
RSC Advances

PAPER
Motion of drople
Robotics & Microsystem Center, Collabora

Science and Technology, Soochow Unive

hbhuang@suda.edu.cn; chenliguo@suda.ed

Cite this: RSC Adv., 2019, 9, 32278

Received 6th July 2019
Accepted 16th September 2019

DOI: 10.1039/c9ra05135j

rsc.li/rsc-advances

32278 | RSC Adv., 2019, 9, 32278–3228
ts into hydrophobic parallel plates

Xiongheng Bian, Haibo Huang* and Liguo Chen*

Due to the superior operability and good anti-interference, the prospect of controlling microdroplets using

a parallel plate structure (PPS) is very promising. However, in practical applications, droplets in such

structures are often affected by various factors, resulting in deformation, evaporation, stress rupture and

other phenomena, leading to equipment failure. Therefore, how to simply and effectively transfer liquid

droplets to PPS to maintain the stable and efficient operation of the system has become an urgent

problem to be solved. In this paper, a simple and effective ratchet-like strategy (relaxing and squeezing

actions) is introduced to transfer droplets. To analyze the mechanism of the strategy and optimize the

control, we conduct this study from three aspects. First, the droplet movement trend is obtained by

analyzing the pressure between SPS and PPS. Second, the reasons why the droplet can achieve this

inward motion are investigated. Through theoretical analysis, which is also proven by simulations and

experiments, we creatively put forward that the asymmetric change of the contact angle (CA) induced by

the asymmetric structure is the fundamental cause of this kind of motion. Due to the asymmetric

change of the contact angle, the CA in the PPS will reach the advancing angle first in the squeezing

process, and the CA in the SPS will reach the receding angle first in the relaxing process, thus causing

the inward movement of the droplet. Third, to optimize this strategy, the effects of the following

governing parameters are researched individually based on the corresponding simulations and

experiments: the control parameters (the initial gap width of the PPS H0 and the amount of squeezing

and relaxing of DH) and the thickness of the top plate. Subsequently, an optimized ratchet-like cycle is

achieved. In summary, these findings not only provide a new method by which to realize the movement

of droplets toward hydrophobic PPSs but also creatively point out the cause of the ratchet strategy,

which can be applied in many microfluidics fields.
1. Introduction

In recent years, the control of droplet motion has been
extensively discussed as one of the most important uid
control strategies. Various droplet driving methods have
been thoroughly studied,1 among which the most common
methods include surface temperature changes, surface
chemical properties,2–4 hydrophilic and hydrophobic surface
structures,5–7 electric eld application,8–11 acidic and alkaline
(pH) environments,12 mechanical vibration,13–18 etc. Droplet
operation is widely used in microuidic chips,19–21 integrated
circuits,22 industrial experimental equipment,23 liquid
collection24 and other elds. Hydrophobic parallel plate
structure (PPS) is widely used in various applications due to
its good maneuverability and good anti-interference. As is
known, although there are many ways to realize the unidi-
rectional movement of liquid droplets, there are few ways to
realize the transport of droplets into a hydrophobic PPS.
Generally, an electrowetting force is always used to achieve
tive Innovation Center of Suzhou Nano

rsity, Suzhou 215123, China. E-mail:

u.cn

7

this. However, this method oen requires high voltages,25,26

which can damage microuidics chips and has an effect on
biochemical substances in the droplets. A novel concise
method is needed to solve this problem; thus, the ratchet-like
strategy is rst introduced.

It is well known that droplets on wetting gradient surfaces
can move along the design direction, and repeated squeeze-
release droplets can reduce the hysteresis caused by contact
angle hysteresis (CAH).27 In previous studies, the ratchet
mechanism has mainly been applied to uniform structures
(SPS, PPS or non-parallel plate structures). The case of
nonparallel plates has been most extensively studied.
According to research,28,29 droplets sandwiched between two
non-parallel plates with a hydrophilic surface were observed to
move toward the tip due to relaxing and squeezing the drop-
lets. This phenomenon has been speculated to be mainly
caused by the asymmetric depinning (AD) of droplets, which
means that the trailing edge remains pinned as the leading
edge advances during the squeezing process and that the
leading edge remains pinned as the trailing edge recedes
during the relaxing process.28,30–33 Later research found that
the droplet is transported not only by the AD but also by
symmetric depinning (SD), which means that both the leading
This journal is © The Royal Society of Chemistry 2019
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and trailing edges are advancing or receding.31 In fact, the
efficiency of the SD model is much lower than that of the AD
model. If the SD model is included in the transport process,
the movement efficiency of the liquid bridge will be reduced.30

