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Abstract Droplet merging and splitting are important
droplet manipulations in droplet-based microfluidics. How-
ever, the fundamental flow behaviors of droplets were not
systematically studied. Hence, we designed two different
microstructures to achieve droplet merging and splitting
respectively, and quantitatively compared different flow
dynamics in different microstructures for droplet merg-
ing and splitting via micro-particle image velocimetry
(micro-PIV) experiments. Some flow phenomena of drop-
lets different from previous studies were observed during
merging and splitting using a high-speed microscope. It
was also found the obtained instantaneous velocity vector
fields of droplets have significant influence on the droplets
merging and splitting. For droplet merging, the probabil-
ity of droplets coalescence (1) in a microgroove is higher
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(50% < n < 92%) than that in a T-junction microchannel
(15% < n < 50%), and the highest coalescence efficiency
(n = 92%) comes at the two-phase flow ratio e of 0.42 in
the microgroove. Moreover, compared with a cylinder
obstacle, Y-junction bifurcation can split droplets more
effectively and the droplet flow during splitting is steadier.
The results can provide better understanding of droplet
behaviors and are useful for the design and applications of
droplet-based microfluidics.

Keywords Droplet-based microfluidics - Droplet
merging - Droplet splitting - Velocity vector field - Micro-
particle image velocimetry (Micro-PIV)

1 Introduction

Droplet-based microfluidics has attracted more and more
research attentions (Dou et al. 2016; Baroud et al. 2010;
Chen et al. 2015; Wu et al. 2015; Whitesides 2006) and
has very significant potential for material science appli-
cations and chemical and biological applications (Sharma
et al. 2013; Seemann et al. 2012; Schneider et al. 2013;
Rosenfeld et al. 2014; Chou et al. 2015). Taking advan-
tage of flow dynamics of microdroplets in microchannels
(Stone et al. 2004), microdroplets can provide unique
physical and chemical contrasts with the outer medium
(Baroud et al. 2010). Therefore, the droplet-based micro-
fluidics has many advantages, such as high throughput,
low cost, small sample volumes (2-4 nL), precise con-
trol of reagent composition, fast mixing, and minimal
contamination (Leman et al. 2015; Lin and Qin. 2008;
Li et al. 2012; Shen et al. 2015a, b). So far, its applica-
tions have rapidly advanced to a broad range of chemical
and biological assays such as droplet-based cell screening
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and diagnostics (Schoeman et al. 2014; Mark et al. 2010;
Mu et al. 2013; Qi et al. 2012; Yeo et al. 2011; Gijs et al.
2010), drug delivery (Yang et al. 2015), single-molecule
investigations (Dutse and Yusof 2011; Mai et al. 2012),
and microreactors (Dou et al. 2016; Marques and Fer-
nandes 2011; Sun et al. 2013).

Different strategies have been developed for microdrop-
let manipulations (Day et al. 2012; Fatoyinbo and Labeed
2015), such as microdroplet generation (Wu et al. 2009;
Wang et al. 2010; Chong et al. 2016), merging (Gu et al.
2011; Wu et al. 2014; Pit et al. 2015), splitting (Christo-
pher et al. 2009; Pit et al. 2015), injecting (Abate et al.
2010), mixing (Song et al. 2003) and sorting (Schmid et al.
2014; Salanki et al. 2014). However, the microdroplet flow
behaviors during these manipulations are complex due to
the deformable interface of the microdroplets and the vari-
ations of interfacial tension (Liu et al. 2007; Christopher
et al. 2009; Baroud et al. 2010; Huerre et al. 2015; Wang
et al. 2015a, b). In order to control the flow behaviors of
microdroplets in a controlled and reproducible manner
(Baroud et al. 2010; Stone et al. 2004), these fluid dynami-
cal behaviors should be well understood (Seemann et al.
2012; Nghe et al. 2011; Schoch et al. 2008; Woerner 2012;
Squires and Quake 2005).

