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Abstract 

CACTI- AND SHOREBIRDS-INSPIRED TRANSPORTS OF LIQUID DROPS AND TWO 

RELATED FOG COLLECTORS 

 

Xin Heng, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Cheng Luo 

Motivated by what has been used in cacti and shorebirds to directionally 

manipulate water drops, we have explored two approaches to guide the movement of 

liquid drops. Based on these approaches, in addition to separating oil from its mixture 

with water, we have further developed two fog collectors.  

The first fog collector has a configuration similar to its counterpart in a cactus. 

This collector 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. This diameter gradient induces a 

capillary force to transport condensed drops from the tips to the roots of the wires. This 

single branched wire structure collected about 6 µL water within 30 min. 

As in the case of a shorebird, the second collector employs two nonparallel 

plates to direct the movement of condensed drops. The two nonparallel plates are first 

widely opened to provide a large surface area for water vapors to condense. The 

condensed drops are then transported to the corner of the two plates for collection, after 

these drops are squeezed and relaxed using the plates. A single 10-inch by 4-inch 

prototype “swallowed” about a tablespoon of water in 36 minutes. Over two hours, it 

harvested 400-900 times more water than beetles and cacti in desert areas. 
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Chapter 1  

Introduction and Overview 

1.1 Introduction 

Deserts roughly cover about one quarter of the Earth’s land area, and semi-

deserts 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 environment, since 

fog and dew may always exist when temperature is deceased in late nights and early 

mornings. 

Both capillary and gravitational forces have been employed in animals and plants 

to guide the movements of condensed drops through their specific surface structures. 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, while 

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, while 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 
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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]. Due to 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 developed. They mimicked the fog-

collection mechanisms of beetles and used micropeaks to collect fog [8,9-11]. On the 

other hand, it is considered that a hierarchical wire structure, as in the cases of cacti, 

cotula fallax plants, dune grasses and spider silk, should have higher fog-collection 

efficiency than micropeaks, since the hierarchical wire structure has a much larger 

surface area. As a matter of fact, the collection efficiency of a desert beetle has been 

compared with that of dune grasses Stipagrostis subulicola [12]. It was found that dune 

grasses were more efficient in harvesting fog during the same time period of 120 min in 

terms of both totally collected water and harvested water per unit area. It is also noted 

that conical-shaped copper wires have been tested in the research labs for fog collection 

[13]. In addition, mesh nets are also used to harvest fog [14]. A net consists of two 

families of intertwined fibers. Accordingly, it is a line-wise structure with each fiber 

visualized as a line. The fog that goes through the net holes cannot be harvested. 

Furthermore, it has been reported that some feeding shorebirds with long thin 

beaks, such as phalaropes, are capable of driving liquid drops to move toward their 
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mouths by opening and closing the beaks. This process provides a new approach to 

control the movement of a liquid drop. 

Thus, on the basis of gained understandings of the fog-collection mechanism of a 

cactus and feeding mechanism of a shorebird, we would like to develop two new artificial 

fog collectors, which could efficiently collect water from fog flow, and explore an approach 

to separate oil from a water/oil mixed drop using two nonparallel plates. 

1.2 Dissertation Outline 

First, the background and objective of the proposed research are introduced in 

Chapter 1. Second, a cacti-inspired collector, which is based on the branched ZnO wire 

structures, is presented in Chapter 2. Third, the feeding mechanism of shorebirds is 

introduced in Chapter 3. Fourth, a shorebird-inspired fog collector is further developed 

and discussed in Chapter 4. Fifth, based on the understanding of the different behaviors 

of liquid drops between two nonparallel plates, a new approach to separate a water/oil 

mixed drop is explored in Chapter 5. Finally, this work is summarized and concluded in 

Chapter 6. 
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Chapter 2  

Branched ZnO Wire Structures for Water Collection Inspired by Cacti 

Motivated by an approach used in a cactus to collect fog and dew, we have 

developed our first fog collector. This collector 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 to 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. Based on the gained understanding, we developed a setup to successfully 

collect about 6 µl water within 30 min. 

2.1 Introduction 

ZnO wires have attracted much attention in the past decade due to their specific 

properties of piezoelectricity, semiconductivity and wide bandgaps. They have been 

employed as functional components of microelectronic [15,16], optoelectronic [17-19], 

microfluidic devices [20], power generators [21,22], and super-hydrophobic surfaces 

[23,24]. They have also been applied in various sensors, such as humidity [25], gas [26], 

chemical [27] and biosensors [28]. The single ZnO wires reported by other researchers to 
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date only have lengths up to 300 µm [29], implying that it is an obstacle to fabricate mm-

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. 

2.2 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 (Fig. 

2.1(a1)), and every cluster contains tens of branched wire structures (Figs. 2.1(a2) and 

(a3)). Both spine and microbarbs in a branched wire structure have conical shapes with 

apex angles of about 8
o
 and 18

o
, respectively (Figs. 2.1(a4)-1(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. 
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Figure 2.1 (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, while (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. 
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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 (Fig. 2.2). 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 Figs. 2.1(b) and 2.1(c) and illustrated in Fig. 2.1(d), a representative process 

that a cactus collects water is as follows. A small water drop first appears on the tip of a 

branched wire (Figs. 2.1(d1) and 2.1(c1)), since 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, Fig. 2.1(c1)). Similar phenomena have 

been previously observed in the case of The President lotus [30]. As indicated previously 

[6], the small drop then moves from the tip to the root along this branched wire (Fig. 

2.1(c2)). 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 (Figs. 2.1(d2) and 2.1(c3)). 

After that, they merge to form a large drop (Fig. 2.1(d3)). 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 (Figs. 

2.1(d4)) and 2.1(b)). Within 260 s, all the water drops that we specifically observed have 

moved to the root of the stem wire (Fig. 2.1b(3)). Repetition of this process continuously 

provides water into the cluster. The same procedure is subsequently used in proposed 

branched wire structures to collect water. 



8 

 

Figure 2.2 Experimental setup for water collection 

A quasi-spherical liquid drop on a thin, conical wire suffers a capillary force, 

which has the following expression [6]: 

   2

0/ / ( )dP dz r R ,                                         (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),  surface tension of the liquid,   the apex angle, r the mean radius of the 

wire at the place where the drop is located, and 0R the mean radius of the drop. Three 

points can be observed from this equation. First, when   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 
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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 these 

three points have been validated in the above tests on the cacti (Figs. 2.1(b) and 2.1(c)) 

as well as in the previously reported tests [3]. 

2.3 Fabrication 

2.3.1. Fabrication procedure 

Branched ZnO nanowire structures have been recently synthesized using, for 

example, vapor-phase [31-34], solution-synthesis [35,36] or their combinations [37]. Their 

large surface areas make them have potential applications in, for example, solar energy 

conversion [37,38]. 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 
o
C [31-34], while the one adopted in solution synthesis method 

usually varies between 80 and 100 
o
C [35,36]. Due to 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) [29] than the counterparts grown using the 

solution synthesis (the longest wires had the lengths of 40 µm) [39]. Thus, a vapor-phase 

approach is applied in our case to produce long stem and branched wires. 

Vapor-solid (VS) [31,32] and vapor-liquid-solid (VLS) [33,34] are two commonly 

applied vapor-phase methods. The VS method is adopted here to grow wires, since we 

have rich experience with this approach.  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. 
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The synthesis of branched ZnO wire structures involves two basic steps (Fig. 

2.3). In the first step, stem wires are selectively grown on the ZnO film-covered sidewall 

of a Si substrate using a VS method [31,32] (Fig. 2.3(a)). 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 (Fig. 2.3(b)). 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. 

 

Figure 2.3 Procedure to fabricate branched ZnO wire structures: (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. 

2.3.2. Synthesis of stem wires 

Fig. 2.4(a) 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 
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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, while 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
o
 and 90

o
 relative to the incoming 

gas flow. 

Other researchers usually set the tilt angle to be 0
o
 when growing ZnO structures 

[29,31-35,40]. However, in the first type of experiments, we changed the tilt angle to be 

30
o
 (Fig. 2.4(a)), 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 Fig. 2.4(b1), the lengths of ZnO wires were 484 µm on the top surface of the 

Si substrate, while 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 (Fig. 2.4(b2)). The selected-area electron 

diffraction (SAED) pattern of a 4-mm-long wire (the inset of Fig. 2.4(b3)), together with 

the top view of a representative ZnO wire (the insert of Fig. 2.4(b2)), shows that the ZnO 

wire has a hexagonal wurtzite structure with the 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. 



12 

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 [41]. According to Prandtl’s boundary-layer theory [42], 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. 
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Figure 2.4 (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, while wires with lengths of 4 to 5.5 mm 

were synthesized on the side edges of a silicon substrate ( insert: side view of the 484-

µm-long wires); (b2) close-up (SEM) view of the 5.5-mm-long ZnO wires (insert: 

perspective view of the top of a ZnO wire, indicating that it has hexagonal cross-

sections); (b3) side (SEM) view of a ZnO wire (insert: 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. 



14 

2.3.3. 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 (Figs. 2.4(a) and 2.5(a)): (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 2.5 (a1) Side view of the setup for (a2) the second and (a3) third types of 

experiments. 

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 (Fig. 2.5(a2)). The ZnO wires have an 

inherent charge. Accordingly, after a ZnO stem wire was put on the Si wafer, the 

electrostatic interactions [43] 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 
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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 (Figs. 2.4(c1) and 2.4(c2)). 

Furthermore, in the second test, one end of a flat wire was lifted up before the growth of 

branched wires. As shown in Fig. 2.4(c3), branched wires with the 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 towards the middle point of the flat wire, indicating that the “edge 

effect” can also be used to generate long branched wires. Based on 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, while the remaining portion remained open to ensure that this 

portion was directly exposed to both Zn vapors and O2 gases (Fig. 2.5(a3)). 

Fig. 2.6(a) 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
o
 and 15

o
, 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, while some branched wires are 7 times 

longer than their cactus counterparts (Fig. 2.1(a6)). 
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Figure 2.6 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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All the wires in the synthesized structures have conical shapes. Due to “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 towards the open end of a suspended wire are longer than those 

close to the fixed end of this wire (Fig. 2.4(c3)). Second, the suspended wire gradually 

became thicker from the fixed end to the open one, forming a conical shape (Fig. 2.6(b)). 

On the other hand, the thickness of this wire increases at a lower rate than the length of a 

branched wire, since the sidewall growth of the wire is not along the preferred direction. 

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 

[44], 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 Figs. 2.5(a1) and (a3), 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. Due to “edge effect” and the driving effect of Ar flow, a less amount 
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of O2 stays on the surface of source materials (Fig. 2.4(a)). 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. 

2.4 Water-collection tests on artificial structures 

2.4.1. 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 Fig. 2.2. As 

marked in Fig. 2.6(b), 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 

super-glue (Henkel Co., CT, USA), while the rest part remained open to incoming water 

vapors. Figures 2.6(c) and 2.6(d) give some testing results. The movements of 

condensed water vapors on both branched (Fig. 2.6(c)) and stem (Fig. 2.6(d)) wires are 

similar to what was observed on a cactus branched wire structure (Figs. 2.1(b) and 

2.1(c)), and also match what was illustrated in Fig. 2.1(d). Within 110 s, all the drops that 

were specifically observed moved to the root of the tested structure (Fig. 2.6(d3)). 

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   denote the maximum tilt angle of the wire that water drop moves 

upwards along the wire (Fig. 2.7). Then, o o90 90 ,    and we have [6] 
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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, 

  increases with the increase in   and decrease in r. Second, if a wire has uniform 

cross-sections, which corresponds to the case that   =0
o
, then   =0

o
. 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 

  =90
o
, which is the maximum tilt angle that a wire could have, in order to make water 

drops move upwards, by Eq. (2.2) the volume of a water drop should meet the following 

relation 

34
( )

3
V l r


  .                                         (2.3) 

According to the values of   (about 15
o
) and r (around 5 μm on average) for a 

branched wire, Eq. (2.3) indicates that, if the volume of a water drop is not larger than 

0.01 ml, then it can move upwards along a branched wire. Based on the values of   

(about 2
o
) and r (around 12.5 μm on average) for a stem wire, Eq. (2.3) shows that, if the 

drop volume is not larger than 0.0005 ml, then it can move upwards along the stem wire 

even if   =90
o
. On the other hand, according to our tests, a water drop has already 

moved upwards to the root along a vertically oriented branched wire when the drop 

volume is far below 0.0005 ml. As observed from Eq. (2.1), small water drops are easier 

to move than larger drops, since 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. 
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Figure 2.7 Geometric model of a water drop on a conical wire 

2.4.2. 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 (Fig. 2.8(a)). 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 Fig. 2.8(a), 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 (Figs. 2.8(b1) and 

2.8(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, while smaller 
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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 (Fig. 2.8(c1)). It was much shorter than the one in the first group tests, 

which was 35 s (Fig. 2.8(b1)). 
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Figure 2.8 (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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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 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 ultra-long 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, while 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 Figs. 2.8(c1) and 2.8(c2). 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 (Figs. 2.8(b1) and 

2.8(b2)), indicating that branched wires play an important role in collecting water when a 

structure is not directly exposed to the mist flow. 
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2.4.3. 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 Fig. 2.9. The inner 

structure of the cluster, which is marked as “Area A” in Fig. 2.9(a), is an array of hair-like 

trichomes [45]. These dried trichomes have relatively flat shapes (Fig. 2.9(b2)), 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 [46], which is 

labeled as “Area B” in Fig. 2.9(a). Parenchyma is a water-storing tissue, and has a 

porous structure (Fig. 2.9(c)). 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 (Fig. 2.10). As indicated in reference 47, 

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, since 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 transpiration [47] from the cactus surface, or (ii) the 

photosynthesis inside the cactus [48]. 
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Figure 2.9 (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. 