Ataei et al.30,38 optimized the ratchet parameters to achieve
a more efficient ratchet cycle by decreasing the SD model.
Wang et al.34 demonstrated that hydrophobic saw-tooth plates
could improve the transport efficiency substantially by
obstructing the inefficient SD model. In addition to the
uniform structure, Huang et al.31 proposed a parallel–
nonparallel (P–NP) combinative structure for immersion
lithography; however, it cannot be used in hydrophobic situ-
ations. How to transport droplets from an SPS into a PPS,
which can be widely used in microuidics applications, has
not been investigated.

In this paper, a ratchet-like strategy is introduced to move
a droplet into hydrophobic parallel plates. First, we
demonstrate the process of the droplets entering the
hydrophobic PPS using a squeezing and relaxing (ratchet-
like) strategy. Second, the pressure on the droplet pinned
between the PPS and SPS is analyzed and simulated in detail.
On this basis, the reason why the droplet can enter the PPS
through the ratchet-like strategy is given theoretically and
veried by experiments and simulations. Finally, the control
parameters are analyzed and optimized, and a good perfor-
mance is obtained, which is veried by simulations and
experiments.
Fig. 1 (a) Initial position of the droplet before bridge formation. (b)
Initial position of the liquid bridge after bridge formation. The gap
width is represented by Hmax. (c) The bridge is squeezed for DH, and
the gap width is represented by Hmin. (d) Subsequently, the squeezed
liquid bridge was relaxed for DH toHmax to finish the ratchet-like cycle.
2. A novel strategy to move droplets
into hydrophobic PPS

This novel strategy was shown in Fig. 1. The entire control
system was placed horizontally, with the top and bottom plates
parallel to each other. Droplets were placed between the SPS
and PPS. The upper and lower interfaces of the SPS and PPS
were hydrophobic. The boundary of the liquid droplet in the
PPS was called the leading edge, and the boundary in the SPS
was called the trailing edge. The initial contact angle (CA) was
similar to the advancing contact angle (aa). Meanwhile, the top
plate was placed over the bottom plate with a set initial gap
width (Hmax). The bottom plate was moved horizontally toward
the top plate at a low speed (0.05 mm s�1); therefore, the
droplet was considered quasi-static. As soon as the top plate
touched the droplet, the bottom plate movement was stopped
immediately (Fig. 1a). Then, a liquid bridge was formed
between the PPS and SPS (Fig. 1b). Subsequently, a slow
downward movement of the top plate was carried out (0.4 mm
s�1) to squeeze the bridge for a distance of DH (Fig. 1b and c),
and then the liquid bridge was relaxed the same amount
(Fig. 1c and d). Aerward, the droplet could move toward this
hydrophobic PPS. The midpoint of the leading and trailing
edges (point O in Fig. 1b) was used as the reference point to
measure the distance of the liquid bridge movement in the
horizontal direction. This liquid bridge movement was
marked as DX (as in Fig. 1d), and the direction toward the PPS
was recognized as positive.
This journal is © The Royal Society of Chemistry 2019
3. Analysis of the pressure applied on
the droplets pinned between the SPS
and PPS

