and dew in some deserts may deliver more
water than rainfall,1 and may be important water sources, e.g.,
to beetles, cacti, dune grasses, and cotula fallax plants.2−5 What
these species use to collect water from fog and dew in a desert
obviously provides a new insight to obtain water. It is
particularly important to residents living in an arid environ-
ment, since fog and dew may always exist when temperature is
deceased in late nights and early mornings.
It is reported that a beetle living in the Namib Desert can

collect water from fog and dew through microbumps on its
back. The peaks of these microbumps are hydrophilic, whereas
the troughs are superhydrophobic.2 The water in the fog forms
fast-growing drops on these peaks. As a drop reaches a size of 4
to 5 mm in diameter, the drop overcomes the capillary force
that makes it attach to the peak, and rolls down the beetle’s
surface to the mouthpart.2 It is also reported that the cactus O.
microdasys, originated from the Chihuahua Desert, can also
harvest water from the fog and dew using the spines distributed
on its surface.3 Microbarbs are grown on a spine, forming a
branched wire structure. The spine may be visualized as the
stem wire in the structure, whereas the relatively small
microbarbs may be considered as branched wires. The spine
and microbarb have lengths with the orders of 1 mm and 10
μm, respectively. Both spines and microbarbs have conical
shapes, whose diameters gradually increase from the tip to the
root of a wire. A water drop that is condensed, e.g., on the tip of

the spine or the microbarb can be driven to the root by a
capillary force induced by this diameter gradient.6 Moreover,
the fog-collection behavior of the dune grasses Stipagrostis
subulicola has been explored.4 They use their leaves and roots to
collect the fog in Namib Desert. Water drops are first
condensed on leaves. When the drops become too large to
be supported by the leaves, they fall to the roots, which spread
over 20 m like a carpet. A similar approach is also used by cotula
fallax plants to collect fog.5 In addition, spider silk is found to
have capability of collecting fog as well.7 Because of a capillary
force generated by the conical shape and different roughnesses
of the silk surface, water drops can be guided to specific
locations on the silk.
Several artificial fog collectors have been recently developed,

which mimic the fog-collection mechanisms of beetles.8−11 In
addition, under the inspiration of the cacti, conical-shaped
copper wires12 have also been employed to collect fog. It is
expected that when branched wires are incorporated into such a
wire to form a branched wire structure as in the case of cacti,
water-collection efficiency will be increased because of the
increase in the surface area of the corresponding structure.
Accordingly, in this work, we desire to develop branched ZnO
wire structures for water collection. As in the case of a cactus,
all the wires in a branched ZnO wire structure will have conical
shapes for guiding the movements of water drops, and their
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lengths will be comparable to or longer than the counterparts of
the cactus.
ZnO wires have attracted much attention in the past decade

because of their specific properties of piezoelectricity, semi-
conductivity and wide bandgaps. They have been employed as
functional components of microelectronic,13,14 optoelec-
tronic,15−17 microfluidic devices,18 power generators,19,20 and
superhydrophobic surfaces.21,22 They have also been applied in
various sensors, such as humidity,23 gas,24 chemical,25 and
biosensors.26 The single ZnO wires reported by other
researchers to date only have lengths up to 300 μm,27 implying
that it is an obstacle to fabricate millimeter-long stem wires.
Moreover, different from existing ZnO wires which normally
have uniform cross-sections, ZnO wires in the proposed
structures should have conical shapes, which presents a second
obstacle in the corresponding synthesis. These two obstacles
will be specially overcome in fabricating the desired structures.

2. WATER-COLLECTION TESTS ON A CACTUS, AND
THEORETICAL BACKGROUND

Water-collection mechanism of a cactus has been reported
previously.3 To have a better understanding about this
mechanism, we also explore the cactus Opuntiaengelmannii
var. lindheimeri that can be found in our campus. It has surface
structures similar to what was reported for the cactus O.
microdasys.3 The cactus Opuntiaengelmannii var. lindheimeri also
has an array of clusters on its pad surface (Figure 1a1), and
every cluster contains tens of branched wire structures (Figure
1a2, a3). Both spine and microbarbs in a branched wire
structure have conical shapes with apex angles of about 8 and
18°, respectively (Figure 1a4−a6). The spine has a length
ranging from 0.73 to 2.43 mm, and the diameter of its middle
cross-section is about 80 μm. The microbarb has a length
between 18 and 50 μm, and the diameter of its middle cross-
section is about 11 μm.
At room temperature (22 °C ± 1 °C), a humidifier (model:

EE-5301, Crane USA Co.) was employed to generate a mist
flow over a branched wire structure of the cactus
Opuntiaengelmannii var. lindheimeri, which implies that relative
humidity was 100% in the tested area (Figure 2). The
humidifier was turned on for 1 min to ensure that the flow
rate was steady. Subsequently, a branched wire structure of the
cactus was placed in the mist flow, followed by the recording of
the water-collection process through an optical microscope.
The flow was along the longitudinal direction of the branched
wire structure. As shown in panels b and c in Figure 1 and
illustrated in Figure 1d, a representative process that a cactus
collects water is as follows. A small water drop first appears on
the tip of a branched wire (Figure 1d1, c1), because the tips of
the branched wires are directly exposed to the mist flow. There
may also exist water drops on the sidewall of the branched wire.
However, because this sidewall is not directly exposed to the
flow, such drops may not be as large as the one on the tip.
Accordingly, these drops are not found at the beginning of our
test (see, for example, Figure 1c1). Similar phenomena have
been previously observed in the case of The President lotus.28 As
indicated previously,6 the small drop then moves from the tip
to the root along this branched wire (Figure 1c2). In such a
manner, small water drops that are formed at the tips of the
branched wires at different time instants continuously move to
the roots (Figure 1d2, c3). After that, they merge to form a
large drop (Figure 1d3). The large drops located on the roots
of the branched wires then move to the root of the stem wire,

merging over there to form a much larger drop, which is
subsequently collected by the underneath cluster (Figure 1d4,

Figure 1. (a1) Pad of the cactus Opuntia engelmannii var. lindheimeri,
whose surface is distributed with an array of clusters, (a2) side and
(a3) cross-sectional views of a single cluster, which is covered by a
bunch of spines. A branched wire structure, consisting of (a4) a 1.8-
mm-long spine and (a5, a6) microbarbs on a cluster. a1−a3 are optical
images, whereas a4−a6 are SEM ones. Water collection of a cactus
through (b) a spine and (c) microbarbs. Illustration of a water-
collection process of the cactus: (d1) small drops are formed on tips of
branched wires, (d2) move down to the roots of these wires, and (d3)
merge to form large drops, which (d4) subsequently move down to
the root of the stem wire to form a larger drop. All drawings or
pictures are side or top views, and numbers in b1−b3 and c1−c3
represent different water drops.

Figure 2. Experimental setup for water collection.
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b). Within 260 s, all the water drops that we specifically
observed have moved to the root of the stem wire (Figure 1b3).
Repetition of this process continuously provides water into the
cluster. The same procedure is subsequently used in proposed
branched wire structures to collect water.
A quasi-spherical liquid drop on a thin, conical wire suffers a

capillary force, which has the following expression6

γθ= − +dP dz r R/ /( )0
2

(1)

where P denotes Laplace pressure inside a liquid drop, z the
position of the drop on the wire, dP/dz Laplace pressure
gradient along the wire (also representation of the capillary
force), γ surface tension of the liquid, θ the apex angle, r the
mean radius of the wire at the place where the drop is located,
and R0 the mean radius of the drop. Three points can be
observed from this equation. First, when θ is zero, i.e., a wire
has uniform cross-section, the corresponding capillary force is
zero. Accordingly, a liquid drop does not move on this wire.
Thus, a conical shape is needed. Second, the capillary force
increases with the decrease in the wire radius and the increase
in the apex angle, implying that thin wires with large variations
in cross sections are preferred in water collection. Third, the
capillary force also increases with the decrease in the drop
volume, which means that a small drop moves faster than a
large drop on a conical wire. All three points have been
validated in the above tests on the cacti (Figure 1b, c) as well as
in the previously reported tests.3