Droplets merging and splitting are regarded as two criti-
cal manipulations in droplet-based microfluidics, because
coalescence is an effective method to mix reagents and
induce chemical and biological reactions in microfluidics
devices (Gu et al. 2011; Teh et al. 2008; Wu et al. 2014; Pit
et al. 2015; Jin et al. 2010), while splitting plays an impor-
tant role in diluting, concentrating or separating particles
in a droplet (Pit et al. 2015; Teh et al. 2008; Wang et al.
2015a, b; Sun and Liu 2013). Several methods have been
developed to achieve droplet merging and splitting, which
can be generally categorized as active (Zagnoni et al.
2009; Wang et al. 2009; Jung et al. 2015; Xu et al. 2012;
Sesen et al. 2014) and passive (Wang et al. 2013a; Simon
and Lee 2012; Niu et al. 2008) methods. Passive meth-
ods are generally flow-induced and based on geometry-
mediated mechanisms (Christopher et al. 2009; Zhou et al.
2015; Wang et al. 2014). It has been demonstrated that
droplet merging can be achieved by using flow resistance
structures (Xu et al. 2011; Tan et al. 2004), micro column
structures (Niu et al. 2008), T-junction structures (Chris-
topher et al. 2009; Yang et al. 2012), Y-junction structures
(Wang et al. 2013b), cross-shaped junctions (Wang et al.
2013a), and so on. Meanwhile, microdroplet splitting
can be obtained at precise locations such as 3D cross-
ing microstructures (Chen et al. 2012, 2016), T-shaped
junction (Tan et al. 2004; Yoon et al. 2013; Hoang et al.
2013; Link et al. 2004), branching channels (Moritani
et al. 2011; Zhou et al. 2015), and artificial obstacle inside
channels (Chung et al. 2010; Li et al. 2014; Protiére et al.
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2010). Taking advantage of fluid dynamics in elaborately
designed microchannels, the passive methods require no
electrodes and have advantages of low contamination of
inter-droplet (Wang et al. 2013a; Simon and Lee 2012).
Therefore, better understanding of the microdroplet flow
characteristics is particularly important for passive meth-
ods of droplet manipulations.

Many studies have recently attempted to reveal the fluid
dynamical mechanisms of droplets merging and split-
ting by investigating the variations of interfacial tension
along the drop surface (Baroud et al. 2010; Seemann et al.
2012; Nghe et al. 2011; Woerner 2012; Christopher et al.
2009). Droplets merging is mainly driven by the interfa-
cial tension of droplets and can be realized by overcom-
ing the interfacial tension and leading the interface unsta-
ble (Baroud et al. 2010; Christopher et al. 2009). Liquid
film drainage theory and capillary number (Ca = nU/o,
where p is generally the dynamic viscosity of the most
viscous fluid in the two-phase system, U is the velocity of
that phase, and o is the interfacial tension), representing
the relative magnitude of viscous stress and interfacial ten-
sion, have been used to characterize the coalescence pro-
cess of millimeter-scaled droplet pairs (Loewenberg and
Hinch 1997; Yoon et al. 2005). On the contrary, splitting
of droplets depends on the droplet size, capillary number
and the geometry of the microchannels (Pit et al. 2015;
Leshansky and Pismen 2009; Collignon et al. 2015; Mori-
tani et al. 2011; Deng et al. 2011). Splitting occurs at a low
capillary number, when passing through a circular cylin-
der in a microchannel. Short droplets break up as the cap-
illary number increases, while long droplets do not break
up (Chung et al. 2009). Most of previous studies mainly
focused on the droplet interface deformation and inter-
facial tension using microscope observations. However,
relatively few studies have focused on droplet behaviors
during merging and splitting in microchannels, in which
droplets controlled by the surrounding viscous liquid,
can deform significantly on accounting of the confining
boundaries (Christopher et al. 2009; Choi and Lee 2014;
Gu et al. 2011), leading to series of new fluid dynamics
problems such as the change of the interfacial tension and
nonlinear problems of droplets (Baroud et al. 2010; Raven
and Marmottant 2006; Guillot et al. 2008; Chen et al.
2011).