We rst analyzed the pressure on the droplets pinned between
the PPS and SPS. As shown in Fig. 2a, the variables on the prole
are dened, and H and a are the width of the gap and the CA in
the PPS, respectively. The intersections of the leading edge with
the top and bottom plate are labeled b1 and a1, respectively, and
those of the trailing edge with the top and bottom plate are
labeled b2 and a2, respectively. o2 represents the intersection
point between the top plate side surface and the bottom plate
interface, and o1 represents the intersection point between the
vertical extension line of the top plate side surface and the
bottom plate, which also divides the bottom plate into two SPS
and PPS zones. La represents the length of the droplet in the
PPS, Lb represents the length of the droplet in the SPS (o1a2),
and Lc represents the length of the droplet on the plate (o2b2). q
and b represent the wetting angles between the droplet and the
top plate side surface 7 and the bottom interface of the SPS,
RSC Adv., 2019, 9, 32278–32287 | 32279



Fig. 2 (a) Schematic diagram of the droplet pinned between the SPS and PPS. (b) Simulations to determine exactly how the pressure difference
(DP) is affected by various parameters (aa, qa and H).
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respectively. Then, the pressure in the PPS, which is labeled Pw1,
can be written as follows:

Pw1 ¼ g

�2 sin
�
a� p

2

�
H

þ 1

Rt1

�
þ Pa (1)

Similarly, the surface tension of the SPS, which is labeled
Pw2, can be calculated by the following formula:

Pw2 ¼ g

��cos qþ sin b

Lb

þ 1

Rt2

�
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¼ g

�
sin q� cos b
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þ 1

Rt2

�
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where Pa is the atmospheric pressure and Rt1 and Rt2 are the
horizontal curvatures of the pinned droplet in the PPS and SPS,
respectively. Therefore, the pressure difference between the PPS
and SPS (DP ¼ Pw2 � Pw1) can be represented as:

DPzg
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� 1
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sin q� cos b

H þ Lc

þ 1

Rt2

þ 2 cos a

H
� 1
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�
(3)

From the equation, we nd that when the droplets are on the
hydrophobic surface (a > 90�), a and DP are negatively corre-
lated—the smaller is a, the greater is DP. H is positively corre-
lated to DP; thus, the larger is H, the larger is DP. However,
because of the coupling of q and b and their correlation with Lb
and Lc, it is difficult to analyze the relationship between q, b and
DP directly. Therefore, the such relationships were also studied
based on the simulation results.
3.1 Analysis of the Laplace pressure based on simulations

Without considering CAH (aa ¼ ar, qa ¼ qr), we discussed the
inuence of aa, qa and H through simulations. During the
simulations, the volume of the droplet is set to 0.69 mL. Since
32280 | RSC Adv., 2019, 9, 32278–32287
the gap width is related to the volume of the droplet, to
calculate the minimum gap width, the parameter ð ffiffiffiffi

V3
p Þ is

multiplied. The results are shown in Fig. 2b, in which the
curves represent the situation when DP ¼ 0. The upper and
lower parts of the curves indicate that the droplets tend to
move inward or outward, respectively. The pressure difference
is related to the vertical range between the actual parameters
and the relevant curves. For example, if the actual experi-
mental parameters are aa ¼ 100�, qa ¼ 90� and H ¼ 0.6 mm
(point A), then the corresponding point on the curve is point B.
Therefore, DP is positively related to the length of segment AB.
According to these results, three conclusions can be drawn.
First, a larger gap width is benecial to droplet inward motion.
Second, for a constant aa, a larger qa promotes inward motion
(a bigger DP). But as qa increases, the change rate of the gap
width (H) versus qa curves decreases, which illustrates the
weaker inuence of qa on DP. Third, contrary to the effect of qa,
as aa increases, a larger gap width is needed to achieve inward
motion, which also means that a larger aa hinders the inward
motion.
3.2 Hysteresis force induced by CAH

The inuence of CAH on droplet motion is mainly reected by
the inuence of CA in eqn (1) and (2). Because of CAH, contact
angles a, q and b are no longer xed values but are ranges of
quantities, i.e., a, b ˛ (ar, aa) and q ˛ (qr, qa), which are the
reasons why CAH hinders the inward motion. For example,
when a¼ aa ¼ 100�, the droplet tends to move inward, that is to
say, Pw1 < Pw2 without considering CAH. But due to the function
of CAH, although a is still close to aa (Pw1 remains roughly the
same), b can be smaller than aa, and q can also be smaller than
qa. Therefore, according to eqn (2), Pw2 can be smaller. If Pw2 is
no longer larger than Pw1, then there won't be inward motion.
From this result, it can be found that a larger CAH (aCAH and
qCAH) can cause a larger hysteresis force to hinder the motion
into the PPS.
This journal is © The Royal Society of Chemistry 2019



