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1 Introduction

Coalescence of droplets on micro-structure
patterned hydrophobic planar solid surfaces

Guiping Zhu,? Hui Fan,® Hulin Huang® and Fei Duan*®

The motion and coalescence of sessile liquid droplets on patterned solid surfaces are investigated
systematically in terms of the liquid and substrate surface properties. A patterned silicon surface is
decorated with circular pillars. The fabrication of the substrate is carried out by following standard
photolithography. A thin photoresist layer of AZ-9260 on the pillars makes the surface exhibit
superhydrophobic properties. The pillars are obtained using a deep reactive-ion etching process. Due to
the deposited material and the increment of surface roughness, the liquid wetting behavior varies
dramatically. The wetting properties of deionized water droplets on the patterned surface are examined
to improve the understanding of the coalescence process. The coalescence of droplets is realized using
capillary force on one of the droplets sitting at the boundary of surfaces with and without micro-patterns.

application. For example, superhydrophobic surfaces are gain-

Droplet movement and coalescence are important processes in
both fundamental and applied areas. The phenomena are
related to industrial applications including phase separation,
spray coating, microfluidic actuators, etc.' For example, in
droplet-based digital microfluidics, the liquid droplets are
manipulated to move and coalesce on a planar surface. The
droplets can work as a vehicle for transporting reagents. The
confined space in a droplet represents an ideal reactor for
chemical and biochemical processes. A solid surface allows the
implementation of droplet-based microfluidic systems that
handle droplets individually. The wettability change and
motion inception of sessile droplets can be achieved using
external forces such as chemical,® thermocapillarity,>”
lighting,®® electrostatic,""* and magnetic forces."”" These
active manipulations of droplets commonly require additional
components, which increase the cost and complexity of the
microfluidic devices. Many efforts have been devoted to
utilizing the properties of liquids and the dispensed solid
surface. One simple and straightforward realization is gravity-
based droplet actuation using inclined planes. The droplet
can roll or slide down the surface depending on the interfacial
forces, the roughness of the surface,"*** and the size of the
liquid droplet.***” This has been investigated using theoretical
and experimental studies'®*?° as well as computational simula-
tions.”* More importantly, the modification of the surface
properties offers novel functions of the device and thus the
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ing increasing interest due to potential applications such as
self-cleaning windows, nanofluidic devices, superhydrophobic
(repelling dirt/water) fabrics, and anti-icing strategies.?>?*
Condensed water microdroplets are demonstrated to exhibit
self-propelled jumping behavior when introducing micropore-
array nanostructures on solid substrates.>** In addition to the
nanostructure equipped superhydrophobic surfaces, coating
with an aqueous lubricating layer can also provide adhesion
reduction on the solid substrates, which is much more efficient
for anti-icing or anti-fogging applications.?*?® The induced
motion inception results in coalescence behavior of liquid
droplets. Controllable droplet coalescence also provides an
important approach to realize reactions within droplets.* In the
early stages, considerable efforts have been devoted to research
on the coalescence of droplets floating in a liquid medium.****
As the development of applications in a wide variety of fields
continues, numerous studies have been dedicated to research-
ing the characteristics of coalescence between two droplets.
Qian and Law®* showed that a permanent coalescence would be
realized only if the Weber number is smaller than a critical
value, which depends on the impact parameter B = x/(2R), with
x representing the distance between the centers of the droplets
along the moving direction, and R being the radius of the equal-
sized droplets. The attainment of coalescence is further found
relating to the surroundings, surface tension, and viscosity of
the droplets.

Rapid coalescence can be achieved through manipulating
discrete droplets inside micro channels,*?* on confined
plates,® or on solid substrates with hydrophobic properties.
However, the investigation of coalescence between discrete
droplets dispensed onto a solid surface has received remarkable
attention for important practical applications. Two stages are
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mentioned during the coalescence process of sessile droplets.
The first stage, which is an initial formation of a meniscus
bridge, has been extensively explored for its significant impor-
tance in applications where the droplets totally wet the surfaces.
Based on lubrication theory, the theoretical governing equation is
derived for the evolution of the resulting thin film upon coales-
cence without considering the gravitational effect.*® In addition,
Diez and Kondic*” proposed a computational method for con-
ducting a three-dimensional thin film flow including surface
tension as well as gravity forces. Recently, the volume-of-fluid
method was applied in a numerical simulation of the genera-
tion of the meniscus bridge for coalescence between a pair of
equal-size sessile droplets.*®
kinetics of droplets’ coalescence on a solid surface, can be
examined experimentally and theoretically.*>*’ In addition to the
critical factors for the freely-suspended droplets, the motion of
the triple contact line was found to be strongly prominent for
coalescence kinetics of sessile droplets.*® An experimental study