3. FABRICATION

3.1. Fabrication Procedure. Branched ZnO nanowire
structures have been recently synthesized using, for example,
vapor-phase,29−32 solution-synthesis33,34 or their combina-
tions.35 Their large surface areas make them have potential
applications in, for example, solar energy conversion.35,36 The
concern here is how to make much larger branched structures.
There is a critical difference between the approaches of vapor

phase and solution synthesis: the temperature used in a vapor-
phase method normally ranges between 600 and 1000 °C,29−32

whereas the one adopted in solution synthesis method usually
varies between 80 and 100 °C.33,34 Because of this large
difference in growth temperature (accordingly, there is a large
difference in growth energy), during the same time period,
wires grown using the vapor-phase approach are much longer
(the lengths of the longest wires were reported to be 300 μm)27

than the counterparts grown using the solution synthesis (the
longest wires had the lengths of 40 μm).37 Thus, a vapor-phase
approach is applied in our case to produce long stem and
branched wires.
Vapor−solid (VS)29,30 and vapor−liquid−solid (VLS)31,32

are two commonly applied vapor-phase methods. The VS
method is adopted here to grow wires, because we have rich
experience with this approach. In the VS, the substrate is coated
with a layer of ZnO. The Zn and O2 atoms are directly
adsorbed on the surface of this ZnO seed layer, forming nuclei.
ZnO wires grow out vertically from the nuclei in c-axis
orientation. In the VS method, the substrate is coated with a
layer of ZnO. The Zn and O2 atoms are directly adsorbed on
the surface of this ZnO seed layer, forming nuclei. ZnO wires
grow out vertically from the nuclei in c-axis orientation.
The synthesis of branched ZnO wire structures involves two

basic steps (Figure 3). In the first step, stem wires are
selectively grown on the ZnO film-covered sidewall of a Si

substrate using a VS method29,30 (Figure 3a). In the second
step, using the VS approach again, branched wires are
synthesized on the ZnO film-covered sidewall of each stem
wire, completing the fabrication of a branched structure (Figure
3b). Three types of experiments are conducted. The first type
of experiment is to grow ZnO stem wires, which corresponds to
the first fabrication step. The second type is to examine the
possibility of synthesizing relatively long wires on the sidewall
of a long wire, and the third is to grow branched wires on the
stem wires, which corresponds to the second fabrication step.

3.2. Synthesis of Stem Wires. Figure 4a shows a setup
used in the first type of experiments. It includes a horizontal
tube furnace and a quartz boat. ZnO and graphite powders are
mixed on the surface of the quartz boat, which is subsequently
placed in the center of the furnace. A Si substrate is placed on
the quartz boat. After the tube in the furnace is heated up from
room temperature to 950 °C, Ar and O2 gases are introduced
into the reactor. Meanwhile, Zn vapor is continuously
generated by carbothermal reduction of ZnO powder in the
graphite crucible, following the chemical reaction: C(s) +
ZnO(s) → CO(g) + Zn(g). The produced Zn vapor is brought
over by the incoming gas flow to the Si substrate, and has
reaction with O2 over there to produce ZnO wires. After the
high temperature is maintained for 20 h, Ar and O2 systems are
switched off and the furnace is cooled naturally to room
temperature. The incoming Ar and O2 flow have horizontal
speeds of 85 and 2 sccm, respectively, whereas their vertical
speeds are both zero.
The quartz boat consists of a horizontal plate and a movable

vertical support. The horizontal plate has a small step on its
back side. The substrate is put between this step and the
vertical support. By moving the vertical support forward or
backward along the horizontal plate, the substrate can be tilted
at different angles. Consequently, the orientation of this
substrate can be adjusted between 0 and 90° relative to the
incoming gas flow.
Other researchers usually set the tilt angle to be 0° when

growing ZnO structures.27,29−33,38 However, in the first type of
experiments, we changed the tilt angle to be 30° (Figure 4a),
resulting in a clear difference in the products generated on the
edges and top surface of a Si substrate. An “edge effect” was
found on the synthesized product. As shown in Figure 4b1, the
lengths of ZnO wires were 484 μm on the top surface of the Si
substrate, whereas ZnO wires grown on the edges of this
substrate had the lengths of 4 to 5.5 mm, which are about 10
times longer than the ones on the top surface. The average
diameters of the grown wires were 1 μm (Figure 4b2). The
selected-area electron diffraction (SAED) pattern of a 4-mm-
long wire (the inset of Figure 4b3), together with the top view
of a representative ZnO wire (the insert of Figure 4b2), shows
that the ZnO wire has a hexagonal wurtzite structure with the