Recently, in order to understand the effect of the drop-
let’s internal circulation on mass transfer rates during
the formation and deformation of droplets (Duxenneu-
ner et al. 2014; Timgren et al. 2008; Dore et al. 2012;
Alves et al. 2005), a number of publications investigated
the internal flow pattern of liquid slugs or droplets mov-
ing slowly along the microchannel using either micro-
scale particle image velocimetry (micro-PIV) (Lind-
ken et al. 2009; Kinoshita et al. 2007; Oishi et al. 2011;
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Dietrich et al. 2008) or numerical simulation (Yan et al.
2013; Sarrazin et al. 2006; Shen et al. 2014). However,
there are only a few qualitative visualization studies on
the velocity vector field of microdroplets during merg-
ing and splitting using micro-PIV (Wang et al. 2013a, b;
Liu et al. 2015; Jin and Yoo 2012). Systematic quantita-
tive studies for better understanding of the fluid dynamic
characteristics of microdroplet merging and splitting are
needed.

Herein, we proposed two different microstructures to
achieve droplet merging and splitting and then compared
different flow dynamics in these two different micro-
structures via micro-PIV and high-speed microscopy to
investigate fundamental flow characteristics of droplet
merging and splitting. We first used a T-junction chan-
nel to achieve the first step of coalescence and a rectan-
gular microgroove to increase the coalescence efficiency.
Meanwhile, two obstacle structures, namely a cylinder
obstruction and a Y-junction bifurcation, were used to
induce the splitting of microdroplets, respectively. Differ-
ent forms of merging and splitting of microdroplets were
observed in the experiments, including five different coa-
lescence forms in the T-junction microchannel, two dif-
ferent coalescence forms in microgroove, four different
splitting forms induced by the cylinder obstruction, and
two splitting forms induced by the Y-junction bifurcation.
The influence of two-phase flow ratios (e) on the coales-
cence efficiency (n) was also studied. Moreover, velocity
vector fields of microdroplets during different forms of
merging and splitting in different microchannel structures
were investigated using a micro-PIV system. This study
focuses on the microdroplet behaviors and the velocity
vector fields, which have fundamental and practical sig-
nificance to the design and applications of droplet-based
microfluidics.

(a) T-shaped junction

Rectangular microgroove

‘—"

_

A circular cylinder obstacle

2 Methods
2.1 Microfluidic chips

The layouts of these two microfluidic chips are illustrated
in Fig. 1. Both of them have a T-shaped junction and a
rectangular microgroove to increase the chance of droplet
merging. Usually, the microdroplets for merging should
arrive at the T-shaped junction at the same time, and the
contact time of microdroplets is very short. However, due
to the two-phase flow characteristics in microchannel and
other uncontrollable factors of microdroplets transpor-
tation, etc., the synchronism of microdroplets is hard to
maintain in the actual operating process, especially for the
head-on collision of microdroplets at a T-shaped junction
(Wang et al. 2013a). Therefore, T-shaped junction cannot
ensure efficient merging of microdroplets and adding a
rectangular microgroove can avoid the synchronism prob-
lem and increase the chance of microdroplets merging. To
achieve microdroplet splitting, a circular cylinder obstacle
and a T-shaped bifurcation are designed in chip I (Fig. 1a)
and chip II (Fig. 1b), respectively. Although both of the two
obstacle structures can achieve microdroplet splitting, their
mechanisms are different.

The microfluidic chip I is 21.3 mm in length and
9.1 mm in width, as shown in Fig. l1a. The entrance length
of continuous and disperse phases are L; = 2000 pm. In
Fig. la, L, = 4.5 mm, L; = 5 mm, L; = 6 mm. The length
and width of the rectangular microgroove are L, = 2 mm,
W, = 500 pm, respectively. The width of droplet gen-
eration channel and the main channel are W; = 300 pm,
W; = 500 wm, respectively. The diameter of the circular
cylinder obstacle is 300 pwm. In Fig. 1b, the microfluidic
chip II is 16.9 mm in length and 9.1 mm in width. Different
from Chip I, Ly = 5 mm, L, = 3 mm, W, = 300 pm, and

Bifurcation

Fig. 1 Microfluidic chips for merging and splitting of microdroplets. a Chip I with a circular cylinder obstacle. b Chip II with a Y-shaped bifur-

cation
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the bifurcation angle is 60°. The depth of the microchannel
is 200 pm. Inlet 1 (Q;) and inlet 4 (Q,) are for continuous
phases injection, while inlet 2 (Q,) and inlet 3 (Q;) are for
the dispersed phases of injection. The microfluidic chips
were made of polydimethylsiloxane (PDMS) using a stand-
ard soft lithographic method (Duffy et al. 1998; Dou et al.
2014).