The second stage, which is the

was implemented to reveal the coalescence dynamics of droplets
sitting on hydrophobic surfaces.** The extensive effects of the
initial conditions and surface properties were also investigated.*>

Various surface modifications can be achieved using micro-
fabrication technology, and hence different wetting character-
istics on surfaces can be controllable. The micro-structured
surfaces are applicable for wettability change and motion of
liquid droplets based on specific designs. Therefore, it is
important to study the properties of the patterned surfaces
through liquid wetting studies. Due to the self-propelled
behavior under special wettable conditions, we aim to realize
droplet coalescence on the boundary of superhydrophobic and
hydrophilic substrates. As far as we know, the kinematics of
droplets under these circumstances have not been discussed
systematically in terms of the microstructure design, droplet
size, etc. In this paper, we present the surface treatment using
standard lithography followed by deep reactive-ion etching
(DRIE) to produce three different substrates fabricated on
silicon wafers. Based on the understanding of liquid wettability
on the patterned surfaces, rapid droplet coalescence can be
realized with one droplet approaching another stationary one
from the wettability boundary. This is potentially applicable in
mixing and coalescence for chemical and biochemical assays.
We systematically present the droplet distribution during the
whole process. Furthermore, the kinematics of the droplet are
discussed on the basis of the design of the substrates and the
approaching droplet size. In the experiments, one of the drop-
lets was dispensed at the boundary of two regions (one region is
flat while the other region is patterned). Instead of using
external active sources such as electric and magnetic forces, the
movement and coalescence of droplets were produced by the
capillary force on the droplet.

2 Materials and experiments

A silicon substrate was used for the experiments. The polished
surface of the substrate was decorated with arrays of circular
pillars at different diameters and interval sizes. Due to the limit
of wet etching in achieving homogeneous treatment, the height
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of the pillars was considered to be at the value of around 100
um. The time and velocity for etching was set to be the same in
order to obtain identical heights of the pillars. As a result, the
effect of pillar height was not examined in this work. However,
the wettability of the liquid droplet on the structured surface
always follows the Cassie-Baxter model.

Fig. 1(a) shows the detailed procedure for the fabrication
using soft lithography. AZ-9260 was spin coated onto a cleaned
4-inch silicon wafer. It was followed by the soft baking process,
where the AZ-9260 layer was hardened onto the silicon substrate
(step 1). The configuration of pillars was designed and printed
on a 5 x 5 inch plastic film. The mask was then used to carry
out the UV exposure (step 2). Subsequently, an AZ-400K/water
solution was used for the development of the AZ-9260 mold
(step 3). In step 4, a deep reactive-ion etching process was per-
formed to form pillars with heights around the value of 100 um.
Focused views of the different specimens fabricated on silicon
wafers are presented in Fig. 1(b)-(d). The specimens in
Fig. 1(b)-(d) are named I, II, and III in order to facilitate the
following description and discussion. The characterizations of
I, II, and III are listed in detail in Table 1. They have increasing
pillar intervals from 25 pm to 100 um, but share the same pillar
diameter and height at 50 pum and 100 um, respectively.
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Fig. 1 Fabrication of microchannels with soft lithography. (a) The
fabrication process (step 1: AZ-9260 spin coated on a silicon wafer;
step 2: UV exposure with a mask; step 3: development of AZ-9260
mold; step 4: DRIE). (b) Image of specimen |, (c) image of specimen I,
and (d) image of specimen Ill.
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Table 1 Characterizations of the pillars in specimens |, I, and IlI

Interval
Specimen Height (um) Diameter (um) (um)
I 100 50 25
I 100 50 50
II1 100 50 100
. Advancing ¥y

Receding contact

contact angle

angle X

AZ 9260\

Silicon
pillar

Distance between two droplets

Fig. 2 The schematic setup for the capillary-induced droplet motion.