Figure 3. Procedure to fabricate branched ZnO wire structures
(schematics): (a) Grow stem wires on the catalyst (ZnO) film located
on the sidewall of a Si substrate, and (b) further synthesize branched
wires on the catalyst film-covered sidewall of each stem wire.
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growth direction along the direction of [0001] (i.e., c-axis). The
first type of experiments indicates that, using our setup, it is
feasible to generate mm-long stem wires on the sidewall of a Si
substrate.
The “edge effect” is interpreted as follows. When a substrate

experiences a gas flow, a relatively stagnant layer (i.e., a
boundary layer) is formed on the surface of this substrate. The
gaseous reactants have to diffuse through this boundary layer in
order to reach the surface of the substrate to form the wires,
and the concentrations of the gaseous reactants on this surface
increase with the decrease in the thickness of this boundary
layer.39 According to Prandtl’s boundary-layer theory,40 the
boundary layer at the substrate edge is much thinner than that
in the middle of the substrate, resulting in higher gas
concentrations at the edges. In other words, during the same
time period, the substrate edge experiences more gaseous
reactants than the middle of the substrate. Thus, the ZnO wires
grown on the edges were much longer than those at the center
of the substrate in the first type of experiments.
3.3. Growth of Branched Wires. Another experimental

setup was adopted in the second and third types of
experiments. It is similar to the one used in the first type of
experiments, except for two critical differences (Figures 4a and

5a): (i) a flowerpot-like crucible, which had a top opening with
the diameter of 2 cm, was applied to contain ZnO and graphite
powders; and (ii) the Si substrate was directly placed on the top
opening of the crucible. Both changes were made to ensure that
the ZnO wires were directly exposed in the incoming flow of
Zn vapors.

Figure 4. (a) Side view of a setup employed in the first two types of experiments to synthesize ZnO wires. (b1) Optical image of ZnO wires grown
using this setup: wires with lengths of 484 μm were grown on the top surface, whereas wires with lengths of 4 to 5.5 mm were synthesized on the
side edges of a silicon substrate (inset: side view of the 484-μm-long wires); (b2) close-up (SEM) view of the 5.5-mm-long ZnO wires (inset:
perspective view of the top of a ZnO wire, indicating that it has hexagonal cross sections); (b3) side (SEM) view of a ZnO wire (inset: the
corresponding SAED pattern); and (b4) top (SEM) view of a 1.64-mm-long wire connected to two Ag pads at its ends. Branched wires generated on
(c1) and (c2) a 4-mm-long flat wire, and on (c3) a partially lifted wire.

Figure 5. (a1) Side view of the setup for (a2) the second and (a3)
third types of experiments.
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In the second type of experiments, we examined whether
long branched wires could be grown on the sidewall of a single
wire to form a branched structure. The stem wires that were
synthesized on the substrate edges in the first type of
experiments were first manually placed on the center of a Si
wafer (Figure 5a2). The ZnO wires have an inherent charge.
Accordingly, after a ZnO stem wire was put on the Si wafer, the
electrostatic interactions41 between them directly fixed the wire
on the Si wafer. This Si wafer was subsequently flipped down
on the crucible. The second type of experiments includes two
tests. In the first test, branched wires with lengths of about 30
μm were synthesized on the sidewalls of a 4-mm-long flat wire
(Figure 4c1, c2). Furthermore, in the second test, one end of a
flat wire was lifted up before the growth of branched wires. As
shown in Figure 4c3, branched wires with lengths as long as
800 μm were grown on the lifted end of this wire (which was
about 27 times as long as the ones generated in the previous
test), and the lengths of the branched wires decreased from the
lifted end toward the middle point of the flat wire, indicating
that the “edge effect” can also be used to generate long
branched wires. On the basis of the understanding gained from
the first two types of experiments, branched wires were further
grown on the stem wires in the third type of experiments. Part
of a stem wire was put on the top surface of a Si substrate,
whereas the remaining portion remained open to ensure that

this portion was directly exposed to both Zn vapors and O2

gases (Figure 5a3).
Figure 6a gives three representative branched wire structures

synthesized out of the third type of experiments. Both stem and
branch have conical shapes with apex angles of about 2 and 15°,
respectively. The stem wire has a length ranging from 0.8 to 3.4
mm, and the diameter of its middle cross-section is about 25
μm. A branched wire has a length in the range of 20 to 400 μm,
and the diameter of its middle cross-section is around 10 μm.
These parameters are approximately in the same order as those
of a branched wire structure on a cactus surface, whereas some
branched wires are 7 times longer than their cactus counter-
parts (Figure 1a6).
All the wires in the synthesized structures have conical

shapes. Because of “edge effect”, the reactant concentration at a
point of the stem wire gradually increases with the increase in
the distance between this point and the substrate sidewall,
resulting in two consequences. First, as observed in the second
test of the second type of experiments, branched wires grown
toward the open end of a suspended wire are longer than those
close to the fixed end of this wire (Figure 4c3). Second, the
suspended wire gradually became thicker from the fixed end to
the open one, forming a conical shape (Figure 6b). On the
other hand, the thickness of this wire increases at a lower rate
than the length of a branched wire, because the sidewall growth
of the wire is not along the preferred direction.