2.2 Experimental setup

In the experiments, deionized water (p = 10° kg/m3 and
w= 1073 Pa-s) (inlet 2) and ethanol (inlet 3) were used as
disperse phases, while sunflower oil (inlet 1 and 4) with a
density of 920 kg/m?, a viscosity of 8 m Pa-S and interfacial
tension of 42.2 mN/m was used as the continuous phase
at the room temperature of 25 ‘C. Because it was difficult
to see the microchannel wall clearly when the silicone oil
flowed through microchannels in our experiments, we used
the silicone oil mixed with Oil Red O (Sigma-Aldrich Co.,
USA) to flow through microchannels for 10 min. Then,
when we used a microscope to observe the microchannel,
we found the microchannel wall could be observed clearly.
Considering that Sunflower oil could provide better color
contrast, we chose sunflower oil as the continuous phase,
as previously reported (Zhou et al. 2015). In this study, Q.
is the continuous phase flow rate and Qj is the dispersed
phase flow rate. The two-phase flow ratio is defined as
e = Q4/O¢. In order to control the generation rate and the
size of microdroplets and realize the microdroplet coales-
cence and splitting, different flow rates (Q, and Q) were
used.

As shown in Fig. 2, a high-speed microscope system
(Keyence, VW-9000) was used to record the movement
and deformation of microdroplets during different forms
of merging and splitting, while a micro-PIV system was
employed to obtain the velocity vector fields of micro-
droplets using tracer particles with a diameter of 0.71 pwm

(a)

High-speed cameras,
Syringe Microfluidic

pumps i chip A
=

Data acquisition
system

(Thermal Fisher) (Fig. 2b). Details of the micro-PIV sys-
tem (Dantec Dynamics) were introduced in our previous
studies (Shen et al. 2014; Liu et al. 2015). In brief, the
particle images were first captured with a resolution of
1344 x 1024 pixels, at a rate of 20 frames per second (fps)
with the exposure time of 80-600 s according to the flow
rate, and then recorded on a computer for PIV analyses
using Dynamic Studio software (Dantec Dynamics V3.40).
The acquired particle images were analyzed with an adap-
tive cross-correlation (ACC) algorithm. The interrogation
area was 16 x 16 pixel (50% overlap). Furthermore, the
least squares Gauss fitting algorithm was used to detect
the peak on the correlation plane to reduce measurement
uncertainty and to improve the signal-to-noise ratio.

3 Results and discussion
3.1 Microdroplet merging in a T-junction

In order to make the two microdroplets contact each other
at the T-junction, they should arrive at the T-junction syn-
chronously and the difference of arriving times should
be as short as possible. However, in the experiments, it is
difficult to make sure that they arrive at the T-junction at
the same time. Hence, in order to realize the coalescence
of microdroplets, the flow rates must be controlled accu-
rately. According to the difference of the arriving time of
microdroplets, the microdroplet merging phenomena have
five different forms approximately, as shown in Fig. 3.
Figure 3a, b shows that two microdroplets arrived at the
T-junction nearly at the same time and had good time syn-
chronicity. Under the pressure of the surrounding fluid, the
two microdroplets deformed significantly and squeezed
the liquid film between them. After about 1 ms, the lig-
uid film was drained out and coalescence occurred. This
squeeze-induced coalescence of deformed microdroplets at

Inverted
microscope

Electric
control
console

Double- CCD
pulse laser camera

Fig. 2 Photographs of the experimental setup. a High-speed microscope system. b Micro-PIV system
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(a)

(b)

(¢)

(d)

(e)

Fig. 3 Five different forms of microdroplet coalescences at T-junction microchannel at Q- = 10 wL/min. The scale bar is 300 pm

the T-junction was similar to that reported by Wang et al.
(2013b), Yang et al. (2012) and Christopher et al. (2009).
When the front microdroplet enters the main microchannel
(Fig. 3c), due to the sudden broadening of the main micro-
channel, it will slow down and be squeezed with the later
one. If the microdroplets contact time is longer than film
drainage time, coalescence occurs finally.