 

Figure 2.10 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. 
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Based on the observed process of water absorption inside a dried cactus cluster, 

we then made three changes to the previous experimental setup (Fig. 2.2) to 

continuously collect water through an artificial structure (Fig. 2.11a): (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 (Figs. 

2.11(a1) and 2.11(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 (Figs. 2.11(a2) and 2.11(b2)). Third, the 

syringe was employed to pump the sucked water from right to left side of the glass tube 

(Figs. 2.11(a3) and 2.11(b3)). Water was continuously collected for 30 min. 20 cycles 

occurred during this period, the time for each cycle varied from 60 to 100 s, and totally 

about 6 µl water was collected. 
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Figure 2.11 (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. 

2.5 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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Chapter 3  

Behavior of a liquid drop between two non-parallel plates 

Liquid drops have shown interesting behaviors between two non-parallel plates. 

These plates may be fixed or movable relative to each other. In this work, we also 

explore these behaviors through a combination of theoretical and experimental 

investigations, and obtain some new results. We show that, when the two plates are 

fixed, different from the previous understanding, a lyophilic drop may not necessarily fill 

the corner of the two plates. We also demonstrate that it may fill the corner, when more 

liquid is added to the drop or when the top plate is lifted. Furthermore, we propose a 

physical model to interpret shifting effect of a liquid drop. This effect appears when the 

drop is squeezed and relaxed between two non-parallel plates, and it has been used by 

some shorebirds to transport prey. Based on the proposed model, we have found three 

new phenomena about the shifting effect. 

3.1 Introduction 

An angle inequality has been previously derived to judge whether a liquid drop 

fills the corner of two non-parallel plates [49,50]. This angle inequality was also obtained 

in one of our previous works during the process of exploring the condition for a liquid drop 

to fill microchannels [23]. According to the angle inequality, a lyophilic liquid drop, whose 

advancing contact angle on two plates is less than 90
o
, should first move towards and 

then fill the corner of these two plates, after it is put between them. The drop is propelled 

towards the corner due to a differential Laplace pressure along the length of the drop 

[51]. However, even if the angle inequality is satisfied, this self-propulsion may not always 

occur. For instance, as demonstrated by experiments in reference 51, a water drop did 

not fill a hydrophilic corner. In this work, we would like to explore the reason behind. In 

addition, it is worth mentioning that other researchers have also explored the spreading 
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behaviors of a liquid along the corner of two non-parallel plates [50,52-58], although 

these behaviors are not considered here. Angle inequalities are derived as well to judge 

whether a liquid drop has unbounded spread along the corner [50,53-56]. (see reference 

50, for example, for a summary of these works). 

In case a lyophilic drop is stationary between two non-parallel plates and does 

not fill their corner, such a lyophilic drop may be moved towards the corner by squeezing 

and relaxing the drop using these two plates [51,59]. As a matter of fact, some feeding 

shorebirds with long thin beaks, such as phalaropes, are currently using this approach to 

transport prey to their mouths [51,59-63]. If a lyophilic drop is pressed between two 

parallel plates, then, due to symmetry in geometry and pressure, the center of the drop 

does not change its position after squeezing and relaxing processes. Therefore, it is 

interesting to know why the whole drop translates when two non-parallel plates are used 

instead to press this drop. The corresponding physical mechanism responsible for the 

drop movement has been previously investigated by other researchers [51,59]. They 

indicated that contact angle hysteresis, together with wedge-like geometry, drives drops. 

Due to the wedge-like geometry, to maintain the pressure balance inside a static drop, 

contact angle at the leading edge of the drop is larger than the one at the trailing edge. 

When the squeezing and relaxing angles of the two non-parallel plates are optimized, the 

trailing and leading edges of the drop can be pinned, respectively, during the squeezing 

and relaxing processes. Accordingly, only the leading edge of the drop advances towards 

the plate corner during the squeezing process, while just the trailing edge has this 

movement during the relaxing process. The alternate movements of the two edges make 

the whole drop have one-directional translation towards the plate corner. 

On the other hand, it is still not clear what has happened if both edges are not 

pinned. For instance, although contact angle at the trailing edge of the drop reaches 
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receding angle first, which makes this edge retreat first in the relaxing process, the 

leading edge may retreat faster, such that there may be no net drop motion in this 

process. To address such concerns, we also explore the corresponding physical 

mechanism in this work. 

3.2 A liquid drop trapped between two fixed plates 

In this section, we consider the behavior of a liquid drop that is located between 

two fixed plates. The bottom plate is oriented horizontally. 

3.2.1. Preliminaries 

As illustrated in Fig. 3.1, for simplicity, the left and right edges of the liquid drop 

are called “Edge 1” and “Edge 2,” respectively, which are corresponding to the 

aforementioned leading and trailing edges. Use o and  , respectively, to denote apex 

edge and opening angle of the two plates. Let a1 and b1 denote the two points that Edge 

1 intersects with the bottom and top plates, separately, and set a2 and b2 to be the two 

intersecting points that Edge 2 forms with the bottom and top plates, respectively. Use lp 

to denote the distance between o and a1, and let ll be the length of a1a2. 

Set ap  and wp  to be atmospheric pressure and pressure inside the liquid drop, 

respectively. ( )w ap p  is so-called Laplace pressure. Let 1wp  and 2wp  represent liquid 

pressures at Edges 1 and 2, respectively. 

 

Figure 3.1 Cross-sectional schematic of a liquid drop placed between two non-parallel 

plates. 
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Two assumptions are made in this work. First, half heights of liquid drops are 

less than the capillary length of liquid, which is 2.7 mm in the case of water. Accordingly, 

the gravity effect on wp  is neglected, and 1wp  and 2wp  are uniform, respectively, on 

Edges 1 and 2 [23,64,65]. Subsequently, both Edges 1 and 2 are considered to be 

circular arcs [23]. Use 1R  and 2R  to represent the radii of these two edges, respectively. 

They are considered positive if their associated curves on the liquid surface bend towards 

air. Second, as done in previous works [23,51,59,64-66], the air/liquid  interfaces 

between the two plates are considered to have approximately cylindrical, shapes. That is, 

a 2-D model is adopted to consider the wetting phenomena. 

Let 1  represent equilibrium contact angle [67] at a1 and b1, and use 2  to stand 

for the one at a2 and b2. Based on the first assumption, it follows from geometric analysis 

that 
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Subsequently, in terms of both Young-Laplace equation [68] and the above two 

assumptions, 1wp  and 2wp  are, respectively, 
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,                                      (3.4) 

where   denotes the surface tension of the liquid, and 
o0 .    

Set a  and r  to be, respectively, advancing and receding angles. Then, both 

1  and 2  vary between r  and a . Since r  and a  are different on the surfaces of the 

plates used in this work, these surfaces are not ideally smooth, and may be marred by 

defects, such as chemical blemish or surface irregualarities [69]. A triple (air/solid/liquid) 

contact line is pinned on a plate surface until the corresponding contact angle increases 

to a  or decreases to r . The cosine function is monotonically decreasing when its 

variable ranges from 0
o
 to  . Accordingly, as observed from Eqs. (3.3) and (3.4), for 

fixed ap , the increase or decrease of 1wp  and 2wp  implies the increase or decrease in 

1  and 2 . When 1wp  is less than 2wp , to reduce the pressure difference, 1wp  should 

increase, which results in the increase in 1 , while 2wp  should decrease, which causes 

2  to decrease. If 1wp  is still less than 2wp  when 1  reaches a , then Edge 1 advances 

towards the plate corner. Meanwhile, if 2  is decreased to r , then Edge 2 retreats 

accordingly. 

As given in the following four sub-sections, with the aid of Eqs. (3.3) and (3.4), 

the comparison of 1wp  and 2wp  results in four cases, whose results are subsequently 

validated by experiments. 

3.2.2. Case I 

If 
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( )
2 2

a

 
   ,                      (3.5) 

then the liquid drop cannot fill the corner of the two plates. 

This claim is proved below. Assume that, even if Ineq. (3.5) holds true, the liquid 

drop still fills the corner. As Edge 1 approaches o during the process to fill this corner, we 

also have 
pl 0  and 1 .a   Subsequently, two points can be observed from Eq. (3.3). 

First, the denominator of the first term on the right-hand side of this equation approaches 

zero. Second, since Ineq. (3.5) is met, the numerator of the same term is positive. On the 

basis of these two points, it follows from Eq. (3.3) that 1wp  . In contrast, ll still has a 

finite value, and, by Eq. (3.4), 2wp  also has a finite value for any allowed 2 , which 

ranges from r  to a . Therefore, 1wp  >> 2wp . This result implies that Edge 1 should 

either stop its movement or move away from the corner. Accordingly, the liquid drop 

cannot fill the corner, which is against our assumption that the liquid drop fills the corner. 

This contradiction means that our claim is true. 

Ineq. (3.5) gives a sufficient condition for a liquid drop not to fill the corner of the 

two plates. The above proof also implies that, even if 1wp  is initially lower than 2wp , 

which makes Edge 1 move towards o, there should exist a point close to o. At this point, 

Edge 1 stops its movement, since 1wp  = 2wp . Ineq. (3.5) has been previously given, for 

example, in references 23, 49 and 50, and was also validated therein using numerical 

and experimental methods, respectively. Hence, experiments are not specifically 

conducted in this work to examine this inequality. 

3.2.3. Case II 

If 
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( )a r    ,    (3.7) 

then the liquid drop fills the corner of the two plates. 

This claim is proved below. Let 1 max( )wp  represent the maximum value of 1wp , 

and set 2 min( )wp  to be the minimum value of 2wp  for fixed ll and lp. According to 

monotonically decreasing property of cosine functions, it follows from Eqs. (3.3) and (3.4) 

that: (i) 1 max( )wp  is 
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 , which occurs when 1  equals a ; and (ii) 

2 min( )wp  is 

- cos( )
2[ ]

( )sin
2

r

a

p l

p

l l


 









, which  happens if 2  is r . When Ineq. (3.6) holds true, 
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  . If Ineq. (3.7) is met, then cos - cos
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   . Furthermore, 
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. Hence, 1 max( )wp  < 2 min( )wp . This result means that 1wp  < 2wp  for any 

allowed 1  and 2 . Consequently, Edge 1 has to move towards o. In other words, due to 

the pressure difference, Edge 1 is pushed to move towards the corner until it reaches o. 

Subsequently, the liquid fills the corner. Thus, Ineqs. (3.6) and (3.7) form a sufficient 

condition for the filling to occur. 

The result of this case is validated by two experiments, in which silicone oil and 

Isopropyl alcohol (IPA) drops were, respectively, tested. In the first experiment (Fig. 3.2), 

after a silicone oil drop had been placed between two SiO2-coated Si plates, it kept 

moving towards the corner until it filled this corner. The same phenomena were observed 
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in the second experiment when an IPA drop was tested (figures are not shown). In the 

case of silicone oil, the values of  , r  and a  were measured to be 6
o
, 2

o
, and 3

o
, 

respectively, while for IPA these values were 6
o
, 14

o
, and 19

o
. Accordingly, both Ineqs. 

(3.6) and (3.7) are met. Thus, as predicated, either liquid drop filled the corresponding 

corner. 

 

Figure 3.2 After a silicone oil drop had been placed between two SiO2-coated Si plates, it 

(a,b) moved towards the corner formed by the two plates, and (c) finally filled this corner. 

Scale bars represent 2.5 mm. 

3.2.4. Case III 

If both Ineq. (3.6) and the following inequality 

( )a r         (3.8) 

hold true, then the corner may not necessarily be filled. Since Ineq. (3.8), instead of Ineq. 

(3.7), is now satisfied, we have 

cos - ) cos
2 2

( ( )a r

 
   ,        (3.9) 
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instead of cos - cos
2 2

( ) ( )a r

 
   . Therefore, the proof of Case II does not apply here. 

The above claim is proved as follows. Let’s consider two examples. In the first 

example, the drop size is much smaller than the distance between Edge 1 and o. That is, 

pl  >> ll . Subsequently, it follows from Eq. (3.4) that 
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  .                        (3.10) 

In this example, in order to fill the corner, the whole drop should move towards o. 

Accordingly, 1 a   and 2 r  . Subsequently, with the aid of Ineq. (3.9), it follows from 

Eqs. (3.3) and (3.10) that 1wp > 2wp , implying that Edge 1 should either stop its 

movement or move away from the corner. If Edge 1 keeps moving away from the corner 

such that 
pl  , then it follows from Eqs. (3.3) and (3.10) that 1 2w w ap p p  , 

indicating that the liquid drop should eventually be stationary. Consequently, the liquid 

drop considered in this example should be finally at rest, and does not fill the corner. In 

the second example, a liquid drop is placed very close to the corner such that 
pl 0 . 

Accordingly, by Eq. (3.3), 1wp - .   In contrast, ll still has a finite value, and, by Eq. (3.4), 

2wp  has a finite value as well for any allowed 2 , which ranges from r  to a . Hence, 

1wp << 2wp , indicating that Edge 1 is pushed towards the corner until it reaches o. These 

two examples indicate that, depending on the values of lp, ll, 1  and 2 , a liquid drop may 

or may not fill the corner of the two plates. 