Fig. 3 Simulation process of the formation of a liquid bridge and the
squeezing and relaxing actions of droplets. (a) Initial state of the
droplet before the simulation. (b) Simulation diagram after the
formation of the liquid bridge. (c) Simulation diagram after squeezing
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4. Analysis of droplet transport into
the PPS by the ratchet-like strategy
4.1 Experiment and simulation fundamentals

4.1.1 Experiment fundamentals. In the following experi-
ments, glass was chosen as the plate material, and the surfaces
were cleaned ultrasonically for 10 minutes. Subsequently, the
upper surface of the bottom plate and the lower surface of the
top plate were treated with hydrophobic materials. Upon
placing droplets on different surfaces, we recorded and
measured their actual contact angles using a CCD camera. The
rst type of material was Teon-AF1600 (DuPont). The receding
and advancing contact angles of the Teon-coated sample were
approximately 99� and 119�, respectively, with an error of 3�.
The other type was hydrophobic-treated SiO2, which had an
advancing angle of 100� and a receding angle of 80�, with an
error of 3�. The receding and advancing contact angles of the
nontreated sample were approximately 45� and 75�, respec-
tively, with an error of 3�. The motion of the top plate was
precisely controlled and located using amicro-motion platform.
To ensure that the droplet was in the quasi-static state, the
movement speed was set to 0.4 mm s�1. To better observe the
droplet motion process, a red background light was added in
the experiment, and a charge coupled device (CCD) camera was
used to record this process. Deionized water was used as the
experimental object in the experiment. The experiments were
repeated four times, and similar results were obtained. The
capillary number Ca ¼ mu/g (the velocity is small) and the bond
number Bo ¼ grL2/g (in scale of 10�2) were small. Here, g is the
surface tension coefficient and L was the characteristic length.
Therefore, the entire process was treated as quasi-static, and the
inuence of gravity on the whole process was neglected. In
addition, since the experimental process was transitory, and the
effect of droplet evaporation was also neglected.

4.1.2 Simulation fundamental. In this paper, an improved
model based on Surface Evolver is used to simulate the motion
of a droplet from the SPS into the hydrophobic PPS. Surface
Evolver is a simulation soware used to research uid stability
under the inuence of surface tension and other energy and
various constraints.35 In previous research, a simulation of
droplets pinned between the SPS and PPS has been studied by
Berthier,25 but there are still two shortcomings in the analysis.
First, the effect of the side surface was ignored. Second, the
impact of CAH on the equilibrium state was not taken into
account. To address the rst problem, a hydrophilic side
surface is added to the model, which coincides with the prac-
tical application. To solve the second problem, an approach
proposed by Santos and White36 is adopted to implement CAH.
This approach is achieved by adding a force of friction (the
magnitude of which depends on the CAH). In this way, it can be
ensured that the contact line only moves when the contact angle
is beyond the advancing angle (aa) or below the receding angle
(ar).

4.1.3 Simulation process. Overall, the whole simulation
process has two periods. The rst is bridge formation, and the
other is motion based on the ratchet-like strategy. In this paper,
This journal is © The Royal Society of Chemistry 2019
we pay more attention to the second period, but fundamental
information about the bridge forming period is also provided
here. Bridge forming (Fig. 3a and b): When the droplet on the
bottom plate touched the side surface of the top plate, the liquid
expanded into the PPS with aa (by capillary force), wetted along
the side surface with qa, and receded in the SPS with ar.
Therefore, the CAs on the bottom surface in the PPS approached
aa, while those on the bottom surface in the SPS were close to ar.
Ratchet-like motion (Fig. 3b–d): Aer the equilibrium state was
achieved, the top plate was vertically moved to squeeze the
bridge step by step in intervals of 0.001 mm. In each step, the
bridge shape was reformed with the change of the gap width.
Aer the squeezing process, a similar relaxing process was
carried out via moving upward step by step in 0.001 mm
increments. Simulations were performed using surfaces with
different material parameters and control parameters one by
one. It's worth emphasizing that the experimental and simula-
tion results were consistent (as shown in Fig. 5–7 and 9).
4.2 Process of moving the droplet into the PPS by ratchet-
like strategy