Mili-Q grade II deionized (DI) water was used to prepare the
droplet. The droplet shape can be estimated to be spherical
when the Bond number, Bo, is < 1, where Bo = ApgL?*/c in which
Ap, g, L, and o indicate density difference, gravitational accel-
eration, characteristic length, and surface tension, respectively.
In order to get a small Bond number (Bo < 1), the size of the
liquid droplet dispensed was controlled. The kinematics of the
droplets were investigated by droplet self-propulsion under
capillary force. A micropipette (Finnpipette F1, Thermo Scien-
tific, United States) is capable of dispensing droplets with
different volumes ranging from 1 pL to 10 pL. In the experiment
shown in Fig. 2, a droplet is dispensed on the boundary that

-
COM €¢—

High speed camera

A

Mirror

N

\.

Front view

S S N N\

[ Ny R ——

Side view

Fig. 3 Schematic diagram of the imaging system that could provide
both top and side views at the same time.
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distinguishes the portions with and without micro-patterns.
There should be a wettability gradient between the two sides.
Consequently, the force balance on the triple contact line of the
droplet is broken up. The resultant capillary force drives the
droplet to move towards the side without micro-patterns. The
coalescence of the two droplets can be achieved and this can
potentially be used for chemical and biochemical assays.

The experimental setup is shown in Fig. 3. A high speed
camera is mounted on a mounting stand rotated by 90 degrees,
with the lens pointing downward. A 45 degree prism mirror is
placed close to the water droplet that is dispensed onto the
specimen. The 45 degree prism mirror is able to reflect the side
view of the water droplet to the camera, hence enabling the
camera to obtain both the top and side view of the water droplet
reaction on the specimen at the same time. Through the use of
a pipette, the volume of the droplets can be precisely controlled
to maintain consistency. Calibration in the experiments is
carried out using a ruler inserted into the image region.

3 Results

The capillary force induced motion of droplets sitting on the
transition of hydrophobic and hydrophilic surfaces is proven to
be a success on all three of the specimens investigated. The
droplet sitting on the transition line is observed to gain the
capillary force to break itself off the tip of the pipette and move
completely to the side with the hydrophilic surface.

The experiment is carried out with a fixed volume stationary
droplet of 5 pL and approaching droplets of 5 pL, 7 pL, and 9 pL.
The stationary droplet is dispensed onto the silicon wafer
surface adjacent to the modified surface while the second
droplet is dispensed onto the transition line. Fig. 4-6 show the
side views of a 5 uL droplet merging with a second 5 pL droplet
on specimens I, II, and III.

In order to quantify the movement and coalescence effi-
ciency based on the capillary-induced droplet motion, the
distances between two droplets are plotted in Fig. 7. The
distance is measured from the center line of the stationary
droplet to the end of the moving droplet, as shown in Fig. 2. The
moving droplet moves towards the stationary one after it
detaches from the pipette tip. For specimen I, with the lowest
pillar interval, the distance between the droplets reduces the
slowest and the spreading of the resultant merged droplet is
strongest of the three specimens. For specimen III, with the
highest pillar interval, the distance between the droplets
reduces more quickly and the spreading of the resultant merged
droplet is weakened. These results agree well with our previous
discussion suggesting a larger pillar interval will result in the
surface of the specimen having stronger hydrophobicity. As
a result, the droplet coalescence on specimen III is the fastest.

The capillary force on the approaching droplet depends on
droplet base diameter, water droplet surface tension, and
advancing and receding contact angles. The base diameter of
a droplet mainly depends on the liquid volume dispensed on
the superhydrophobic substrate. Fig. 8-10 illustrate the
distance between two droplets on all of the specimens with the
volume of the approaching droplet varying from 5 pL to 9 pL.

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Coalescence process of one 5 plL droplet with another 5 pulL droplet on specimen |, taken with focus on the top view (al-l1) and side view
(@a2-12): (@1) 0's; (b1) 0.012 s; (c1) 0.014 s; (d1) 0.016 5; (e1) 0.018 s; (f1) 0.020 s; (g1) 0.022 s; (h1) 0.024 s; (i1) 0.026 s; (j1) 0.028 s; (k1) 0.030 s; (11)
0.0325s; (a2) 0s; (b2) 0.014 s; (c2) 0.016 5; (d2) 0.017 s; (€2) 0.020 5; (f2) 0.024 5; (92) 0.031 5; (h2) 0.0325; (i2) 0.033 5; (j2) 0.034 5; (k2) 0.035 s; (12)

0.036 s.