Figure 6. Synthesized branched wire structures: (a1) perspective view of three structures, (a2) close-up view of one of three structures, and (a3)
magnified view of its tail portion. (b) Schematic of a synthesized structure. (c, d) Transportation and mergence of water drops on a synthesized
branched wire structure: (c1) due to condensation of vapors, water drops appear on a branched wire, (c2) some drops merge into a large water drop
in the middle of the branched wire, and (c3) the large drop further moves to the root of this wire. Transportation and mergence of large drops on the
stem wire: (d1) water drops appear on the stem wire, (d2) these drops merge together to form several large drops, and (d3) the large drops move to
the root of this stem wire.
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The formation of a conical branched wire is caused by two
factors. First, a new portion of a wire is formed on the top
surface of an existing part, and the cross-section of the new
portion cannot be larger than that of the existing part. Second,
Zn vapor concentration gradually decreases during the process
of fabricating the branched wires, resulting in the decrease in
chemical reaction rate. Accordingly, as previously reported,42

the new portions of branched wires have smaller cross sections
than the existing parts, forming conical shapes. The gradual
reduction of Zn concentration is interpreted as follows. As
observed from panels a1 and a3 in Figure 5, O2 gas has
chemical reaction with Zn vapor at the top opening of the
crucible to form branched wires. In addition, this reaction also
occurs inside the crucible, which creates a thin ZnO film on top
of the source materials (the film can be visibly seen after the
fabrication is finished). This film gradually increases its area
during the synthesis process, covering more source materials.
Accordingly, the amount of Zn vapor that comes from the
uncovered portion of the source material is gradually decreased,
resulting in a lower Zn concentration around branched wires.
However, this is not the case during the process of synthesizing
stem wires in the first fabrication step. Because of the “edge
effect” and the driving effect of Ar flow, a less amount of O2
stays on the surface of source materials (Figure 4a).
Consequently, the created thin ZnO film just covers a small
portion of the source materials. In addition, the surface area of
the source materials is about 4.5 times as large as that in the
process of fabricating branched wires. Thus, enough Zn vapor
has been produced during the process of generating stem wires,
making these wires have relatively uniform cross-sections.

4. WATER-COLLECTION TESTS ON ARTIFICIAL
STRUCTURES
4.1. Water-Collection Process. The synthesized branched

wire structures were subsequently examined for their capability

of collecting water using a setup the same as the one shown in
Figure 2. As marked in Figure 6b, the major part of a structure
was used in such a test. After it was flipped, the corresponding
tail portion was manually fixed on the tip of a needle using
superglue (Henkel Co., CT, USA), whereas the rest part
remained open to incoming water vapors. Panels c and d in
Figure 6 give some testing results. The movements of
condensed water vapors on both branched (Figure 6c) and
stem (Figure 6d) wires are similar to what was observed on a
cactus branched wire structure (Figure 1b, c), and match what
was illustrated in Figure 1d. Within 110 s, all the drops that
were specifically observed moved to the root of the tested
structure (Figure 6d3).
We noted that a water drop could still be collected even if a

branched wire was oriented along the vertical direction with its
tip located at the lower position, implying that all the wires in a
structure have the capability of collecting water no matter what

their orientations are. This phenomenon is interpreted using a
theoretical result derived previously.6 Let β denote the
maximum tilt angle of the wire that water drop moves upward
along the wire (Figure 7). Then, −90° ≤ β ≤ 90° and we have6

β θ
π

=
+

l
r v

sin
( 3 /4 )

2

23 (2)

where l represents capillary length of water and equals 2.7
mm, and V is the drop volume. Three points can be observed
from this equation. First, for a given water drop, β increases
with the increase in θ and decrease in r. Second, if a wire has
uniform cross sections, which corresponds to the case that θ =
0°, then β = 0°. This result implies that water could not move
along the wire no matter how this wire is oriented, and that the
wire should have varied cross sections to make a water drop
move. Third, when β = 90°, which is the maximum tilt angle
that a wire could have, in order to make water drops move
upward, by eq 2, the volume of a water drop should meet the
following relation

π θ≤ −V l r
4
3

( )3

(3)

According to the values of θ (about 15°) and r (around 5 μm
on average) for a branched wire, eq 3 indicates that if the
volume of a water drop is not larger than 0.01 mL, then it can
move upward along a branched wire. On the basis of the values
of θ (about 2°) and r (around 12.5 μm on average) for a stem

Figure 7. Geometric model of a water drop on a conical wire.