In reference 51, after a water drop had been put between two stainless steel 

beaks, the drop was at rest (see its Fig. 3(A)). The corresponding values of r  and a  
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were about 20° and 65°, respectively, and the value of  was less than 4.0°. 1wp  and 

2wp  were not compared here due to lack of the values of lp, ll, 1  and 2 . On the other 

hand, since Ineqs. (3.6) and (3.8) were both met, it was possible to have a stationary 

drop in this special situation. 

 

Figure 3.3 (a) Three examples that, when lp/ll>5.1, a water drop was at rest. (b1) A water 

drop was initially at rest; (b2) when water was added to increase ll from 6.0 to 8.5 mm, 

(b3) the drop started to move towards the apex edge, and (b4) finally filled the corner. 

(c1) A water drop was initially at rest; (c2) after water was added to increase ll, the drop 

moved and stopped a location close to the apex edge; (c3) when the top plate was lifted 

up to increase  from 7.2° to 17.2°, the drop started to move again towards the apex 

edge, and (c4) finally filled the corner. Scale bars represent 6 mm. 

Five points can be obtained from the two examples of the proof and the 

comparison of 1wp  and 2.wp  

If the drop size is much smaller than the distance between Edge 1 and o, i.e., 
pl

>> ll , then the drop is at rest, which is the result of the first example. 
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If 
pl << ll , which is true when Edge 1 is close to o or when the drop size is large, 

then 1wp << 2wp . Subsequently, Edge 1 should move towards o till the corner is filled. 

This point can be readily proved, using a line of reasoning similar to the one adopted in 

the second example. 

Given that we initially have 1wp = 2wp , if we keep adding the liquid to the drop to 

make ll much larger than 
pl , which is the case of the second point, then Edge 1 should 

move towards o till the corner is filled. This gives an approach to make a drop, which is 

initially at rest, fill the corner if the addition of the liquid is allowed. 

Given that we initially have 1wp = 2wp , if we lift the top plate to increase  to a 

value such that Ineq. (3.8) is violated while Ineq. (3.7) holds true, then according to the 

result of Case II, Edge 1 should move towards o till the corner is filled. This gives another 

approach to make a stationary drop fill the corner. 

If we initially have 1wp > 2wp , then Edge 2 should move away from the corner 

while it should stop somewhere. As observed from the first point, the drop should at least 

stop when the condition that 
pl >> ll  is met. That is, a drop between the two plates cannot 

keep moving away from the corner by itself. 

Four types of experiments were done to validate the first four points, respectively, 

and water drops and SiO2-coated Si plates were used in all these experiments. The 

corresponding values of r  and a  were measured to be 50
o
, and 67

o
, separately. 

Except for the fourth type of experiments, in which Ineq. (3.8) might not be satisfied while 

Ineq. (3.6) still held true, these two Inequalities were met in all other experiments. In the 

first type of experiments, when ll was more than five times as large as lp, a water drop 

was found to be stationary (Fig. 3.3a). In the second type of experiments (figures are not 
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shown), when ll and lp were larger than 10 mm and less than 2 mm, respectively, a water 

drop always filled the corner after the placement. In the third type of experiments, water 

was added to a stationary drop. Due to this addition, ll was increased, while lp was 

reduced to achieve new balance between 1wp and 2wp . As shown in Fig. 3.3(b), when ll 

was increased from 6.0 to 8.5 mm and lp was reduced from 13.0 to 10.0 mm, the drop 

started to move towards o until it finally filled the corner. In the fourth type of experiments, 

as shown in Figs. 3.3(c1) and (c2), a stationary drop first moved towards o after addition 

of water, and then stopped. Subsequently, when  was increased from 7.2° to 17.2°, 

which resulted in the violation of Ineq. (3.8) but the satisfaction of Ineq. (3.7), the drop 

began to move again and eventually filled the corner as expected (Figs. 3.3(c3) and 

3.3(c4)). In addition, in all the tests, we did not observe any drops that kept moving away 

from the corner, which validates the fifth point. 

3.2.5. Case IV 

If 

2
a


  ,         (3.11) 

then the corner should be filled. This inequality is a special case of Ineq. (3.6). Also, it is 

readily shown that, once Ineq. (3.11) is met, Ineq. (3.7) is also satisfied. Thus, according 

to the result of Case II, Ineq. (3.11) is also a sufficient condition for the filling to occur. 

The values of a  that meet Ineq. (3.11) form a sub-set of those which satisfy Ineqs. (3.6) 

and (3.7). Therefore, Case IV is actually a special one of Case II. Since it is simple to use 

Ineq. (3.11) to judge the filling of the corner, this special case is specifically listed here. 

The two experiments of Case II were repeated. However, to make Ineq. (3.11) 

hold, the values of   were increased to 8
o
 and 40

o
, respectively. As expected, the 

corresponding liquid drops also filled the corner in either test (Fig. 3.4). 
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Figure 3.4 When the values of   were 40° and 8°, respectively, (a) IPA and (b) silicone 

oil drops filled the corners. Scale bars represent 2 mm. 

Cases I and II have been previously discussed in references 23 and 49. On the 

other hand, the theoretical model of reference 49 did not consider contact angle 

hysteresis. That is, in their model, it was assumed that .a r   Therefore, their model is 

not accurate to predict the filling result in Case III, when there exists the contact angle 

hysteresis. In the case of reference 23, it was assumed that Edge 2 always bent towards 

air. Accordingly, 2 0wp  . Thus, the corresponding model is not accurate to predict the 

filling condition in Case III, when Edge 2 of a lyophilic drop bends towards liquid. As just 

demonstrated in Cases I through IV, this work does not have the aforementioned 

assumptions, making the derived results have better prediction. 

3.3 Squeezing and relaxing of a drop between two non-parallel plates 

3.3.1. Model 

A typical cycle of squeezing and relaxing a lyophilic drop is given in Fig. 3.5. In 

the squeezing process (Figs. 3.5(a1), 3.5(a2), 3.5(b1) and 3.5(b2)), the lyophilic drop is 

pressed by the top plate, and its Edges 1 and 2 move left- and rightwards, respectively, 

resulting in a pancake-like shape. In the relaxing process (Figs. 3.5(a3), 3.5(a4), 3.5(b3) 

and 3.5(b4)), the top plate is lifted up, Edge 1 slightly moves rightwards, while Edge 2 
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has a relatively large displacement along the opposite direction. As a result, the whole 

liquid drop is shifted towards o. Repetition of these two processes results in the 

continuous movement of the drop towards o. A water drop and two SiO2-coated plates 

were used in the experiment shown in Fig. 3.5(a). 

 

Figure 3.5 (a) Cross-sectional schematics and (b) experimental results of squeezing and 

relaxing a lyophilic liquid drop: (a1,b1) squeezing of the drop, (a2,b2) squeezed drop, 

(a3,b3) relaxing of the drop, and (a4,b4) relaxed drop. Scale bars represent 1 mm. 

A physical model is proposed to explain the shifting effect of the squeezing and 

relaxing processes. When the liquid drop is pressed, the liquid pressure at b1b2, which is 

the interface between the drop top and the top plate, is increased. This pressure is now 

higher than those at Edge 1, Edge 2 and a1a2. Hence, as illustrated in Fig. 3.6(a), the 

liquid is driven by the pressure difference to flow towards these edges, making Edges 1 

and 2 moving left- and rightwards, respectively. 

When the liquid drop is relaxed by lifting the top plate, the liquid pressure at b1b2 

is reduced. This pressure is now lower than those at Edge 1, Edge 2 and a1a2. As 
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illustrated in Fig. 3.6(b), the liquid is driven by the pressure difference to flow away from 

these edges, making Edges 1 and 2 moving right- and leftwards, respectively. 

 

Figure 3.6 Cross-sectional schematics of flow patterns and edge movements of a 

lyophilic liquid drop during (a) squeezing and (b,c) relaxing processes. 

To have shifting effect, at least the following two conditions should be met: (i) 1  

equals a  during the squeezing process, and (ii) 2  is r  during the relaxing process, As 

observed from Eq. (3.3), if a  is large, then 1wp  should be high in the squeezing process. 

Accordingly, the liquid drop should be pressed more to make Edge 1 progress outwards. 

That is, the opening angle of the two plates should be small to make Edge 1 advance. 

Conversely, if r  is small, then the opening angle of the two plates should be large in the 

relaxing process to make Edge 2 retreat inwards. In other words, the difference between 
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the values of α in the squeezing and relaxing process should be large when contact 

angle hysteresis is large, which has actually been experimentally demonstrated in 

reference 51. Meanwhile, during the squeezing and relaxing processes, due to the 

movements of Edges 1 and 2, the interface b1b2 also increases and decreases its size, 

respectively. 

In terms of deformation and movement of the drop, it appears that the relaxing is 

a reversible process of the squeezing. However, as justified below, this is not necessarily 

true. In the relaxing process, when Edges 1 and 2 move towards each other, both 1  and 

2  equal r . At the end of the squeezing process,   is much smaller than r , which 

also holds true at least at the beginning stage of the relaxing process. Subsequently, by 

Eqs. (3.3) and (3.4), the corresponding 1wp  and 2wp  can be approximated as: 
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.                  (3-13) 

It follows from these two equations that 1wp < 2wp . As shown in Fig. 3.6(c), the 

difference between these two pressures drives liquid to flow from Edges 2 to 1, making 

Edge 1 move leftwards. Accompanied with this flow, Edge 2 may also move leftwards. 

The combination of the two situations shown in Figs. 3.6(b) and 3.6(c) indicates that the 

rightward movement of Edge 1 is reduced or stopped, while the leftward movement of 

Edge 2 may be enhanced. Accordingly, the drop is shifted leftwards at the end of the 

relaxing process in comparison with the corresponding position at the beginning of the 

squeezing. 
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The critical difference between the squeezing and relaxing processes is that, in 

the squeezing process, even if there exists a difference between 1wp  and 2wp , this 

difference does not cause a horizontal flow inside the drop, since the pressure in the 

middle of the drop, wmp , is larger than both 1wp  and 2wp . As illustrated in Fig. 3.6(a), (

wmp  1wp ) and ( wmp  2wp ) make liquid move left- and rightwards, respectively. 

However, in the relaxing process, wmp  is less than both 1wp  and 2wp . Hence, in addition 

to the flow patterns illustrated in Fig. 3.6(b), liquid between Edges 1 and 2 can also be 

pushed to flow leftwards by ( 2wp  1wp ) (Fig. 3.6(c)). Therefore, in terms of the 

movements of Edges 1 and 2, the relaxing is not a reversible process of the squeezing. 

On the other hand, if the two plates are parallel, i.e., 
o0  , then, due to geometric 

symmetry, we have 2wp = 1wp . Accordingly, the flow pattern shown in Fig. 3.6(c) does not 

exist. Thus, the relaxing is a reversible process of the squeezing, and there is no shifting 

effect, as previously observed in experiments [30,64,70,71]. 

It has been shown in references 51 and 59 that, due to wedge-like geometry, 1  

is larger than 2  in a static drop. Accordingly, it is considered that the translation of a 

drop is induced by two factors [51,59]: (i) Edge 1 progresses outwards first in the 

squeezing process, since 1  reaches a  before 2 ; and (ii) Edge 2 retreats inwards first 

in the relaxing process, because 2  reaches r  before 1 . As discussed in Section 1, 

when Edges 1 and 2 are not pinned during a processing cycle, these two factors may not 

be sufficient enough to explain the shifting effect. The proposed model indicates that, in 

addition to these two factors, the difference between 1wp  and 2wp  during the relaxing 

process creates a horizontal flow from Edges 2 and 1. This flow reduces the retreating 

distance of Edge 1 but increases that of Edge 2, making the relaxing not a reversible 
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process of the squeezing. Hence, after a processing cycle, a lyophilic drop translates 

relative to the original position of the drop. 

3.3.2. In-situ observation of the flows inside water drops 

To validate the proposed model, as done in one of our previous works [72], the 

flows inside water drops were directly observed with the aid of microparticles when these 

drops are squeezed and relaxed. To clearly see the movements of microparticles, a lamp 

was placed beside the corresponding experimental setup to provide additional light. 

Since the previously used Si plates blocked light, glass slides, which were transparent to 

light, were used instead in this type of tests. The corresponding values of r  and a  

were measured on the glass slides to be 30
o
 and 69

o
, respectively. 0.2 g graphite 

particles with diameters in the range of 10 to 20 µm and mass density of 1,900 kg/m
3
 

(Sigma-Aldrich Corp.) were added into 20 ml de-ionized water, followed by stirring the 

solution for at least 5 min. 10 µl water drops were placed between two non-parallel glass 

slides. The flow directions were observed according to the moving directions of the 

microparticles during a processing cycle (Fig. 3.7(a)). 
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Figure 3.7 Observation of flow directions inside a water drop during the squeezing and 

relaxing processes with the aid of graphite microparticles (cross-sectional views). Case of 

two non-parallel plates: (a1) mix water with graphite particles and add a drop between 

two plates, (a2) squeeze and (a3) relax the drop. Edge 1 was found to be pinned during 

the relaxing process. Case of two parallel plates: (b1) mix water with graphite 

microparticles and add a drop between two plates, (b2) squeeze and (b3) relax the drop. 

Scale bars represent 1 mm. 

For the purpose of comparison, the same tests were also done between two 

parallel glass slides (Fig. 3.7(b)). Since the two glass slides were not ideally parallel, the 

motions of Edges 2 and 1 were not symmetric with respect to the central line of the drop. 