Fig.5 Coalescence process of one 7 uL droplet with a 5 uL droplet on specimen Il, taken with focus on the top view (al-11) and side view (a2-12):
(al) 0's; (b1) 0.012 s; (c1) 0.014 s; (d1) 0.016 s; (e1) 0.018 s; (f1) 0.020 s; (g1) 0.022 s; (h1) 0.024 s; (i1) 0.026 s; (j1) 0.028 5; (k1) 0.030 s; (1) 0.032 s;
(@2) 0s; (b2) 0.0105s; (c2) 0.018 s; (d2) 0.020 s; (€2) 0.022 5; (f2) 0.024 5; (92) 0.026 5; (h2) 0.0285; (i2) 0.030 5; (j2) 0.032 5; (k2) 0.034 5; (12) 0.036 5.

|

eir -~

G S

l P azle b2 ? c2| :
T »

j2 k2

Fig.6 Coalescence process of one 9 uL droplet with a 5 pL droplet on specimen Ill taken with focus on the top view (al-11) and side view (a2-12):
(al) O's; (b1) 0.028's; (c1) 0.029 s; (d1) 0.030 s; (e1) 0.031 s; (f1) 0.032's; (g1) 0.033 s; (h1) 0.034 s; (i1) 0.035s; (j1) 0.036 5; (k1) 0.037 s; (11) 0.038 s;
(@2) 0's; (b2) 0.012s; (c2) 0.014 s; (d2) 0.016 s; (€2) 0.018 5; (f2) 0.020 5; (g2) 0.022 5; (h2) 0.024 5; (i2) 0.026 5; (j2) 0.028 5; (k2) 0.030 5; (12) 0.032 8.

When the volume of the approaching droplet increases, the
movement of the droplet is faster. However, the final distance
before droplet coalescence is larger as the approaching droplet
is wider. For the same size of droplet, the spreading of the liquid
on the surface is determined by the solid—gas, liquid-gas, and
liquid-solid interface tensions. As a result, the base diameter of
the droplet remains almost constant for the different cases. The
capillary forces vary as the receding contact angles are different.

This journal is © The Royal Society of Chemistry 2017

Based on the study of the contact angle variation for the
different specimens, which is presented in Fig. 11 and 12, the
increment in pillar intervals enhances the hydrophobicity of the
substrate. As a result, the structure of specimen III makes the
moving droplet approach the other one faster in order to realize
the coalescence process. For a larger droplet, the base diameter
increases accordingly, thus the capillary force promotes the
motion of the approaching droplet.

RSC Adv., 2017, 7, 23954-23960 | 23957
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Fig. 7 Distance between two droplets (a 5 puL droplet approaching a 5
uL stationary droplet) on solid surfaces with different surface patterns.
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Fig. 8 Distance between two droplets on specimen | with the volume
of the moving droplet varying from 5 uL to 9 pL.

4 Discussion

In order to obtain a better understanding of the droplet coa-
lescence process, a fundamental investigation is carried out on
the wetting properties of deionized water droplets on the
patterned substrates. Droplets with different volumes are
investigated in the experiments. In a static investigation, the
droplet is dispensed on the patterned portion of the surface.
The images of the droplets are taken for further analysis. The
static contact angle of the water droplet is measured to provide
the wetting condition. For comparison, the wetting of the water
droplet is first studied on a silicon substrate with homogenous
deposition of the photoresist layer. Based on the understanding
of the Cassie-Baxter model, the increase of roughness due to
the pillars would definitely increase the water contact angle on
a patterned surface. A sessile-drop technique is used for the
contact angle measurements using a Theta Optical Tensiom-
eter, a versatile system that is able to provide accurate
measurements of static and dynamic contact angles, surface

23958 | RSC Adv., 2017, 7, 23954-23960
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Fig.9 Distance between two droplets on specimen Il with the volume
of the moving droplet varying from 5 pL to 9 plL.
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Fig. 10 Distance between two droplets on specimen Il with the
volume of the moving droplet varying from 5 pl to 9 pL.