Figure 8. (a) Comparison of collected water between artificial and
cactus branched wire structures. A1−A3 and C1−C3 denote artificial
and cactus structures, respectively. Water drops collected by (b1)
artificial (A1) and (b2) cactus (C1) structures in the first group of
tests at the time instant of 35 s. Water drops collected by (c1) artificial
(A1) and (c2) cactus (C1) structures in the second group of tests at 2
s. The scale bars represent 1 mm.
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wire, eq 3 shows that, if the drop volume is not larger than
0.0005 mL, then it can move upward along the stem wire even
if β = 90°. On the other hand, according to our tests, a water
drop has already moved upward to the root along a vertically
oriented branched wire when the drop volume is far below
0.0005 mL. As observed from eq 1, small water drops are easier
to move than larger drops, because they suffer larger capillary
forces. Hence, both stem and branched wires in the synthesized
structure are capable of collecting water no matter how they are
oriented.
4.2. Comparison of the Water Collection between

Artificial and Cactus Structures. Two groups of tests were
done to compare water-collection efficiency of three artificial
structures with another three cactus spines when the incoming
mist flows had different directions (Figure 8a). The mist flow
direction was parallel to the longitudinal direction of a
branched wire structure in the first group of tests, while it
was perpendicular in the second group. In either group of tests,
the artificial and cactus structures were each tested for five
times. The stem wires in the three artificial structures, which are
labeled as A1, A2, and A3 in Figure 8a, have lengths of 0.5, 0.64,
and 1.12 mm, respectively. The three cactus structures are
called C1, C2, and C3, which have lengths of 1.32, 0.77, and
1.53 mm, separately. It took an artificial structure a shorter time

than a cactus one to collect a large drop, which covered the
whole artificial structure (Figure 8b1, c1). After this had
occurred, the continuous collection of water replied on the
adsorption of water vapors to the large drop, instead of the
transportation of condensed drops through the wires.
Accordingly, the time duration that we chose to compare
water collection in a group of tests was the shortest period that
it took collected water to cover an artificial structure among all
the tests in this group. In the second group of tests, the flow
direction was approximately perpendicular to the longitudinal
direction of the branched wires that were located on the top
half sidewall of the stem wire, whereas smaller amounts of
branched wires were directly exposed to the mist flow in the
first group of tests. Consequently, the collecting duration of
interest in the second group of tests was found to be 2 s (Figure
8c1). It was much shorter than the one in the first group tests,
which was 35 s (Figure 8b1).
In the first group of tests, the amount of water collected by

the artificial structure had a volume varying from 0.023 to 0.125
μL, which was calculated based on the measured diameter of a
collected drop, and such a volume ranged from 0.004 to 0.03
μL in the case of the cactus structure. The average volumes
collected by the artificial and cactus structures were 0.067 and
0.013 μL, respectively. This 5-time difference indicates that the

Figure 9. (a) Cross-sectional (digital) image of a cluster on the cactus Opuntia engelmannii var. lindheimeri. Close-up (SEM) views of areas (b) A and
(c) B.
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artificial structure, in comparison with the cactus one, is more
efficient in collecting water due to larger surface areas of its
branched wires (some branched wires are 8.0 times as long as
those of a cactus, and they are also more densely distributed on
the stem wire). The comparison shows the importance of
having ultralong stem and long branched wires, which increase
the surface areas of the structure for adsorbing more water
vapors.
In the second group of tests, the volume of water collected

by the artificial structure varied from 0.004 to 0.034 μL,
whereas it ranged from 0.003 to 0.031 μL in the case of the
cactus structure. The average volume collected by the artificial
structure was 0.017 μL. It was about 1.4 times as large as that

harvested by the cactus one, which was 0.012 μL. In this group
of tests, water vapors were condensed on the whole surface of a
structure, and they also quickly penetrated into the gaps
between branched wires. Hence, water was not mainly collected
by the movement of the drops on the wires. This point can also
be observed from panels c1 and c2 in Figure 8. Water drops
were formed on needle surfaces as well, and had comparable
sizes with those formed on the artificial or cactus structures,
even if these surfaces were not covered by branched wires. In
contrast, such phenomena were not observed in the first group
of tests (Figure 8b1, b2), indicating that branched wires play an
important role in collecting water when a structure is not
directly exposed to the mist flow.