Edge 2 actually progressed outwards and retreated inwards more than Edge 1 during the 



 

47 

squeezing and relaxing process. On the other hand, these two edges moved back to their 

original positions after a processing cycle (Fig. 3.7(b)). 

In addition, three points are observed from Fig. 3.7. First, as seen from Fig. 

3.7(a), the observed flow directions during the squeezing process in the case of the two 

non-parallel glass slides are similar to what has been illustrated in Fig. 3.6(a). Second, 

there exists a horizontal flow inside the water drop from Edges 2 to 1 in the relaxing 

process (Fig. 3.7(a3)), which validates the corresponding theoretical prediction (Fig. 

3.6(c)). Third, as seen from Fig. 3.7(b), the flow pattern during the squeezing process in 

the case of the two parallel glass slides are similar to the counterpart in the case of the 

non-parallel glass slides, while the flow directions in the relaxing process are different 

from the corresponding counterparts but similar to what has been illustrated in Fig. 3.6(b). 

In summary, the in-situ observed flow directions match those predicted in the theoretical 

model. 

3.3.3. Three new phenomena and experimental validation 

Three new phenomena are further predicted using the proposed model. The first 

phenomenon is that, the closer a drop gets to o before a processing cycle, the longer 

distance this drop transports towards o after this cycle.  According to Eqs. (3.12) and 

(3.13), we have 
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.               (3.14) 

By this equation, it is readily shown that, for fixed   and ll , ( 2wp  1wp ) 

increases with the decrease in lp. Accordingly, the leftward movements of both Edges 1 

and 2 that are illustrated in Fig. 3.6(c) should also increase with the decrease in lp. 

The second phenomenon is that, in the case of a lyophobic drop, the drop should 

move away from o after a processing cycle. Although a lyophilic drop is considered in the 
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proposed model, this model can also be extended to the case of a lyophobic drop, whose 

r  is large than 90
o
. When a lyophilic drop is replaced by a lyophobic drop, the critical 

difference is that we will have 1wp > 2wp , which is derived using Eq. (3.14). Accordingly, 

the flow shown in Fig. 3.6(c) should be along the opposite direction. Thus, a lyophobic 

drop should move away from o after a processing cycle. 

The third phenomenon is that the shifted distance of a lyophobic drop after a 

processing cycle decreases with the increase in the initial distance, which the drop has 

from o before the processing cycle.  This phenomenon can be readily justified using a 

line of reasoning similar to the one used to predict the first phenomenon. 

These three predicted phenomena are subsequently examined through two 

experiments. In the two experiments, SiO2- and Teflon-coated Si plates were, 

respectively, used to manipulate water drops. As previously indicated, SiO2-coated 

surfaces are hydrophilic. In contrast, Teflon-coated plates are hydrophobic, and the 

corresponding values of r  and a  were measured to be 114
o
 and 129

o
, separately. In 

the first experiment (Fig. 3.8a), as expected from the first point of the model, the moving 

distance of the drop after a processing cycle increased when this drop gets closer to the 

corner. It moved about 3.0, 3.7 and 6.7 mm, respectively, after the first, second and third 

cycles. After one more cycle, the water drop filled the corner of the two plates. On the 

contrary, in the second experiment (Fig. 3.8b), a water drop was transporting away from 

the corner. This drop moved about 3.1, 2.0 and 1.6 mm, respectively, after the first, 

second and third cycles. After 15 cycles, the drop did not show any visible movement 

when it was further squeezed and relaxed. The results in the second experiment validate 

the second and third points derived from the proposed model. 
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Figure 3.8 Three cycles of squeezing and relaxing processes of (a) lyophilic and (b) 

lyophobic drops.  (a1, b1) a drop is placed between two plates. The results of (a2,b2) 

first, (a3,b3) second, and (a4,b4) third cycles. Scale bars represent 2.5 mm. 

3.4 Summary and conclusions 

In this work, through the comparison of the liquid pressures on two opposite 

edges of a liquid drop, together with the consideration of contact angle hysteresis, we 

have considered four possible cases, and identified whether a liquid drop fills the corner 

of two non-parallel plates in each case. We have also developed two approaches that 

may enable an initially stationary drop to fill the corner. Furthermore, we have proposed a 

model to interpret the shifting effect of a liquid drop when it is squeezed and relaxed 

between two non-parallel plates. Three new phenomena were predicted based on this 

model, which were subsequently validated by two experiments. 
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Chapter 4  

Bio-inspired Plate-based Fog Collectors 

In Chapter 3, we have explored the feeding mechanism of a shorebird to 

transport liquid drops by repeatedly opening and closing its beak. In this chapter, we 

apply the corresponding results to develop a new artificial fog collector. The collector 

includes two nonparallel plates. It has three advantages in comparison with existing 

artificial collectors: (i) easy fabrication, (ii) simple design to scale up, and (iii) active 

transport of condensed water drops. Two collectors have been built. A small one with 

dimensions of 4.2 x 2.1 x 0.05 cm
3
 (length x width x thickness) was first built and tested 

to examine: (i) the time evolution of condensed drop sizes, and (ii) the collection 

processes and efficiencies on the glass, SiO2, and SU-8 plates. Under similar 

experimental conditions, the amount of water collect per unit area on the small collector is 

about 9.0, 4.7 and 3.7 times, respectively, as much as the ones reported for beetles, 

grasses and metal wires, and total amount of water collected is around 33, 18 and 15 

times. On the basis of the understanding gained from the tests on the small collector, a 

large collector with dimensions of 26 x 10 x 0.2 cm
3
 was further built and tested, which 

was capable of collecting 15.8 mL water during a period of 36 min. The amount of water 

collected, when it is scaled from 36 to 120 min, is about 878, 479 or 405 times more than 

what was collected by individual beetles, grasses or metal wires. 

4.1 Introduction 

Various hierarchical wire structures, such as branched ZnO nanowire structures 

[31-37], have been recently synthesized. Their large surface areas make them have 

potential applications in, for instance, solar energy conversion [37,38]. However, the 

lengths of the structures are normally in the microscale, and the branched wires in the 

nanoscale. In contrast, the hierarchical wire structures of plants have at least mm-scaled 
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lengths. Accordingly, as discussed in Chapter 2, we have recently developed branched 

ZnO wire structures, whose sizes are comparable to or larger than the spine structures of 

the cacti [73]. They have been successfully applied to collect water. In addition, other 

researchers also reported continuous collection of fog employing conical micro-tip arrays, 

which have cactus spine-like shapes, and the hydrophilic cotton matrix [74].   

Since it involves much effort to fabricate large branched wire structures, in this 

work, we desire to develop a new collector, which uses two large plates to collect water 

from fog. The development of such a collector is motivated by the feeding mechanism of 

a shorebird as discussed in Chapter 3. It has been reported that some feeding shorebirds 

with long thin beaks, such as phalaropes, are capable of driving liquid drops to move 

toward their mouths by opening and closing the beaks [29-33]. The drop movement is to 

transport the prey that may be contained in a liquid drop. This feeding process provides a 

new approach to control the movement of a water drop. As will be detailed in Section 4.3, 

the adoption of this method to develop an artificial collector results in three advantages in 

comparison with existing artificial collectors. First, unlike the mesh nets, the plates have 

much larger condensation areas, and the condensation water is actively transported to 

the desired locations. Thus, collection efficiency is improved. Second, it does not involve 

any hierarchical wire structures, which reduces the fabrication effort. Third and finally, 

since the manufacturing of plates is simple, it is easy to scale up the device to collect 

more water by using large plates. 

4.2 Transportation mechanism and motivation 

Squeezing and relaxing processes are used in the shorebirds to guide the drop 

movement [51,60-63]. Their physical mechanisms have been explored for the case when 

the trailing and leading edges of the drop are pinned, respectively, during the squeezing 

and relaxing processes [51,59]. In Chapter 3, we have further explored the situation when 
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both edges are not pinned during those processes [75]. Figure 4.1 gives a typical cycle of 

squeezing and relaxing processes that a shorebird uses to guide the unidirectional 

movement of a water drop. The corresponding demonstration is through an artificial beak 

that we developed. This artificial beak includes two nonparallel SiO2-coated Si plates, 

which play a role similar to the shorebird beak. In the squeezing process (Figs. 4.1(a1) 

and 4.1(a2)), the water drop is pressed by the top plate into a pancake-like shape. In the 

relaxing process (Figs. 4.1(a3) and 4.1(a4)), the top plate is lifted up, the left edge of the 

drop may slightly move rightward, while the right edge has a relatively large leftward 

displacement. As a result, the whole drop is shifted toward the corner of the two plates at 

the end of the relaxing process. Repetition of these two processes results in the 

continuous movement of the drop toward the corner, which has been detailed discussed 

in Section 3.3. 

 

Figure 4.1 (a) Experimental results of squeezing and relaxing processes using two SiO2 

plates: (a1) squeezing of the drop, (a2) squeezed drop, (a3) relaxing of the drop, and (a4) 

relaxed drop. Scale bars in (a) represent 2 mm. (b) Cross-sectional schematics of flow 

patterns and edge movements of a lyophilic liquid drop during (b1) squeezing and (b2, 

b3) relaxing processes. 
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When water drops, which have condensed on plate surfaces, are squeezed 

between two plates, they should spread and merge together to form a large drop. By Eq. 

(3.14), it is readily shown that, for fixed   and 
pl , ( 2wp  1wp ) increases with the 

increase in ll. Accordingly, the leftward movements of both Edges 1 and 2 that are 

illustrated in Fig. 4.1(b3) should also increase with the increase in ll. This result indicates 

that the shifting effect increases with the size of the liquid drop. Thus, in comparison with 

individual condensed drops, the large drop formed by a group of them can be more easily 

transported to the plate corner, which provides a new approach to collect fog and further 

motivates us to develop a fog collector based on this approach. 

4.3 Design of collectors and experimental setup 

4.3.1. Design criteria 

The new fog collector has a shape similar to the beak of a shorebird. It includes 

two large nonparallel plates (Fig. 4.2a). The collector is applied to collect fog through a 

two-step procedure. In the first step (Fig. 4.2a), the two plates are opened at a relatively 

large angle, facing the incoming fog flow. After condensed water drops grow to a certain 

size, the top plate is lowered down, and the water drops are subsequently driven toward 

the corner of the two plates through squeezing and relaxing processes (Fig. 4.2b), which 

is the second step. After a certain amount of water is accumulated in the corner, it is 

pumped away from the corner to start next round of fog collection (Fig. 4.2c). 
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Figure 4.2 Process of collecting water: (a) open the two plates to collect fog; (b) squeeze 

and relax condensed water drops to drive them toward the channel located at the end of 

the bottom plate, and (c) after water drops stay in the corner, pump them away through 

the channel. 

The major concern about a fog collector is its collection efficiency. The amount of 

water that is collected per unit time by our plate-based collector should increase with the 

increase in the following two aspects: the amount of water vapor that is condensed on the 

two plates, and the percentage of condensed water that can be transported to the corner 

of the two plates. The demand in the first aspect results in three design criteria: (i) the top 

plate should be oriented vertically to make its surface directly exposed to the mist flow, (ii) 

the bottom plate should be placed horizontally to avoid the loss of water drops due to 

gravity, and (iii) the plates should be as large as possible to have more surface area for 

water condensation. According to the first two criteria, the plate-based collector is 

designed as shown in Fig. 4.2(a). The selection of proper plate sizes for collectors based 

on the third criterion will be detailed in next sub-section. 

The consideration of the second aspect yields two actuation criteria: (a) both 

small and large condensed drops should be transported to the corner of the two plates, 

and (b) to simplify the operation, a water drop should be translated as far as possible 

during each cycle of squeezing and relaxing to reduce the number of the actuation 
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cycles. These two actuation criteria have been employed in this work to determine the 

condensation period. 

4.3.2. Plate sizes 

Let l1 and l2 denote the dimensions of a plate, respectively, along the directions 

perpendicular and parallel to the intersecting line of the two plates. As justified below, the 

values of both l1 and l2 depend on the sizes of condensed drops.  

Let   denote the relaxing angle that is needed to translate a water drop during a 

relaxing process, and set h to denote the maximum height that a water drop can have 

before it breaks during the separation of the two plates. It is considered that 1 .l h  

According to simple geometry analysis, the value of l1 is related to   and h by 

1 .
h

l


                    (4.1) 

Obviously, h increases with the increase in the drop size. Also, it has been 

demonstrated that the translation of a liquid drop per actuation cycle increases with the 

increase in the drop size [75]. Thus, large condensed drops are desired to have a large 

value of l1.  

In principle, the value of l2 can be as large as possible. In reality, it is limited by 

fabrication and assembly errors. These errors may create a gap between the two plates 

when these plates are put together. Accordingly, if the height of a water drop is smaller 

than the gap, then a water bridge could not be formed between the two plates to 

transport the drop. Hence, large condensed drops are also desired to have a large value 

of l2.  

On the other hand, in a very dry environment, in which only small water drops 

may exist, the values of l1 and l2 should be reduced accordingly to ensure that water 

bridges could be formed between two plates to transport the corresponding water drops.   
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When the radius of a condensed water drop exceeds the capillary length of 

water, which is 2.7 mm, gravitational effect dominates. According to ref. 69, the height of 

such a large drop is: 

2 sin( ),
2

e l


       (4.2) 

where l denotes the capillary length of water, and   is the apparent contact angle of the 

water drop. e is also the maximum height that a water drop may have. Hence, the 

fabrication and assembly errors of the two plates should be less than e. Also, we should 

wait until the condensed drop has a radius larger than 2.7 mm before the start of the 

collection step. Once the height reaches the value of e, the continuous condensation 

does not increase the height of the drop, while it should increase the lateral dimension of 

the drop. 