Figure 3d, e show that microdroplets at the T-junction
also had good time synchronicity; however, they did not
coalesce immediately until they became head-on contact
after a longer period of squeezing time in the main micro-
channel. Under the pressure of the surrounding fluid, the
front microdroplets rotated and deformed at the T-junction,
which induced the relative movement of the contact surface
of the contacting microdroplet. The viscous shearing stress
of the moving surface carries the surrounding fluid into the
liquid film between the contacting microdroplets, making it

difficult to drain out the liquid film. Currently, most studies
on the theory of liquid film drainage focus on head-on con-
tact of round microdroplets (Wang et al. 2013a, Yang et al.
2012; Choi and Lee 2014; Liao and Lucas 2010); rotation
of microdroplets has attracted research attention only in a
few studies (Wang et al. 2013a).

In order to reveal the microdroplet flow behaviors dur-
ing coalescence, we employed the micro-PIV system to
measure the velocity vector fields inside the microdrop-
lets quantitatively. The velocity vector fields and veloc-
ity values for different forms of squeezing coalescence of
microdroplets in the T-junction microchannel are shown in
Fig. 4 (also enlarged in supplementary Fig. S1). Figure 4a
shows that the velocity vector field of two microdroplets
at the instant that they just entered the main microchan-
nel and were squeezing each other before merging. It was
found that as the upper microdroplets pushed the lower

@ Springer
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Fig. 4 The velocity vector
fields and distribution of veloc-
ity values for different forms
of squeezing coalescences of
microdroplets in the T-junction
microchannel (enlarged in sup-
plementary Fig. S1). a, b Two
microdroplets entered the main
microchannel before merging. c,
d Two microdroplets had good
time synchronicity of arriving
at the main microchannel and
squeezed each other. e, f Two
microdroplets arrived at the
main microchannel nearly at
the same time. g, h The upper
microdroplets entered the main
microchannel first. The marked
red dotted lines located in the
corresponding particle images
show the velocity distributions
U,, while the blue straight
lines show the y position of the
contact interface
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one, the average flow velocity of the lower microdroplet
(0.25 m/s) was higher than that of the upper one and the
maximum values of the velocity were observed in the left
part of the lower microdroplet near the contacting inter-
face. Because of different speeds of the two microdroplets,
the surface tension of the lower one induced a shear stress
on the upper one, making the appearance of a flow circu-
lation in the upper one, as shown in the enlarged inset in
Fig. 4a. Moreover, the velocity value on x direction (U,) in
the center of squeezing location, namely the location of the
marked red dotted line in the corresponding particle image
(Fig. 4b, inset), was extracted, as shown in Fig. 4b. As the
effect of the flow circulation, with the increase in y, nega-
tive value of U, appeared and increased at the beginning,
then decreased to zero at the center of the circulation. Note
that at the position of the interface the velocity value was
not zero. This means that the interfaces of the two micro-
droplets suffered squeezing pressure and shear stress simul-
taneously. Therefore, the interfaces deformed until the non-
uniform surface tension was overcome at the squeezing
interface. At the position corresponding to the maximum
values of velocity in the lower microdroplet, the U, value
reached the maximum value (about 0.42 m/s).

Figure 4c shows a situation in which two microdroplets
had good time synchronicity of arriving at the main micro-
channel and squeezed each other. Compared with Fig. 4a,
the two microdroplets moved at the same speed and there
was no relative movement between them. Therefore, the
maximum values of the velocity were near the squeezing
area of two microdroplets. Moreover, the distribution of U,
values, which increased first and then decreased with the y
value increasing (Fig. 4d), is nearly symmetrical with the
maximum value of U, (0.22 m/s) in the center. The results
further prove that there is no shear stress on the interface at
this instant. Similar to Fig. 4c, microdroplets in Fig. 4e also
arrived at the main microchannel nearly at the same time.
Nevertheless, the lower microdroplet entered the main
microchannel about 1 ms earlier than the upper one. Hence,

(a)

()L

:[
F
|
|

=2ms

the maximum values of the velocity (0.24 m/s) were in the
lower one near the squeezing area, and the right part of the
U, distribution was higher than the left part of it (Fig. 4f).