From the above experiment, we found that two necessary and
sufficient conditions must be satised if this inward motion is
to be achieved. (1) In the process of relaxing, the tailing edge
must rst reach the receding angle. (2) In the process of
squeezing, the leading edge must rst achieve the advancing
angle. Based on these two requirements, we have carried on the
analysis below.
the liquid bridge. (d) Simulation diagram after relaxing the liquid bridge.

RSC Adv., 2019, 9, 32278–32287 | 32281



Fig. 5 First and second ratchet cycle used to illustrate the ratchet-like process. (a) Leading and trailing edges (b) the CAs on the bottom surface
versus the ratchet-moving process in the first ratchet cycle. (c) Leading and trailing edges. (d) The CAs on the bottom surface versus the ratchet-
moving process in the second ratchet cycle.

Fig. 4 (a) Schematic diagram of the initial state before relaxing. (b) Instantaneous analysis diagram of the contact angles during the relaxing
process. (c) Overall relaxing and squeezing process analysis of contact angles a and b.

32282 | RSC Adv., 2019, 9, 32278–32287 This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Motion of the bridge with the ratchet process under the
reference conditions but with three different values of H0 at 0.4 mm,
0.5 mm and 0.6 mm; thus, the results are from both simulations and
experiments.
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4.2.1 Analysis of the rst requirement. First, we dene the
parameters of the droplets during relaxing action. The param-
eters in Fig. 4a are consistent with the previous denition.
Fig. 4a is the state before the relaxing process. Fig. 4b is the
pinned period during the relaxing process. In this gure, the
intersection points of the leading edge with the top and bottom
plates are b01 and a01, and the intersection points of the trailing
edge with the top and bottom plates are b02 and a02. c1 in Fig. 4b
also indicates the point labelled b2 in Fig. 4a, so we get
a02c1 ¼ a2b2. Point c2 in Fig. 4b is the intersection point between
the extension line of a02c1 and the dashed circle (equal curvature
circle). The chord a01b

0
1 is marked as chord 1, and the chord a02c2
Fig. 7 Motion of the bridge with the ratchet process under the reference
0.4 mm. The results are from simulations and experiments.

This journal is © The Royal Society of Chemistry 2019
is marked as chord 2. We assume that H ¼ H0 + DH. Here, H0 is
the initial width of the gap, and DH is the rising distance of the
top plate. Because the pressure in the droplet is negatively
correlated with the width of the gap and the radius of curvature
R, DH f R, we can assume that R ¼ R0 + mDH, where m is the
parameter decided by the droplet movement process and R0 is
the initial radius of curvature in the droplet.

Then, we can compare the relationship between a and
b during the relaxing process. According to Fig. 4b, it can be

found that a ¼ p

2
þ arcsinðLCH1=2RÞ and

b ¼ :c1a02a
0
1 þ arcsinðLCH2=2RÞ. Since :c1a02a

0
1 is a constant

value, the comparison between the change rate of a and b is
really the comparison between LCH1/2R and LCH2/2R. The values
of LCH1/2R and LCH2/2R can be calculated as:

LCH1/2R ¼ (L0
CH1 + DH)/(R0 + mDH) ¼ (L0

CH1 + DH)/(R0 +

mDH) (4)