 There exist three basic stages of condensation [76,77]: initial, intermediate, and 

large drop formation. In these three stages, the average drop radii, R, are related to time, 

t, as 
1/3~R t , ~ ,R t ,  and 1/2~ ,R t  respectively. Thus, drops grow in a fast manner in the 

second stage, and the growth is slowed down in the third stage. Accordingly, the best 

timing to start the collection step is at the beginning of the third stage. On the other hand, 

the observation of the results in refs. 76 and 77 indicates that the time duration of each 

stage depends on the substrate geometry, substrate coatings, and the incoming fog flow. 

These factors are experimentally examined in this work.  

In addition, by Eq. (4.2), e increases with the increase in  . This implies that a 

more hydrophobic surface will result in a high value of e. On the other hand, a water drop 

actually moves away from the corner of the two plates in the hydrophobic case (i.e., 

090 ).   In contrast, when   is close to 0
o
, the drop may move toward the corner of the 

plates by itself without any actuation [51,75]. This implies that, for the transporting 
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purpose, more hydrophilic surfaces are desired. Accordingly, a contradiction occurs 

regarding the value of  . To find an optimal value of   in terms of both the plate sizes 

and collection efficiency, we test glass plates, SiO2-coated Si plates, and SU-8-covered 

Si plates. The corresponding values of   on these plates are 18  2
o
, 42  2

o
 and 82 

2
o
, respectively. For simplicity, the latter two plates are called “SiO2 plate” and “SU-8 

plate”, respectively. The three types of plates have rectangular shapes with the 

approximately same dimensions of 4.2 x 2.1 x 0.05 cm
3
 (length x width x thickness). 

4.3.3. Experimental setup for a small collector 

Two collectors have been built. A small one was first built and tested. As shown 

in Fig. 4.3, the small collector included two identical plates. The top plate was lifted or 

lowered down using a micromanipulator. At room temperature (22 °C  1 °C), a 

humidifier (model: EE-5301, Crane USA Co.) was employed to generate a mist flow (Fig. 

4.3). A plastic tube was used to guide this mist flow. The tube had a diameter of 2 cm. It 

was comparable to the width of a plate. The relative humidity was 100% in the tested 

area. In the designed case (Fig. 4.2a), the mist flow has a large incident angle on the top 

plate. However, the small collector was used to examine the minimum amount of vapors 

that might be condensed on a plate. It was expected that this would occur when the mist 

flow was parallel to this plate. Thus, in the small collector, the mist flow that came out of 

the tube was approximately along the horizontal direction, and formed an angle of 15
o
 

with the bottom plate. The flow fully covered the bottom plate, while had much less 

contact with the top plate. 
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Figure 4.3 Experimental setup for water collection 

The humidifier had been turned on for 1 min to ensure that the flow rate had 

been steady before the flow was pointed to the bottom plate, followed by the recording of 

the condensation and collection processes through an optical microscope. A steel needle 

was inserted at the corner of the two plates to collect water accumulated over there with 

the aid of a syringe that was connected to the needle. Tests were done on the three 

types of plates to find: (i) the relation of the drop sizes with the condensation times, (ii) 

the number of actuation cycles needed to completely transport condensed drops from the 

plates to their corner, and (iii) the values of   and l1. On the basis of the understanding 

gained on these tests, a large collector was subsequently designed and built to collect a 

large amount of water. The design and setup of the large collector will be detailed in 

Section 4.4.3. 
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4.4 Experimental results and discussions 

4.4.1. Condensation 

Fig. 4.4 shows the time evolution of average diameters of condensed water 

drops after the bottom plate has been exposed to the mist flow from 0 to 45 min. After 8, 

14, 16 min, the radii of the condensed drops on glass, SiO2, and SU-8 plates, 

respectively, have exceeded the capillary length of water. According to the relationship of 

the drop sizes with time, we divide condensation process on each type of plates into 

three stages: initial, intermediate, and large-drop formation. The average radius of the 

drop is below the capillary length of water in the initial stage, while it is above in the other 

two stages. However, the time durations and drop growth rates in these three stages vary 

with the type of plates. Different from what was reported in refs. 76 and 77, except for the 

intermediate stage, the drop sizes in the other two stages also approximately linearly 

increased with time. On the other hand, as reported in refs. 76 and 77, the drop growth 

rate was the largest in the intermediate stage.  

Some phenomena observed on each type of plates are described below. For the 

glass plates, in the initial stage (t  8 min, Fig. 4.4a1), drops nucleated, and tiny drops 

appeared and were densely distributed on the plate (Fig. 4.4b). In the intermediate stage 

(8 min<t<20 min, Figs. 4.4a2 and 4.4b), drops gradually increased their sizes with a 

higher rate of 1.6 mm/min than the one in the first stage (0.2 mm/min) due to 

coalescence of and condensation on pre-existing drops. In the stage of large drop 

formation (t  20 min, Fig. 4.4a3), drops had diameters as large as 24.0 mm after 24 min, 

and tiny drops were also seen between the large ones (Fig. 4.4b). In this stage, the 

growth rate of condensed drops decreased to 0.3 mm/min. When the glass plate was 

exposed to the mist flow for more than 30 min, the sizes of some drops were even 

beyond the width of the plate. Correspondingly, these drops spilled out of the plate.  
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Two different phenomena were observed on the SiO2 plates in the initial (t < 14 

min, Fig. 4.4a4), intermediate (14 min <t< 28 min, Fig. 4.4a5), and large-drop formation (t 

 28 min, Fig. 4.4a6) stages. When the bottom SiO2 plate was exposed to the mist flow 

for 30 min, the condensed drop reached the edge of the plate but not spilled out of the 

plate due to the relatively larger contact angle than the glass plate (Fig. 4.4c). The fastest 

growth rate of condensed drop, which occurred in the intermediate stage, was 0.78 

mm/min, which was about half of its counterpart in the case of glass plates. Drops had 

diameters as large as 15.9 mm after 36 min.  

The condensation process on the SU-8 plates has both longer initial and 

intermediate stages (t  16 min, and 16 min<t<36 min, respectively, Figs. 4a7 and 4a8) 

than those on glass and SiO2 plates. In the stage of large drop formation (t  36 min, Fig. 

4.4a9), drops had diameters as large as 8.6 mm after 36 min, and tiny drops were also 

seen between the large ones (Fig. 4.4d). The fastest growth rate of condensed drop, 

which occurred in the intermediate stage, was 0.2 mm/min, which was about one third of 

its counterpart in the case of SiO2 plates.  

The differences among the phenomena on the three types of plates are 

considered to be induced by the different contact angles on the plates. When the plate 

surface is more hydrophilic, the condensed drops are easy to spread on this surface, 

making their diameters increase at a higher rate. Accordingly, on the glass plates, the 

initial and intermediate stages last shortest periods, while their drops have the smallest 

heights in the large-drop formation stage. 
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Figure 4.4 (a) Time evolution of diameters of condensed drops on the different plates, 

respectively, after 1−45 min. (b−d) Water drops on the glass, SiO2, and SU-8 plates, 

respectively, after 10 s, 40 s, 6, 16, 24, 30, and 40 min condensation periods, 

respectively. Black and red scale bars represent 100 μm and 10 mm, respectively. 
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4.4.2. Transport of condensed drops 

For each type of plates, water was collected five times when condensation lasted 

1, 5, 10, 15 and 30 min, respectively, under the same experimental conditions as 

discussed in Sub-section 4.4.1. Four tests were done each time, and the average value 

was given in Fig. 4.5a. For easily identifying data, the error bars were not added to this 

figure. Instead, the errors are provided when the corresponding data are indicated in the 

following text. As indicated in Sub-section 4.3.2, the best time to start the transport of the 

condensed water drops is still at the beginning of the stage of large-drop formation. This 

stage starts at t=20, 28 or 36 min on glass, SiO2 or SU-8 plates. Given that water began 

to spill out of the glass plates at t=30 min, the longest condensation period was chosen to 

be 30 min in our tests on the small collector.  
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Figure 4-5 (a) Volumes of collected water per mm
2
 corresponding to different mist-flow 

periods. Squeezing and relaxing of water drops after mist flows using SiO2 plates for (b) 

1, (c) 5, and (d) 30 min, respectively. (b1), (c1), and (d1), before the top plate is lowered 

down; (b2), (c2), and (d2), press the drops; (b3), (c3), and (d3), relax the drops; and (b4), 

(c4), and (d4), after 1 or more cycles, the corner of two plates is filled with water. 

Numbers in (c2) and (c3) represent different water drops, and “1 + 2 + 3”, for example, 

means that drops 1, 2, and 3 are merged into one drop. Scale bars in (b−d) represent 2 

mm. 
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Three interesting points were observed from Fig. 4.5(a). First, the collected water 

for each type of plates approximately has a linear relationship with the condensation time. 

This is considered reasonable, since in our tests the incoming mist flow is steady. 

Accordingly, the amount of the absorbed water vapor should linearly increase with time. 

The same point is applied to the finally collected water.  

Second, there are relatively large differences among the collected amounts of 

water on the three types of plates for the cases of 10- and 15-min condensation periods. 

For example, in the 10-min case, the total amounts of water collected per unit area on the 

glass, SiO2, and SU-8 plates were 0.134  0.003 µL/mm
2
, 0.203  0.032 µL/mm

2
, and 

0.157  0.030 µL/mm
2
, respectively. The largest difference was about 0.07 µL/mm

2
. After 

10- or 15-min condensation, relatively small drops on the SU-8 plates are formed in 

comparison with those on another two types of plates (Fig. 4.4d). Consequently, the top 

SU-8 plate was pressed harder to ensure all the condensed water drops could form 

bridges, making some drops located near the edge spill out of the plate. In addition, glass 

plates have relatively high hydrophilicity. Part of water still sticks to the plate surface after 

a cycle of squeezing and relaxing processes. Hence, the loss of water during the 

collection process makes SU-8 and glass plates collect less water.  

Third and finally, the differences in the amounts of collected water were smaller 

in another three cases. After the 30-min condensation, the total amounts of water 

collected per unit area on the glass, SiO2, and SU-8 plates did not have much difference, 

which were 0.55  0.07 µL/mm
2
, 0.52  0.08 µL/mm

2
, and 0.56  0.02 µL/mm

2
, 

respectively, since the amount of lost water previously mentioned in the second point was 

much smaller than the totally collected water.   

Three points were further observed during the squeezing and relaxing processes 

(Figs. 4.5b-d). First, water bridges were formed when the top plate was lowered down, 
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even in the 1-min case (Fig. 4.5b2). It was found that neighboring water drops were 

merged to form a large drop, when they elongated and contacted each other due to the 

pressing of the top plate (Figs. 4.5b3). This result implies that the squeezing process 

actually increased the size of water drops. Second, during the relaxing process, a water 

bridge might further merge with its neighboring bridges to form a larger one (Figs. 4.5c3 

and 4.5d3). According to the result of ref. 75, the shifting distance of a water bridge 

increases with the drop size. Consequently, due to different shifting distances, a large 

water bridge may catch up and thus merge with a small bridge in front of it during the 

relaxing process. The first two points actually aided in the transport of water during a 

processing cycle. Third, the needed actuation cycles decreased with the increase in the 

drop sizes. Take the tests on the SiO2 plates as an example. It took 22 cycles to translate 

all the drops collected during the 1-min case, 4 cycles for the 5-min period, 1-2 cycles for 

the 10-min period, but only 1 cycle for both 15- and 30-min cases. As indicated in the first 

two points, the pressing and relaxing processes result in the coalescence of drops. Large 

drops were formed in the 15- and 30-min cases, and they were merged into a huge one, 

which was capable of moving to the corner of the two plates during a single actuation 

cycle (Fig. 4.5d(3)). However, due to relatively small sizes of the condensed drops in 

another three cases, the merged drops were still not large enough to move to the corner 

during a single actuation cycle (Figs. 4.5(b3) and 4.5(c3)). Thus, in the first three cases, 

more than 1 actuation cycle were needed to translate all the collected water to the corner. 

4.4.3. Design and testing of the large collector 

As discussed in Sub-section 4.4.2, in the 30-min case, the three types of plates 

collected about the same amount of water, and they all just needed a single actuation 

cycle to translate all the collected water to the corner. Also, during this actuation process, 

the condensed drops were all merged together to form a thin film in the squeezing 
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process on each type of plates, making the relaxing degree less than 1º for the whole film 

to move to the corner. Therefore, we did not see much difference in the fog-collection 

efficiencies and relaxing angles of the three types of plates.  

Next, we compare the plates in the case of collecting a single drop.  As shown in 

Fig. 4.4, the average diameters of condensed drops are 22.7, 15.6, and 8.6 mm at the 

desired collection times of 20, 28, and 36 min on glass, SiO2, SU-8 plates, respectively. 

Accordingly, the drops with the same diameters were placed between the corresponding 

plates. The break heights of water bridges were measured as 5.1, 6.0, and 5.5 mm, 

respectively, on glass, SiO2, and SU-8 plates. Furthermore, when the relaxing angle was 

1.2°, the drops began to move toward the corner on each type of plates. According to Eq. 

(1), the maximum values of l1 on the three types of plates did not have large difference, 

which were 24, 29, and 26 cm, respectively.  

We then focus on the drop heights on glass, SiO2, and SU-8 plates at the end of 

condensation periods, since, as previously discussed in Sub-section 4.3.2, these heights 

affected the values of l2.  After a 36-min condensation period, the heights of drops on 

glass, SiO2, and SU-8 plates were measured to be 1.6, 2.5, and 3.2 mm, respectively. 