In Fig. 4g, i, the upper microdroplets entered the main
microchannel first, while the lower ones were still in the
T-junction channel. In Fig. 4g, the average flow velocity
of the upper microdroplet was 0.20 m/s, which was about
67% higher than that of the lower one (0.12 m/s). In Fig. 4i,
the average flow velocity of the upper microdroplets was
about 0.13 m/s, which was 1.2 folds higher than that of the
lower microdroplets (0.06 m/s). The velocity vector fields
show that the maximum values of the velocity were in the
area of the upper one near the contacting interface (Fig. 4g,
i). Similar results have been reported in our previous study
on microdroplet coalescences in Y-shaped microchannels
(Liu et al. 2015). In Fig. 4h, j, the distributions of the U,
values along the marked red dotted line show that the left
part of the U, distribution is higher than the right part and
the highest velocities are 0.28 and 0.15 m/s, respectively.
Besides, the microdroplet size and contact angle between
them in Fig. 41 were different with that in Fig. 4g. In
Fig. 4j, we picked an oblique line perpendicular to the tan-
gent line of the two microdroplets squeezing center, and the
range of the y was extend to 8 mm.

3.2 Microdroplet merging in microgrooves

In the microgroove, as the expansion of the main micro-
channel, the front microdroplet slowed down and contacted
the later one. Microdroplet merging in the microgroove
also has many forms, which can be summarized into two
categories, namely direct head-on coalescence (Fig. 5a)
and coalescence after rotation (Fig. 5b). Microdroplets in
microgrooves are compressed by the walls of the microflu-
idic chip, making the liquid film difficult to be drained out
than that in macro-scale flow. Many factors can have influ-
ence on the occurrence of coalescence, such as the micro-
channel geometry, the viscosity ratio of two-phase fluids,

e S

=4 ms

=3 ms 4 E“L

3=

=10 ms

=4 ms ‘

Fig. 5 Two forms of microdroplet coalescence in microgrooves. a Q- = 14 pL/min, Q;, = 4 pL/min; b O = 12 wL/min, Qp, = 3 pL/min. The

scale bar is 500 pm
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the diameter of microdroplets, the rotation of the micro-
droplet and the capillary number (Ca) (Wang et al. 2013b;
Liao and Lucas 2010).

We explored the velocity vector fields of microdroplets
during coalescence in the microgroove, as shown in Fig. 6.
It was found that when two microdroplets just contacted
each other, the flow velocities around the upper and lower
edges of them were relatively high (Fig. 6a). Similar veloc-
ity fields were reported by Wang et al. (2013a) for micro-
droplets collision at a cross-shaped junction. At this instant,
the viscous shearing force from the continuous phase made
the microdroplets squeeze each other. Moreover, the veloci-
ties near the contact area of the two microdroplets are along
the tangent line to outside (Fig. 6a), illustrating that the
deformation of the microdroplets surfaces accelerates the
drainage of the liquid film between them.

Figure 6b shows the velocity vector fields at the begin-
ning instant of coalescence in the microgroove (enlarged
in supplementary Fig. S2). It was observed that two sym-
metric microvortices appeared at both sides of the front one
(Fig. 6b, inset). This phenomenon is similar to results in
divergent microchannels reported by Jin and Yoo (2012). It
was also found that the highest velocities appeared at two
points near the merged area between the two microdroplets.
Moreover, velocity in the center of the rear microdroplet
was higher than that of other areas. The velocity direction
in the center of the rear microdroplet was from left to right,
while that in the center of the front one was from right to
left, which implies that the rear microdroplet was envelop-
ing the front one from outside.

Furthermore, the two-phases flow ratios (e) also have
significant influences on the coalescence -efficiency
(n), as shown in Fig. 7. In the experiments, the micro-
droplet flow behaviors can only be controlled by vary-
ing the two-phase flow rates. It was found that in order
to have the occurrence of microdroplets merging, the
flow rates of the continuous phase flow should range

(b)

(a) Flow = >

Qc=10 uL/min, Qp=3 UL/min = =
-_— =

0.00323 0.0123 0.0169 0.0259 0.0305 0.035 0.0396

Qc=14UL/min, Op=4 UL/min

] _——
0.0487m/s  0.0173 0.0356

—a— T-junction
90 - —e— microgroove

75+ P il

45 |

30

Coalescence efficiency (7) (%)