LCH2=2R ¼ sin

�
arcsin

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ Lb

2

q �
2R

	
þ arctan

�
Lb

H0 þ LC

�

� arctan

�
Lb

d

	�

¼ �
L0

CH2 þ nDH
�
ðR0 þmDHÞ

(5)

where n is a parameter indicating the change rate of LCH2 and
d¼H0 + LC + DH. L

0
CH1 and L0CH2 are the initial lengths of chord 1

and chord 2, andH0 is the initial width of the gap. Since the rate
of change of R is much greater than the rate of change of DH, m
[ 1. Then, LCH1/2R z L0CH1/(R0 + mDH) and LCH2/2R z L0CH2/
(R0 + mDH). So, we can get:

db

dH
z

L0
CH2

L0
CH1

da

dH
(6)
conditions but with three different DH at 0.1 mm, 0.2 mm, 0.3 mm and

RSC Adv., 2019, 9, 32278–32287 | 32283



Fig. 8 Simulation of the value of DX versus |DH| for the same situation
as shown in Fig. 3 but with three different values of Hup at 0.2 mm,
0.3 mm and no limit.
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Therefore, since L0CH2 > L0CH1 (according Fig. 4a), the change
rate of b with DH is larger than the change rate of a with DH. In
addition, since the initial value of b is smaller than a, during the
relaxation process, b is always smaller than a. In other words,
the rst requirement can be satised.

4.2.2 Analysis of the second requirement. Aerward, the
relationship between contact angles a and b during the
squeezing process was also analysed. Compared to the relaxing
process, the parameters La, Lb are changed (La increase, Lb
decrease), but LC maintains a similar value (sliding along the
side surface is not considered here). According to eqn (4), La has
little effect on the value of LCH1, which means that the change
Fig. 9 Experiments using the optimized ratchet cycle with different to
transport generated by the relaxing and squeezing cycles of the combi
advances towards the PPS, and during the relaxing process, the trailing c
and simulations are consistent. Two ratchet cycles are required for the dro
different top plate thicknesses based on the simulations and experiment

32284 | RSC Adv., 2019, 9, 32278–32287
rate of a during relaxing and squeezing processes is similar.
Conversely, according to eqn (5), the smaller is Lb, the smaller

are change rates of the term arcsinð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ Lb2

p
=2RÞ and the term

arctan [Lb/(H0 + LC)] � arctan(Lb/d), the smaller is the change
rate of the length of chord 2, and the smaller is the change rate
of contact angle b. Thus, it can be seen that the change of
contact angle b during the squeezing process is slower than that
in the relaxing process. Therefore, compared with b rapidly
reaching the receding angle during the relaxing process, it is
much more difficult for b to reach the advancing angle. This
leads to satisfaction of the third requirement.

4.2.3 Overall process analysis. By combining the above
analyses, we obtain a schematic diagram of the changes of the
contact angles during the whole relaxing and squeezing
process, as shown in Fig. 4c. The red line is the prediction line
of CA a, the green line is the prediction line of CA b, and the
blue line is the theoretical curve of the width of the gap. (a)–(c) is
the relaxing process, and (c)–(e) is the squeezing process. First,
in the process of (a) and (b), b approaches ar faster than a.
Second, in the process of (b) and (c), the receding movement
occurs rst in SPS, and due to this displacement, the a reduc-
tion also slows. Third, in the process of (c) and (d), compared
with the relaxing process, the change rate of a is the same, but
the change rate of b decreases (the green dotted line changing to
a green solid line). So, when the slope is low enough, a will
reach aa rst. Finally, in the process of (d) and (e), advancing
movement occurs in the PPS rst, and due to this displacement,
the decrease of b also slows. On the basis of these four
processes, we can predict the changes of the contact angles
throughout the whole ratchet motion. Through this prediction,
we nd that the droplet can conduct directional motion. This
illustrates that the main cause of droplet movement through
the ratchet strategy is the asymmetric change of CAs a and
b induced by the asymmetric structure.
p plate thicknesses. (a) Time sequence illustrating the water droplet
ned structure. During the squeezing process, the leading contact line
ontact line recedes away from the SPS. The profiles of the experiments
plets to fully enter the PPS. (b) Comparisons of themoving efficiency of
s.

This journal is © The Royal Society of Chemistry 2019
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4.2.4 Verication by simulations and experiments. Finally,
we veried the above analysis via experiments and simulations.
The result of the inward motion in the rst two cycles aer
bridge formation is shown in Fig. 5. The bridge is squeezed and
relaxed from Hmax ¼ 0.5 mm to Hmin ¼ 0.3 mm (marked as the
reference condition, which is also point D in Fig. 2b).