Hence, SU-8 plates were chosen for the large collector. These plates were made by 

coating SU-8 on glass plates. In this collector, l1 was set to be 26 cm as previously 

discussed, and l2 was temporarily chosen to be 10 cm because of the availability of such 

plates. The thickness of the plates was 0.2 cm.    

As shown in Fig. 4.6(a), the setup of the large collector is similar to what was 

illustrated in Fig. 4.2. On the other hand, it has two differences from the one for the small 

collector (Fig. 4.3): (i) to create a relatively uniform fog environment using our humidifier, 

instead of an open space, the large collector was placed in a closed glass chamber with 
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dimensions of 40 x 30 x 30 cm
3
; and (ii) the mist flow did not directly blow the two plates, 

and it came in the glass chamber through a top opening. 

 

Figure 4.6 (a) Experimental setup for water collection by two large SU-8 plates with 

dimensions of 26 × 10 × 0.2 cm3, and (b) water drops on the surfaces of two plates after 

36 min condensation. 

As shown in Fig. 4.6(b), the average diameters of condensed drops after the 36-

min condensation period were about 1 and 5 mm on the surfaces of top and bottom 

plates, respectively. During condensation, it was observed: (i) large condensed drops 

moved down from the top plate to the corner of the two plates due to gravity; and (ii) only 
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smaller ones remained on the top plate. Accordingly, the average diameters of 

condensed drops were different on the surfaces of the two plates. In addition, the 

average drop sizes on these two plates were smaller than the one in the case of the 

small collector, which was 8.6 mm. This difference implies that the vapor densities 

around the two plates of the large collector were lower than that surrounding the bottom 

plate of the smaller collector, due to the fact that the two plates were not directly blown by 

the incoming mist flow.   

Four tests were done to examine the fog-collection capability of the large 

collector during a 36-min mist flow. Only 1 cycle of squeezing and relaxing was needed to 

translate all the condensed drops to the corner of the plates.  It took no more than 3 s to 

complete this cycle, which was much shorter than the condensation period of 36 min. 

Therefore, although no condensation is performed during the squeezing and relaxing 

processes, as far as time is concerned, these processes have little influence on water 

collection. The total amount of collected water was about 15.8 2  mL. The amount of 

water collected per unit surface area was calculated to be 0.30 µL/mm
2
. As expected, this 

value was less than its counterpart in the case of the small collector, which is about 0.56 

µL/mm
2
 after 30-min condensation.  

As discussed in Sub-section 4.3.2, the plate sizes should decrease with the 

decrease in the humidity level in an environment to effectively transport water drops. In a 

desert, the fog event normally occurs in the late night and early morning due to relatively 

low temperature during these periods. It has been reported that, in Chili’s desert, the fog 

can bring water as much as 1.5 µL/mm
2
 per hour in the morning [78]. This amount is 2.5 

times higher than what has been collected using the large collector during a 1-hour 

period, implying large water drops may still be formed on the plates in this desert. 

Accordingly, a large collector may be effective as well to collect fog over there. 
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4.4.4. Comparison of fog-collecting efficiencies 

Fog-collecting efficiencies have been compared in ref. 12 among fog-basking 

beetles, Namib dune bushman grasses, and metal wires. In their case, the temperature 

was kept between 10 and 15 °C. A humidifier produced 325 mL fog per hour with a speed 

of 0.1 m/s. All the samples were placed at 23° to the horizontal direction. These samples 

collected 0.25, 0.48 and 0.61 µL/mm
2
, respectively, during the 120-min periods. Our tests 

on the smaller collector were performed under similar experimental conditions. The 

condensation and collection were done at room temperature (22 °C  1 °C). The 

incoming mist flow had the angle of 15° with the bottom plate. It had a speed of 0.08 m/s. 

The big difference was that the amount of fog produced by our humidifier per hour was 

81 mL, which was less than that of ref. 12. In the 30-min case of the smaller collector, the 

average collected water per unit surface area of the bottom SU-8 plate is 0.56 µL/mm
2
. 

When our value is scaled by 4 times from 30 to 120 min (i.e., repeat the 30-min case 3 

times), the collected water per unit area is 2.24 µL/mm
2
. It is about 9.0, 4.7 and 3.7 times, 

respectively, as large as the ones of beetles, grasses and metal wires. It is considered 

that the active transport of condensed water has the main contribution to the higher 

collection efficiency of the small collector, which ensured that all the water condensed on 

the artificial collector was almost collected. In the cases of fog-basking beetles, Namib 

dune bushman grasses and metal wires, as discussed in Section 4.1, the condensed 

water is translated by gravity and capillary force, which is a passive method and may not 

be capable of transporting all the condensed water.  

Furthermore, during the 120-min periods, a beetle, a grass and a metal wire, 

respectively collected 0.06, 0.11 and 0.13 mL volumes of water, which are about 33, 18 

and 15 times less than what was collected by the small collector if our result is also 

scaled from 30 to 120 min. Part of the difference is caused by the larger condensation 
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surface area of the small collector. The total surface area of the small collector, which 

only counts the bottom plate surface, is 882 mm
2
. It is larger than the ones reported for 

individual beetles, grasses and metal wires [12], which are 245, 253, and 220 mm
2
, 

respectively. Therefore, in comparison with well-known fog-harvesting animal and plant 

and an artificial collector, our small collector has demonstrated much higher efficiency in 

fog collection. This comparison also indicates the importance of both introducing plates 

(to gain large collection areas) and using the squeezing and relaxing actuation (for 

actively transporting condensed drops). It is considered that directly testing beetles and 

grasses in our experimental conditions should give better comparison between them and 

our collectors. Due to lack of these desert animals and plants, they are not tested in this 

work.  

Although the amount of water collected by the large collector per unit area is less 

than the one harvested by the small collector due to different experimental conditions, 

when our value is scaled from 36 to 120 min, it is still about  3.4, 1.8 and 1.4 times, 

respectively, as large as the ones of beetles, grasses and metal wires. In addition, due to 

its large surface area, which is 52,000 mm
2
 and counts the surface areas of both top and 

bottom plates, the scaled amount of water collected by the large collector is about 878, 

479, and 405 times more than what was collected by individual beetles, grasses or metal 

wires.  

Moreover, vertically oriented plates with hydrophobic or hydrophilic surfaces 

have been previously tested in refs. 79 and 80 for their fog-collecting efficiencies. Due to 

gravity, large drops that are condensed on a plate can be drained to a container, which is 

located under the plate. During a 30-min period, the water collected per unit area on a 

graphene-coating (hydrophobic) surface is 0.148 µL/mm
2 
[79], while it is 0.1 µL/mm

2
 on a 

hexamethyldisiloxane (superhydrophilic) surface with the drainage path [80]. They are 
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lower than what has been collected on either our small or large collector. However, due 

to different experimental conditions, such as humidity and temperature, this comparison 

is not accurate.  

In the cases of refs. 79 and 80, tiny drops cannot be drained, since their gravity is 

less than the resistance force induced by the contact angle hysteresis. Subsequently, not 

all condensed drops can be collected. Nevertheless, in this work, due to the aid of the 

squeezing and relaxing processes, such tiny drops can still be collected. Thus, under the 

same experimental conditions, our collectors should have higher collecting efficiencies 

when the same plates are used to collect water.  

A set of experiments has been done to validate this point. The corresponding 

experimental setup is similar to the one shown in Fig. 4.6. On the other hand, there are 

three differences from the tests on the large collector. First, the glass, SiO2 and SU-8 

plates that have been used in the small collectors were adopted in the tests, and in each 

test only a single plate was vertically put inside the chamber. Second, as in the case of 

the small collectors, the condensation duration in every test was 30 min, instead of 36 

min. Third, the water was collected through two steps, instead of a single one. In the first 

step, water was collected from the bottom of the vertical plate at the end of the 

condensation period. In the second step, the water that still remained on the vertical plate 

was collected using the squeezing and relaxing processes, in which the vertical plate 

served as the top plate while a dry plate functioned as the bottom one.  

In our tests, the amounts of water collected from the bottoms of glass, SiO2 and 

SU-8 plates at the end of the 30-min condensation period were 0.315, 0.397 and 0.406 

µL/mm
2
, respectively. After the application of the squeezing and relaxing processes, 

additional 0.148, 0.072 and 0.075 µL/mm
2
 were collected from these plates, separately. 

These results indicate: (i) totally 0.463, 0.470 and 0.482 µL/mm
2
 are collected from glass, 
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SiO2 and SU-8 plates, separately, which also do not vary much with the plates as in the 

30-min case of the small collector; (ii) 68%, 85% and 84% are, respectively, collected 

from the three plates during the condensation process, which occurs due to the effect of 

gravity; and (iii) the remaining 32%, 15% and 16% of condensed drops can be further 

collected using the squeezing and relaxing processes. Accordingly, the adoption of the 

active transportation approach improves the collecting efficiency.  

In addition, another two points can be observed from these results. First, the 

wettability of the surface highly influences the collecting efficiency in the first step, which 

agrees with what has been observed by other researchers [79,80]. Second, the 

introduction of squeezing and relaxing actuation ensures that almost all condensed drops 

can be collected, which may be a major reason why the three types of plates do not have 

much difference in the amounts of finally collected water. 

4.5 Summary and conclusions 

In this work, motivated by the feeding mechanism of a shorebird, we have 

developed a plate-based collector to harvest water from fog and dew. As in the case of 

the shorebird, squeezing and relaxing processes have been applied to facilitate the 

transport of condensed water drops from the plate surfaces to the corner of two plates. 

We have explored the condensation and collection of a small version of the artificial 

collector, and found it was much efficient than desert animal and plants due to the active 

transport of condensed water, which ensured that all the water condensed on the artificial 

collector was almost collected. Based on these results, we further developed a large 

collector. Because of its relatively larger surface areas, 15.8 mL water was collected 

during a condensation period of 36 min. 
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Chapter 5  

Separation of Oil from a Water/oil Mixed Drop using Two Non-parallel Plates 

In this work, we have developed a simple approach to separate oil from a µL-

scaled water/oil mixture by squeezing the mixture using two non-parallel plates. Three 

pairs of plates with Teflon, SU-8 and SiO2 coatings, respectively, are used in the tests, 

and all of these plates are capable of separating the water/oil mixed drops. 95.5% 

silicone oil and 97.0% light mineral oil have been collected from their corresponding 

mixtures with water through the pair of Teflon plates. Furthermore, on the basis of 

pressure difference inside a liquid drop, theoretical models have been developed to 

interpret the corresponding mechanisms of the separation process, as well as the 

observed phenomena. To judge whether two immiscible liquids could be separated using 

the developed approach, a sufficient condition has also been derived, which includes 

three theoretical relations. The sufficient condition is subsequently validated by 

experiments. This condition also provides criteria for choosing a good plate coating. Such 

a coating should ensure: (i) the oil wets the plate surface with a relatively large contact 

angle, and has small contact angle hysteresis; and (ii) advanced contact angle that 

water/oil interface forms on the plate surface is larger than 90º. 

5.1 Introduction 

Quite a few approaches have been developed to separate a mixture of two 

immiscible liquids according to their difference in boiling points, mass densities, or 

lyophobicities. When two liquids have appreciable difference in their boiling points, the 

liquid with the lower boiling point may be separated from a mixture of the two liquids by 

heating the mixture to this boiling point. At such a temperature, that liquid becomes 

vapor, getting separated from the other liquid. Due to the difference in the mass 
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densities, two liquids may also form two separate layers in a container. These two layers 

may be separated by letting the bottom one flow out through the bottom of the container.  

 Mesh structures are also applied to handle two immiscible liquids based on their 

different lyophobicities. For instance, mesh films, which are covered or constructed, for 

example, by carbon nanotubes [81], carbon nanotube networks [82], nanostructured 

hydrogel coatings [83], nanocomposites [84], TiO2 nanowires [85], kapok fibers [86], or 

Cu(OH)2 nanowires [87], have been applied to separate the mixtures of water and oil 

based on different wetting properties of these two liquids on the modified mesh films.  

The aforementioned approaches are usually employed to handle a large amount 

of mixtures. On the other hand, it is not clear whether they could be employed to 

separate a µL-scaled mixture with high separation efficiency. Such separation may be 

needed in the analysis of the components in a mixture when only a small amount of the 

mixture is available. Another potential application of this separation is liquid-liquid 

microextraction (LLM). The LLM utilizes the fact that the solute has different solubilities in 

two different immiscible liquids. Accordingly, the solute could be transferred from one 

liquid (donor) to the other (extractant). After the extraction is completed, the extractant 

has to be separated from the mixture of the two liquids.  In the LLM, only a small amount 

of an organic solvent (water-immiscible liquid) is employed to extract the solute from 

water to decrease the quantities of harmful chemicals and organic solvents used or to 

avoid exposure of too much toxic organic solvents in the air. Several separation 

techniques have been developed for the LLM [88-90]. In refs 88 and 89, a fiber is first 

impregnated with a small amount of organic solvent, and then immersed into the water 

with solute to extract the solute into the fiber. Moreover, electrowetting on dielectric 

(EWOD) is also used to extract the solute [90]. The volumes of two immiscible liquid 

drops tested are both 200 nL. These two drops are controlled to mix and separate on an 
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EWOD digital microfluidic chip. In this work, we have developed a new approach to 

handle a small amount of mixtures based on different wetting properties of two immiscible 

liquids. This approach is simple to apply, and only requires the use of a pair of non-

parallel plates.  