4.3. Continuous Collection of Water by an Artificial
Structure. To explore the possibility of collecting water
continuously by the as-grown branched wire structures, we first
examined that mechanism that a cactus employed to absorb
collected water drops from its branched structures into their
underneath cluster. The test was on a dried cluster, whose
cross-sectional view is given in Figure 9. The inner structure of
the cluster, which is marked as “Area A” in Figure 9a, is an array
of hairlike trichomes.43 These dried trichomes have relatively
flat shapes (Figure 9b2), probably due to loss of water. They
have an average width of about 50 μm, and their lengths range
from 0.3 to 3 mm. Underneath the cluster is thin-walled
parenchyma,44 which is labeled as “Area B” in Figure 9a.
Parenchyma is a water-storing tissue, and has a porous structure
(Figure 9c). As a drop of water was manually placed on a dried
cluster, through capillary action, water gradually flowed into a
large portion of the parenchyma via the gaps between the
trichomes within 38 min (Figure 10). As indicated in ref 45, the
trichomes served as pathways during this water-absorption
process. It is expected that, when the cactus is alive, the
corresponding rate of water absorption may be much higher,
because a water pressure difference can be created between the
parenchyma and the cluster surface. This difference is induced
by the loss of water inside the cactus, which may be caused by
either (i) the transpiration45 from the cactus surface, or (ii) the
photosynthesis inside the cactus.46

On the basis of the observed process of water absorption
inside a dried cactus cluster, we then made three changes to the
previous experimental setup (Figure 2) to continuously collect
water through an artificial structure (Figure 11a): (i) a needle
was located inside a glass tube with an inner diameter of 1.4
mm, (ii) a branched wire structure was positioned at the end of
the glass tube that faced incoming mist flow, and (iii) a syringe
was connected to the other end of the glass tube. The glass tube
was applied to play the roles of both trichomes and
parenchyma: guide a water flow, and store water. The syringe
was used to create a pressure gradient for driving the collected
water drops into the glass tube.
The mist flow direction was parallel to the longitudinal

direction of a branched wire structure. A typical cycle of water
collection includes three steps. First, water was first collected by
the branched wires, and it then moved to the root of the
structure (Figures 11a1, b1). Second, the collected water was
sucked into the glass tube due to a capillary force, which was
caused by the curvature difference between the portion of the
water drop outside and inside the glass tube (Figures 11a2, b2).
Third, the syringe was employed to pump the sucked water
from right to left side of the glass tube (Figures 11a3, b3).
Water was continuously collected for 30 min. Twenty cycles

Figure 10. In situ observation of the process that water was absorbed
into a dried cactus cluster from its surface: (a) before and (b) after a
large water drop was put on the cluster, and (c−f) water slowly moved
inside the cluster. The dashed lines in b−f represent the fronts of water
flow.

Figure 11. (a) Schematic and (b) experimental results of water
collection process for one cycle. (a1, b1) A large drop is collected at
the root of an artificial branched wire structure. (a2, b2) This large
drop is sucked into glass tube by a capillary force. (a3, b3) The sucked
water is pumped by the syringe from right to left, completing this cycle
of collection. The scale bars represent 1 mm.
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occurred during this period, the time for each cycle varied from
60 to 100 s, and in total about 6 μL of water was collected.

5. SUMMARY AND CONCLUSIONS
In this work, motivated by the water-collection approach of a
cactus, we have developed an artificial branched wire structure
to harvest water from fog and dew. An edge effect is employed
to synthesize such a structure. As in the case of the cactus, all
these wires in this structure have conical shapes, yielding a
capillary force to drive a water drop to move from the tip of a
wire to the root. On the other hand, due to relatively larger
surface areas of the branched wires in the artificial structure,
this structure collected more water in comparison with the
cactus structure. In addition, it is also found that the amount of
water collected is related to the direction of the incoming vapor
flow. Finally, we have demonstrated that, with the aid of a
syringe, large drops located at the root of a branched wire
structure can be pumped into a glass tube, making this structure
capable of continuously collecting water.
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