free energy, surface and interfacial tension, and interfacial
rheology. The liquid dispenser is integrated with a motorized
vertical movement, which is fully compatible and controllable
with the provided software, and also comes with an automatic
single liquid dispenser using disposable pipette tips that can
accurately dispense a volume ranging from 0.2 pL to 200 pL.
The wettability of liquids on each specimen has been
analyzed according to the contact angles of droplets. The
contact angles obtained from all of the specimens are critically
assessed for droplet volumes of 5 uL, 7 uL, 9 pL, 12 pL, 15 pL,
and 19 pL. The data obtained will then be analyzed according to
specimens with different pillar intervals. Furthermore, a trend
is illustrated to correlate the contact angles with the droplet
volumes on the same specimen. For all of the specimens shown
in Table 1, the droplet size on the specimens is fixed in order to
examine how the pillar intervals affect the contact angles. The
experimental results are given for a droplet with a volume at 7
pL. Initially, as shown in Fig. 11, the left and right contact
angles of the droplet sitting on a flat homogeneous surface
coated with AZ-9260 are measured to be 120.78° and 121.94°,

This journal is © The Royal Society of Chemistry 2017
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Fig.11 Contactangle for the 7 pL droplet sitting on the flat photoresist
layer and specimens |, Il, and Ill.
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Fig. 12 Left and right contact angles for different volumes of droplets
on specimen |.

respectively. The left and right contact angles vary with different
pillar intervals. As shown in Fig. 11, the left contact angles of
specimens I, I1, and III are 143.29 + 0.23°, 150.53 £ 1.48°, and
165.11 + 0.43°, respectively. The right contact angles of speci-
mens I, IT, and III are 140.53 + 0.18°, 148.83 + 0.81°, and 161.87
=+ 0.61°, respectively. As a result, the pillar structure makes the
surface have a higher hydrophobicity. A larger pillar interval
increases the contact angle of a water droplet sitting on the

This journal is © The Royal Society of Chemistry 2017
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surface. The change in the contact angle can be explained based
on the Cassie-Baxter wetting model, following the equation

cos 0* = rfcos Oy + f— 1, (1)

where r¢is the roughness ratio of the wetted surface area, fis the
fraction of solid surface area wetted by the liquid, 6* is the
apparent contact angle which is the subject of interest, and 6, is
the original contact angle of a real fraction of the composite
material. The roughness ratio of the specimens’ surfaces can be
measured using a Talyscan 150 by Taylor Hobson with an
inductive gauge. The value of the initial contact angle 6, is ob-
tained by measuring the contact angle with the Theta Optical
Tensiometer on the silicon wafer that is modified only with
a layer of the chemical AZ-9260 without the additional modifi-
cation of pillars. The Cassie-Baxter model states that liquid
would only come into contact with the heterogeneous top layer
and leave air below the uneven surface. In the Cassie-Baxter
equation, the fraction of the solid surface area wetted by the
liquid, f; is one of the important factors that can affect the
contact angle. With an increase of the pillar interval, the frac-
tion of the solid surface area wetted by the liquid would
decrease accordingly. The combination of the changes in ry and
finduces a surface wettability shift.

In addition, the effect of the liquid volume on the water
droplet’s wetting behavior is studied. For specimens I, II, and
III, all of the different volumes demonstrate the rather consis-
tent result of having an increase of the contact angle with the
increase of the pillar interval. To investigate the effect of
different droplet volumes on the same specimen, the experi-
mental data are analyzed; the contact angles vary with the
droplet volume. Fig. 12(a) and (b) present the effect of droplet
volume on the specimen I wetting properties indicated by the
left and right contact angles, respectively. This indicates a low
influence on the correlation between the droplet volume and
the contact angle in the range of micro-liter droplets.

5 Conclusions

The contact angles of droplets on specimens I, II, and III were
obtained experimentally by varying the droplet volume on all
the specimens. The collected contact angles were summarized
in order to analyze the factors affecting the contact angle.
Specimens I, II, and III had an increasing pillar interval and
displayed a corresponding trend of increasing contact angle.
The effect of the droplet volume on the different specimens was
also investigated. The contact angles on all the specimen
surfaces were observed to be independent of the variation of the
droplet volumes. Droplet width was investigated for the
dependence on the droplet volume. The capillary force gener-
ated by a droplet moving over a transition line of wettability was
used as an actuation mechanism to induce movement, which
eventually led to the coalescence of two droplets. The effects of
the different pillar intervals, contact angles, and droplet
volumes on the capillary force were discussed. The results
showed that specimens with a higher contact angle (more
hydrophobic) and a larger droplet volume produced higher

RSC Adv., 2017, 7, 23954-23960 | 23959
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capillary forces. Similarly, an increase in the droplet volume had
a direct influence on the length of the droplet base diameter,
hence increasing the capillary force.
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