The behaviors of liquid drops between two non-parallel plates have been 

previously explored by Concus and Finn, together with their collaborator [49,50,53,54,56] 

(see ref 50, for example, for a summary of their works). An angle inequality has been 

previously derived to judge whether a liquid drop fills the corner of two non-parallel plates 

[49,50]. This angle inequality was also obtained in one of our previous works during the 

process of exploring the condition for a liquid drop to fill microchannels [23]. According to 

the angle inequality, a lyophobic liquid drop may not fill the corner of two non-parallel 

plates, after it is put between them. Otherwise, the filling may happen. These different 

filling results imply that, when two immiscible liquids in a mixture have different wetting 

properties, they may be separated simply using two non-parallel plates. This may provide 

a new approach to separate a mixed drop. Accordingly, it is explored in this work.   

The outline of this article is as follows. Experimental results are presented and 

discussed in Section 5.2. In Section 5.3, theoretical models have been developed to 

explain these results, followed by experimental validation. Finally, this work is 

summarized and concluded in Section 5.4. 

5.2 Experimental results and discussions 

5.2.1. Contact angles 

Water and silicone oil (Alfa Aesar Co., MA, USA) are tested in the new approach. 

Three pairs of non-parallel glass or silicon plates are used to separate their mixed drops. 

The three pairs of plates are covered by Teflon, SiO2 and SU-8 films, respectively. For 

simplicity, they are called Teflon, SiO2 and SU-8 plates, separately. SU-8 is a negative 
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photoresist. It can be patterned to desired shapes using ultra-violet lithography.  It has 

functioned as a good structural material in microsystems, such as in gears [91], boats 

[92-94] and flotillas [95,96]. After a liquid drop is put on a plate, the side view of the 

corresponding equilibrium state is imaged through an optical microscope. The advanced 

and receding contact angles are measured on the plate by increasing and decreasing the 

volume of the drop, respectively, till this drop starts to move. The advancing contact 

angles of water on Teflon, SiO2 and SU-8 plates are measured to be 125°, 67° and 92°, 

respectively (Table 5.1). The receding contact angles are 120°, 42° and 55°. The 

advancing contact angles of oil on these plates are 41°, 2° and 2°, respectively, while the 

receding contact angles are 39°, 1° and 1°. 

Table 5.1 Advancing and receding contact angles of water, silicone oil and light mineral 

oil on Teflon, SiO2, and SU-8 Plates, Respectively 

 

5.2.2. Structure of a mixed drop 

The mass density of silicone oil is 963 Kg/m
3
. It is slightly lower than that of 

water, which is 10
3
 Kg/m

3
. To explore possible profiles of a mixed drop on a plate, three 

methods have been applied to form a mixed drop of the two liquids (Fig. 5.1). These 

methods differ in the order or the location that water and oil drops are placed on the 

plate. In the first method (Figs. 5.1(a1) and 5.1(a2)), an oil drop is directly put on the top 

of a water drop.  Subsequently, the oil spreads and surrounds the water drop. Meanwhile, 
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a thin layer of oil still covers the whole water drop. Although the contact angles of water 

and oil vary with the plates, the mixed drops made on the three types of plates have the 

same structures. In a mixed drop, a water core, which is in the form of a drop, is wrapped 

by an oil drop (Fig. 5.1d). In the second method (Figs. 5.1(b1) and 5.1(b2)), a water drop 

is directly put on the top of an oil drop, while in the third approach, oil and water drops are 

placed on a plate side by side (Figs. 5.1(c1) and 5.1(c2)). It is interesting to observe that 

the resulting mixed drops in these two methods also have structures similar to that 

produced using the first method (Fig. 5.1d). This result indicates that the structure of a 

mixed drop does not depend on the way of mixing the oil and water. In this work, the 

mixed drops formed using the first method are used in the subsequent tests, and have 

volumes in the order of 20 µL. 
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Figure 5.1 A mixed drop that is produced by a 10 μL silicone oil drop and a 10 μL water 

drop on a Teflon plate (side or perspective view). (a1) A pre-existing water drop, and (a2) 

the mixed drop that is generated by adding oil on the water drop. (b1) A pre-existing oil 

drop, and (b2) a water drop is added on the oil drop. (c1) A water drop is first placed on 

the plate, and an oil drop is then put beside the water drop, and (c2) two drops merge 

together to form a mixed one after they contact. (d) Cross-sectional schematic of a mixed 

drop. To facilitate observation, the oil is dyed red. Scale bars represent 2 mm. 

5.2.3. Separation procedure 

Oil has been separated from a mixed drop on each pair of plates through two 

squeezing steps (Figs. 5.2-5.4). In both steps, the water core is pinned or may just have 

a small lateral displacement. However, the part of the oil in the mixed drop flows towards 

the corner of the two plates. In the first squeezing step (Figs. 5.2(a2), 5.2(b2), 5.3(b), and 

5.4(b)), once the top plate is lowered down to have contact with the mixed drop, the 

majority of the oil moves from the left-hand side of the water core to the right-hand side. 

In the second squeezing step (Figs. 5.2(a3), 5.2(a4), 5.2(b3), 5.2(b4), 5.3(c), 5.3(d), 
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5.4(c), and 5.4(d)), when the mixed drop is further pressed by the top plate, the oil breaks 

up with the water core, forms a separate drop, and continues to move towards the plate 

corner. Similar breaking phenomena have been previously observed, when a water drop 

falls down from a needle due to the increase of the drop weight [69], or when a liquid 

drop is cut into two smaller ones from its middle portion by decreasing contact angles at 

its two ends using the EWOD [97]. Obviously, the breaking in our case is caused by the 

reduction in the plate gap. 
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Figure 5.2 (a) Side and (b) top views of the separation process of a water/silicone oil (10 

μL/10 μL) mixed drop between two Teflon plates: (a1, b1) the drop is formed on the 

bottom plate; (a2, b2) part of the oil moves toward the corner of the two plates when the 

mixture is slightly squeezed; (a3, b3) the water and oil move toward opposite directions 

when the mixed drop is further pressed; and (a4, b4) the majority of the oil is separated 

from the original mixed drop, forming a pure oil drop. Scale bars represent 4 mm. 
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Figure 5.3 Side views of the separation process of a water/silicone oil (10 μL/20 μL) 

mixed drop between two SiO2 plates: (a) the drop is produced on the surface of bottom 

plate, (b) part of the oil moves toward the corner of two plates when the drop is slightly 

squeezed; (c) the oil continuously moves toward the corner, while the water core does 

not move when the mixed drop is squeezed harder; and (d) the majority of the oil is 

separated from the drop and fills the plate corner. Scale bars represent 4 mm. 
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Figure 5.4 Top views of the separation process of a water/silicone oil (10 μL/20 μL) mixed 

drop between two SU-8 plates: (a) the drop is formed on the bottom plate, (b) part of oil 

moves toward the corner of two plates when the mixed drop is slightly squeezed; (c) the 

oil continuously moves toward the plate corner, while the water core does not move when 

the mixed drop is further squeezed; and (d) oil drop is separated from the water drop, and 

moves toward the plate corner. Scale bars represent 4 mm. 

 
5.2.4. Collection and the effect of volumes 

After the separation, the newly formed oil drop is collected using a capillary tube. 

In the case of the Teflon plates, its volume is measured to be 9.55 µL. The oil component 
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in the 20 µL mixed drop initially has a volume of 10 µL. Accordingly, the separation 

efficiency is 95.5%. Since the contact angles of the oil on another two types of plates are 

close to 0º, the newly formed oil drops spread on these plates, making it difficult to 

remove the entire drops from the plates. Thus, for the purpose of collecting more 

separated oil, the Teflon plates are the best option among the three types of plates.  

We further examine the effects of both volumes and volume ratios of mixed drops 

on critical opening angles. Such an angle refers to upper limit of the opening angles of 

two plates that are needed to separate a mixed drop. If this angle is small, then it means 

that the mixed drop has to be deeply pressed to separate the mixture. When the opening 

angles are larger than the critical ones, separation does not occur. In the tests, water 

cores in the mixed drops had the volumes of 10, 20 and 30 µL, respectively, while the 

water/oil ratios varied from 1:1 to 1:4. Fig. 5.5 gives representative results on Teflon 

plates. Three points are observed from this figure and the testing results on another two 

types of plates (not shown here). First, the critical opening angles are small, which are all 

below 5
o
. Second, when the volume of the water core is fixed, the critical opening angle 

increases with the increase in the water/oil volume ratio. Third, for a fixed water/oil ratio, 

the critical opening angle increases with the increase in the total volume of the mixed 

drop. 
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Figure 5.5 Critical opening angles to separate mixed drops using two Teflon plates, when 

water and silicone oil have different volume ratios in the drops and the volumes of the 

water cores are 10, 20, and 30 μL, respectively. 

5.3 Theoretical model 

In this section, we first consider pressure difference inside a liquid drop, then 

derive some relations, and finally use these relations to explain the physical mechanism 

of the separation process, as well as the observed phenomena, followed by experimental 

validation and selection of plate coatings. 

5.3.1. Pressure difference in a liquid drop 

Consider a liquid drop that is located between two fixed plates. This liquid drop 

may be surrounded by air or another liquid. The bottom plate is oriented horizontally. As 

illustrated in Fig. 5.6(a), for simplicity, the right and left edges of the liquid drop are called 

“Edge 1” and “Edge 2,” respectively. Use e and  , respectively, to denote apex edge 

and opening angle of the two plates. Let a1 and b1 denote the two points that Edge 1 

intersects with the bottom and top plates, separately, and set a2 and b2 to be the two 
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intersecting points that Edge 2 forms with the bottom and top plates, respectively. Use lp 

to denote the distance between e and a1, and set ll to be the length of a1a2. Let 1p  and 

2p  represent liquid pressures at Edges 1 and 2, respectively. Set p1s and p2s to denote 

the pressures of surrounding air or liquid at these two edges, separately. 

 

Figure 5.6 (a) Cross-sectional schematic of a liquid drop placed between two nonparallel 

plates. Top schematics of the water/oil mixed drop between two nonparallel plates when 

the mixed drop is (b) first slightly pressed and (c) then further squeezed. 

In this work, half heights of the pressed liquid drops are less than the capillary 

length of a liquid, which is 2.7 mm in the case of water. Accordingly, the gravity effect on 

the liquid pressure is neglected, and 1p  and 2p  are uniform, respectively, on Edges 1 

and 2 [23,64,65]. Subsequently, both Edges 1 and 2 are considered to be circular arcs 
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[23]. Use 1R  and 2R  to represent the radii of these two edges, respectively. Let 1  

represent equilibrium contact angle at a1 and b1, and use 2  to stand for the one at a2 

and b2. Set a  and r  to be, respectively, advancing and receding contact angles. Then, 

both 1  and 2  vary between r  and a . It follows from geometric analysis that 
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In addition, let 12R  and 22R  denote the radii of the curves that are perpendicular 

to Edges 1 and 2, respectively, on the drop surface. Accordingly, 
12

1

R
 and 

22

1

R
 denote 

the curvatures of these curves.  In this work, the plate gap is much smaller than the drop 

radius. Since 1R  and 12R  are in the same order as the plate gap and drop radius, 

respectively, 1R  is considered to be much smaller than 12R . Accordingly, in comparison 

with 
1

1

R
, the effect of 

12

1

R
 on 1p  can be neglected. Likewise, during the consideration of 

2p , the effect of 
22

1

R
 is also neglected. Subsequently, in terms of Young-Laplace 

equation [68] and with the aid of Eqs. (5.1) and (5.2), 1p  and 2p  are, respectively,  
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where   denotes the surface tension of the interface that the liquid forms with the 

surrounding air or liquid. By Eqs. (5.3) and (5.4), we have  
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In our tests,   is always less than 5
o
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from Eq. (5.5) that 

- - -1 2
2 1 2 1

cos cos2
( ) ( )s s

p p l

p p p p
l l l

 


 


.          (5.6) 

5.3.2. Three relations 

In this sub-section, we apply the basic liquid drop model of Fig. 5.6(a), together 

with Eq. (5.6), to explain the behaviors of the water and oil during the squeezing process.  

We first consider the pressure in the oil component of a mixed drop in the first 

squeezing step. Denote the left and right edges of the oil as Edges 2o and 1o, 

respectively (Fig. 5.6(b)). The oil portion of the mixed drop is surrounded by air. Thus, 

both p1s and p2s equal atmospheric pressure. Edges 1o and 2o are actually two lines on 

the oil/air interfaces. Let o  be the surface tension of such an interface. Use lpo to denote 

the distance between apex edge and Edge 1o, and set llo to be the length of the oil drop. 

Set p1o and p2o to be the oil pressures at Edges 1o and 2o, respectively. Use 1o  and 2o  

to represent the equilibrium contact angles at the two edges, separately, and let ro  and 
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ao  be the corresponding receding and advancing contact angles. On the basis of the 

analogy between the models of the oil and the generic liquid drop, it follows from Eq. 

(5.6) that  
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then it follows from Eq. (5.7) that 
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Relation (5.8) implies that contact angle hysteresis of the oil is close to 0
o
. 