In the rst cycle, three processes were performed, as shown
in Fig. 5a. First, the bridge started to move toward the PPS
directly, but the trailing edge remained pinned (A and B in
Fig. 5a). Second, the bridge was relaxed. At this stage, since the
contact lines were pinned by CAH, no obvious movement of the
liquid bridge was observed (from B and C in Fig. 5a). Mean-
while, a and b decreased, and according to the period B and C in
Fig. 5b, b (about 140� mm�1) had a faster decreasing speed than
that of a (about 50� mm�1). Third, when b quickly reached the
receding angle ar, the trailing edge started to recede towards the
PPS (C and D in Fig. 5a), while the leading edge was pinned.

In the second cycle, four processes were performed, as
shown in Fig. 5c. Compared with the rst cycle, we found that
a pinned period occurred at the beginning of the squeezing
process. At this stage, the contact line remained pinned while
a and b increased. Since a and b were within the CAH interval,
no inward motion was observed (the leading edge and trailing
edge remained stationary in Fig. 5c). The corresponding CA
change processes are shown in Fig. 5d, and it can also be found
that b decreased (about 250� mm�1) much faster than did
a (about 69� mm�1) during the relaxing process, in addition to
b having a faster decreasing speed (about 250� mm�1) in the
relaxing process compared to the increasing speed (about 95�

mm�1) in the squeezing process. All of these ndings are
consistent with our previous analysis.

The above example validates our theoretical analysis indi-
cating that the main cause of droplet movement through the
ratchet strategy is the asymmetric change of CAs a and b during
the squeezing and relaxing process, which has never been
mentioned in previous studies. In addition to exploring the
reasons why this strategy can be implemented, we have also
optimized this method to achieve a higher transport efficiency.
We found that the critical factors determining the efficiency of
the inward motion mainly include two characteristics.

(a) The length of the “pinned period”: The range of |DH|,
which is used to overcome the contact line pinning at the
beginning of relaxing or squeezing, is an important factor
affecting the efficiency.

(b) The “change rate” of DX versus |DH| (|dX/dH|): when the
bridge begins to move, the movement efficiency is determined
by the change rate of DX versus |DH|. A larger |dX/dH| will cause
a larger distance of horizontal motion with the same change of
|DH|, which also means a higher efficiency.

To achieve better inward motion performance of the bridge,
the effects of various parameters are discussed and optimized in
the following subsections.
4.3 Effect of the parameters on DX

4.3.1 Effect of the control parameters (H0, DH) on DX. In
this subsection, we discuss the method of optimizing the
This journal is © The Royal Society of Chemistry 2019
motion by varying the control parameters according to the
corresponding simulation and experimental results.

The effect of H0 is rst addressed. The motion of the bridge
under the reference conditions and with three different values
of H0 (varying from 0.4 mm to 0.6 mm) is demonstrated. The
results are shown in Fig. 6, where it can be found that varyingH0

has two main effects on the inward movement. A larger H0 (0.6
mm, 0.5 mm and 0.4 mm, respectively) corresponds to a smaller
pinned period (0.02 mm, 0.04 mm and 0.06 mm, respectively)
and a slightly larger |dX/dH| (0.50, 0.48 and 0.44, respectively).
These observations can be explained by the pressure difference
between the PPS and SPS demonstrated in Section 3.1. As shown
in Fig. 2b, points C, D, E, and F represent the situation when H0

¼ 0.6 mm, H0 ¼ 0.5 mm, H0 ¼ 0.4 mm and DP ¼ 0. Since CF >
DF > EF, a stronger tendency (larger pressure) of inward motion
will be caused when H0 is larger, and then a smaller pinned
period and a larger value of |dX/dH| will be produced.