Consequently, both 1o  and 2o  approximately equal .ro  Ineq. (5.9) further ensures that 

cos 0.ro  Accordingly, as shown in relation (5.10), we have 2 1 .o op p  In other words, 

relations (5.8) and (5.9) actually form a sufficient condition to make 2op  always larger 

than 1op . Due to this pressure difference, the oil moves from Edges 2o to 1o. According to 

the values of ro  and ao  given in Table 5.1, relations (5.8) and (5.9) are met on each 

pair of plates. Hence, in the first step, the oil was observed to flow rightwards in the 

corresponding test (Figs. 5.2(a2), 5.2(b2), 5.3(b) and 5.4(b)). 

We then consider the pressure in the water core during the first squeezing step. 

Denote the left and right edges of the water core as Edges 2w and 1w, respectively (Fig. 

5.6b). The water core is surrounded by oil. The two edges are actually two lines on the 

water/oil interfaces. Let m  be the surface tension of a water/oil interface. Use lpw to 

denote the distance between apex edge and Edge 1w, and set llw to be the length of the 
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water core. Use p2w and p1w to represent the water pressures at Edges 2w and 1w, 

separately. Set 1m  and 2m  to be the equilibrium contact angles at the two edges, 

respectively, and let rm   and am   be the corresponding receding and advancing contact 

angles. According to the analogy between the models of the water core and the generic 

liquid drop, it follows from Eq. (5.6) that  

- - -1 2
2 1 2 1

2 cos cos
( ) ( )m m m

w w s s

pw pw lw

p p p p
l l l

  


 


.              (5.11) 

In this equation, p1s and p2s equal the oil pressures at Edges 1w and 2w, 

respectively. We use the oil pressures at the oil and air interfaces, which are close to the 

two edges and are marked as A and B in Fig. 5.6(b), to approximate p2s and p1s. 

Following the same way applied to derive Eq. (5.7) and making use of relation (5.8), we 

get  
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With the aid of Eq. (5.12), by Eq. (5.11), we have  
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Assume that water core also moves towards the plate corner. Then, 1m  and 2m  equal 

am  and ,rm  respectively. Subsequently,   
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Since 
1
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by Eq. (5.14), it is readily shown that, if  

( cos cos ) 0,m am o ro         (5.15) 

then  
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2 1 .w wp p      (5.16) 

Consequently, water core cannot move towards corner, because the pressure at 

Edge 1w is larger than the one at Edge 2w. This is against our assumption, and thus 

results in a contradiction. Therefore, Ineq. (5.15) is a sufficient condition to prevent the 

water core from moving towards the plate corner during the first squeezing step. 

Finally, we consider the second squeezing step. In this step, Ineq. (5.15) still 

applies to the water core, and the water still does not move towards the plate corner. The 

part of the oil considered is the one located on the right-hand side of the water core. 

Consider the oil pressures at the places of C and D, which are marked on Fig. 5.6(c) and, 

respectively, correspond to Edges 2 and 1 of the liquid drop of Fig. 5.6(a). Relation (5.10) 

also applies here. Two points can be observed from this relation. First, the pressure 

difference between C and D increases with the decrease in  , and goes to infinity when 

  approaches 0. Hence, during the pressing process, the pressure difference can be 

made high enough to break the part of the oil from the mixed drop. Since the largest 

pressure difference occurs between C and D, the breaking happens at C. Second, for 

fixed ro  and  , the pressure difference also increases with the decrease in lpo and the 

increase in llo.   

The second point actually can be used to explain what has been previously 

observed from Fig. 5.5. The mixed drops with different volumes but the same water/oil 

ratios are positioned at the same location of the bottom plate, before they are pressed by 

the top plate. When these drops are pressed at the same degree, i.e., the corresponding 

opening angles of the two plates are the same, the values of lpo and llo decrease and 

increase, respectively, with the increase in the volume. Accordingly, the pressure 

difference also increases with the increase in the drop volume. This result implies that, 

when water/oil ratios are fixed, the critical opening angle increases as well with the drop 
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volume. Likewise, the critical opening angle should also increase with the increase of the 

oil volume in a drop, which has a fixed amount of water.  

In summary, based on the theoretical modeling, once relations (5.8), (5.9) and 

(5.15) are satisfied, the oil should be separated from the water/oil mixed drop during a 

squeezing process. 

5.3.3. Validation of the three relations 

As discussed in the previous sub-section, relations (5.8) and (5.9) have been 

validated in our tests. Next, we desire to examine whether Ineq. (5.15) is also satisfied. 

For this purpose, we measure the advancing and receding contact angles on the three 

types of plates using an approach of reference 98. As shown in Fig. 5.7, a plate is 

inserted into a mixed solution of water and silicone oil. The oil layer is on the top of the 

water, since the oil is less dense than water. When the plates are stationary inside the 

mixed solutions, equilibrium contact angles of the water/oil interfaces on SiO2, SU-8 and 

Teflon plates are observed to be, respectively, 115°, 118°, and 148° (Fig. 5.7). 

Meanwhile, it is also noted that the equilibrium contact angle of the water/oil interface on 

FC725-coated glass fibers is large, which was reported to be about 143
o 

[98]. The 

advancing and receding angles of the water/oil interface on a place are measured by 

slightly moving the plate up and down in the solution. As predicted using Ineq. (5.15), the 

values of am   on SiO2, SU-8 and Teflon plates are greater than 90
o
, which are measured 

to be 158°, 165°, and 155°, respectively (not shown in Fig. 5.7). The corresponding 

values of rm  are 112°, 106°, and 141°.  
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Figure 5.7 Measurement of contact angles on (a) SiO2, (b) SU-8, and (c) Teflon plates 

when these plates are inserted into solutions. The wetting situations of (a1, b1, c1) water, 

(a2, b2, c2) silicone oil, and (a3, b3, c3) water/silicone oil on the three plates. The error of 

the angle measurement is 2°. 

In addition, the corresponding contact angles of oil and water on the plates with 

different coatings are also measured by inserting the plates, respectively, into pure oil 

and water solutions (Fig. 5.7). Equilibrium contact angles on stationary SiO2, SU-8 and 

Teflon plates are observed to be, respectively, 45°, 82°, and 125° in the case of water 

solutions, while they are 1°, 1°, and 45° for the case of oil solutions  (Fig. 5.7). The 
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advancing and receding angles that are subsequently detected are close to the ones 

given in Sub-section 5.2.1 (Table 5.1).  

It is reported in reference 98 (see its Table 1) that surface tension of silicone oil is 

about 18.4 dynes/cm, and that the interfacial tension between water and silicone oil is 

around 40.3 dynes/cm. Based on these data, together with the values of contact angles, 

Ineq. (5.15) is satisfied in the test on each pair of plates. 

5.3.4. Separation of another mixture 

To further validate the three relations, we also explore the possibility of 

separating light mineral oil (Sigma-Aldrich Co., MO, USA) from its mixture with water. The 

advancing contact angles of this oil on Teflon, SiO2 and SU-8 plates are measured to be 

62°, 16° and 27°, respectively, while the receding contact angles are 60°, 15° and 27° 

(Table 5.1). The advancing contact angles of the water/oil interfaces on the SiO2, SU-8 

and Teflon plates are 155°, 154° and 158°, separately, while the receding contact angles 

on these three plates are 133°, 116° and 147°. Meanwhile, the surface tension of light 

mineral oil and the interfacial tension between water and light mineral oil are reported to 

be slightly below 35 [99] and 49.3 dynes/cm [100], respectively, at 25 
o
C. According to 

these data, relations (5.8), (5.9) and (5.15) are satisfied. Accordingly, in the subsequent 

tests, the mixture has been successfully separated using each of the three pairs of 

plates. After the separation, the newly formed oil drop is collected using a capillary tube. 

Due to different contact angles of light mineral oil on the three types of plates (Table 5.1), 

the separation efficiencies on SU-8 and Teflon plates are 96.2% and 97.0%, respectively. 

In addition, since the contact angle of light mineral oil on the SiO2 plate is as small as 15
o
, 

the newly formed oil drop spreads on this plate, making it difficult to remove the entire 

drop from the plate. Different from that in the case of silicone oil, both SU-8 and Teflon 

plates are good options for collecting the separated light mineral oil.   
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The mass density of light mineral oil is 838 Kg/m
3
 at 25 

o
C. It is also noted that 

the mixture has a profile similar to the one given in Fig. 5.1(d). The viscosities of silicone 

oil and light mineral oil are 40 and 20 mm
2
/s, respectively, while that of water is only 1 

mm
2
/s. According to relations (5.8), (5.9) and (5.15), whether a mixture could be 

separated does not depend on the viscosities of the two liquids.  Therefore, although 

there is a large difference between the viscosities of water and oil, their mixture is still 

separated. On the other hand, a high viscosity means a large force to resist a liquid flow. 

Accordingly, the separation time should increase with the increase in the viscosity. In our 

case, due to the short moving distance of liquid drops, all the separations are 

accomplished within 2 min. Consequently, the effect of the oil viscosity on the separation 

time is not specifically considered. 

5.3.5. Selection of a plate coating 

Relations (5.8), (5.9) and (5.15) indicate that, to enable the developed approach 

to separate a mixed drop, a critical point is to find a good plate coating. This coating 

should meet the following four requirements. First, the liquid with lower mass density 

should be lyophilic on the coating, and its contact angle hysteresis should be close to 0
o
. 

A drop of this liquid will be separated from the mixed one. To make it easy to collect the 

separated drop, the contact angle of the liquid on the coating should be relatively large, 

which is the second requirement. Third, the interface of the two liquids should form an 

angle greater than 90
o
 with this coating. Fourth and finally, this angle, together with the 

receding contact angle of the liquid with lower mass density, should make Ineq. (5.15) 

hold true.  

In the cases of water/silicone oil and water/light mineral oil, all the three coatings 

explored here meet the first, third and fourth requirement. However, the Teflon coating is 

the only one which also satisfies the second requirement in the case of water/silicone oil, 
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while both SU-8 and Teflon coatings meet this requirement for the case of water/light 

mineral oil.    

In this work, all the plates used have flat surfaces. Instead of employing coatings, 

wetting properties on the plates can also be changed by modifying the plate surfaces 

using micro- or nanostructures [83,84,87,23]. However, this modification method may not 

be suited at separating a mixture. By Ineq. (5.9), the oil should wet the substrate. Thus, 

once it contacts roughness structures, it penetrates into the grooves between them [23], 

making the oil pinned on the structures. Due to this pinning effect, it is difficult to separate 

the oil from the mixture in the squeezing process. Also, even if it might be separated, not 

much oil would be collected, since the oil is trapped inside the roughness structures. 

5.4 Summary and conclusions 

In this work, we developed a new approach to separate a µL-scaled mixed drop 

of two immiscible liquids through experimental and theoretical investigations. This 

approach makes use of different wetting properties of the two liquids. Water, silicone oil 

and light mineral oil have been selected as representative liquids for exploring the new 

approach. Three pairs of non-parallel plates with different coatings have been used to 

separate the mixed drops of these two liquids. Based on experimental tests, three 

theoretical relations, which are (5.8), (5.9) and (5.15), have been derived. As validated by 

experimental results, these relations form a sufficient condition for the separation to 

occur. Although only water and two oils are considered in this work, given that the three 

theoretical relations are satisfied, the developed approach may also be applied to 

separate another pair of immiscible liquids. To make these relations hold true, the critical 

point is to find a good plate coating. As discussed in Sub-section 5.3.5, this coating 

should meet four requirements. 
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Chapter 6  

Conclusion and Summary 

In this dissertation, we first investigated the behaviors of liquid drops on conical 

wires and developed a cactus-inspired fog collector. We then explored the motions of 

liquid drops between two nonparallel plates. Based on the corresponding mechanisms, 

we further generated a shorebird-motivated fog collector and developed an approach to 

separate oil from water/oil mixed drop on the basis of two nonparallel plates. 

First, we have developed an artificial branched wire structure to harvest water 

from fog and dew. Vapor-Solid approach is applied 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. Furthermore, 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. 

Second, through the comparison of the liquid pressures on two opposite edges of 

a liquid drop, together with the consideration of contact angle hysteresis, we have 

considered four possible cases, and identified whether a liquid drop fills the corner of two 

nonparallel plates in each case. We have also developed two approaches that may 

enable an initially stationary drop to fill the corner. Furthermore, we have proposed a 

model to interpret the shifting effect of a liquid drop when it is squeezed and relaxed 

between two non-parallel plates. Three new phenomena were predicted based on this 

model, which were subsequently validated by two experiments. 
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Third, based on the gained understandings of the feeding mechanism of a 

shorebird, we have developed a plate-based collector to harvest water from fog and dew. 

As in the case of the shorebird, squeezing and relaxing processes have been applied to 

facilitate the transport of condensed water drops from the plate surfaces to the corner of 

two plates. We have explored the condensation and collection of a small version of the 

artificial collector, and found it was much efficient than desert animal and plants due to 

the active transport of condensed water, which ensured that all the water condensed on 

the artificial collector was almost collected. Based on these results, we further developed 

a large collector. Because of its relatively larger surface areas, 15.8 mL water was 

collected during a condensation period of 36 min. 

Finally, by using two nonparallel plates, we developed a new approach to 

separate a µL-scaled mixed drop of two immiscible liquids through experimental and 

theoretical investigations. This approach makes use of different wetting properties of the 

two liquids. Based on experimental tests, three theoretical relations, which are (5.8), (5.9) 

and (5.15), have been derived. As validated by experimental results, these relations form 

a sufficient condition for the separation to occur. Although only water and two oils are 

considered in this work, given that the three theoretical relations are satisfied, the 

developed approach may also be applied to separate another pair of immiscible liquids. 

To make these relations hold true, the critical point is to find a good plate coating. As 

discussed in Sub-section 5.3.5, this coating should meet four requirements.
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