The effects of DH are also addressed. The motion of the
bridge under the reference conditions and with four different
values of DH (from 0.1 mm to 0.4 mm) is demonstrated. The
results are shown in Fig. 6a, where it can be found that a larger
DH can increase the inward movement, but when DH > 0.2 mm,
there are some “inefficient” processes. This is mainly caused by
two factors. First, during the squeezing process, according to
the pressure analysis in Section 3.1, the force pressure on the
droplet will gradually change from inward to outward, which
will hinder or even stop the droplet's inward movement into the
PPS (shown as the “Inefficient squeezing” part in Fig. 7a).
Second, during the relaxing process, the droplets slide on the
side surface due to excessive liing of the top plate (DH > 0.2
mm, as shown in Fig. 7b). This downward sliding motion
prevents the droplet from moving backward in the SPS. This
greatly reduces the efficiency of the droplets' entry into the PPS
(“Sliding part” in Fig. 7a). Thus, it is crucial to nd the appro-
priate DH to achieve efficient droplet movement.

4.3.2 Effect of the thickness of the top plate on DX.
Because a greater qa can promote inward motion (as explained
in Section 3.1), we estimate that a thinner top plate (has
a similar function of larger qa) will produce a better drive
performance. We verify this idea through simulations. As
shown in Fig. 8, the value of DX versus |DH| is plotted for the
same situation as used for the reference point but with three
different values of HUP. It can be found that varying HUP has two
main effects on the inward movement. A smaller HUP (0.2 mm,
0.3 mm and no limit, respectively) corresponds to a smaller
pinned period (0.00 mm, 0.02 mm and 0.05 mm, respectively)
and a larger |dX/dH| (1.25, 0.75 and 0.31, respectively). There-
fore, the results prove our idea that a better performance can be
achieved with a thinner top plate during the whole ratchet cycle.
4.4 Optimizing the ratchet cycle by adjusting the parameters

Finally, experiments with optimized parameters were carried
out (V ¼ 1.5 mL and HUP ¼ 0.6 mm) to verify our analysis. In
these experiments, the top/bottom surfaces were hydrophobic-
treated (aa z 100�, aCAH z 20�), while the side surface was
untreated (qa z 75�, qCAH z 30�). As shown in Fig. 9a, when we
RSC Adv., 2019, 9, 32278–32287 | 32285
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chose an appropriate H range (0.5–0.9 mm) so that the droplets
could move directionally through ratchet-like motion with high
efficiency, two ratchet cycles were required for the droplets to
fully enter the PPS. The simulations were consistent with the
experiments (the proles of the simulation and experimental
results were consistent). To highlight the better performance of
the thin top plate, the moving distance (DX) of the liquid bridge
with a limited (0.6 mm) and a sufficient top plate thickness were
compared through simulations and experiments. The results
are shown in Fig. 9b, where it can be found that a smaller HUP

(0.6 mm and no limit, respectively) corresponds to a smaller
pinned period (0.03 mm and 0.06 mm, respectively) and a larger
|dX/dH| (0.50 and 0.31, respectively), which is consistent with
our analysis above.
5. Conclusions

In summary, experimental and numerical approaches, as well
as a theoretical analysis, were employed to study the process of
a droplet moving into hydrophobic parallel plates. A ratchet-like
strategy was used for the rst time to transport the droplets into
the hydrophobic parallel plates. In this work, from a static point
of view, we analyzed the force applied to the droplet. Aerward,
we provided the reason that why this strategy can achieve
droplet entry into the PPS from the theoretical point of view,
which was veried by experiments and simulations. Then, the
functions of the control parameters (H0, DH) and the thickness
of the top plate regarding the efficiency of the movement were
researched. Finally, an optimized ratchet cycle was carried out
to verify our analysis.

Compared with previous studies,25,30,31,37,38 the present
strategy provides the following new advances.

(a) A new method of transporting droplets into hydrophobic
parallel plates was proposed. Since only mechanical forces are
required, this means that no electric elds or other methods
that might affect biological or chemical substances are needed,
making the method safer for many biochemical applications.

(b) We creatively put forward that the asymmetric change of
the CAs induced by the asymmetric structure is the funda-
mental cause of this kind of motion.

(c) The length of the chord is used for the rst time to express
the change rate of the contact angle, from which we can easily
determine whether the directional motion of the liquid bridge
can be achieved by such a ratchet or ratchet-like strategy.
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