1 1 1 1
0.2 03 04 05
Flow ratio (e)

Fig. 7 The relationship between the coalescence efficiency n and the
flow ratios

from 10 to 20 wL/min. In the T-junction microchannel,
coalescence efficiency increases with the increase in e
from 0.18 to 0.5. When e equals to 0.5, n has the high-
est value (>50%). In the microgroove, the coalescence
efficiency increases first as e increases from 0.18 to 0.42;
then, it decreases with the increase in e to 0.5. The high-
est coalescence efficiency (n = 92%) comes at e = 0.42
in the microgroove. This is because when the flow ratio
is large (e > 0.42), the space between nearby microdro-
plets becomes small, and the front microdroplets may be
squeezed out of the microgroove by the later one without
coalescence. For both microstructures, the coalescence
efficiency is lower when the flow ratio is small (e < 0.3)
owing to the large spacing of microdroplets. Moreover,
the results show that with the increase in e from 0.18 to
0.5, the probability of the microdroplet coalescence in
the microgroove is higher (50% < n < 92%) than that in
the T-junction microchannel (15% < n < 50%).

Flow [ >

L

Ll

0 D___,___-» ;  j:

0.0525  0.0864  0.103 012 0137  0.171m/s Microvortex

Fig. 6 The velocity vector fields of microdroplets in the microgroove. a Two microdroplets just contact. b Coalescence instant
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3.3 Microdroplets splitting induced by cylinder
obstacles

To improve the understanding of microdroplets flow behav-
iors in confined microstructures, we developed a cylinder
obstacle and a Y-junction bifurcation to quantify microdro-
plet breakup in confined microchannels. Figure 8 shows
that the microdroplet dynamic behaviors passing through
a cylinder obstacle is very complicated. A microdroplet
with a diameter of 400 wm was split into a big one and a
small one after passing the cylinder obstacle (Fig. 8a). Ata
faster flow rate (Q, = 20 pL/min, Q;, = 6 wL/min), it was
split into three ones, and one of them was bigger while the
others were very small, as shown in Fig. 8b. This is pos-
sibly because the interfacial tension will become unstable
with the increase in the flow rate, making the microdroplet
split into three parts. Moreover, for column-shaped micro-
droplets with a larger volume (about 0.1 pL) (Fig. 8c, d),
they were always split into three ones. The results showed
that both the volume of microdroplets and the flow rate
have influence on the splitting forms of microdroplets. As
the gap is only 100 pm and much smaller than the dim-
eter of the droplets, the phenomenon that the droplets
squeeze through the gap between the obstacle and the
microchannel wall was not observed. When passing the
cylinder obstacle, the microdroplet deformed significantly
under the pressure of the surrounding fluid. A large part
of the microdroplet passed the obstacle through the gap.
If the pressure gradient overcame the surface tension of
the microdroplet, it would break into a large microdrop-
let first (e.g., Fig. 8a). If the rest part of the microdroplet
is still large enough and suffering unbalanced forces, e.g.,
pressure, viscous shear stress and surface tension, the sur-
face tension will be broke again and the other two small

=0 ms

=3 ms

=3 ms

droplets could be formed (Fig. 8b, c). This phenomenon
has not been reported in previous studies (Chung et al.
2010; Li et al. 2014; Proticre et al. 2010). Although the
cylinder obstacle is symmetrical, the flow field of breakup
of the confined microdroplet becomes asymmetric. Note
that other physical characteristics of two-phase fluids (e.g.,
viscosity of fluids, surface tension) may also have effects
on the splitting behaviors of microdroplets, which needs
further investigation for quantitative data.

For better understanding of the mechanism of these com-
plex phenomena, velocity vector fields of microdroplets
passing through the cylinder obstacle were obtained using
micro-PIV. For example, Fig. 9a shows that the velocity
vector field of a microdroplet passing through a cylinder
obstacle was very irregular and many vortices appeared
around the obstacle (Fig. 9, inset). In Fig. 9b, the corre-
sponding particle image shows the droplet morphology. As
the flow in the microdroplet is unstable, the occurrence of
the vortices is random and instantaneous, which will have a
significant influence on the microdroplet deformation and
make the flow behaviors complicated (Fig. 9a). The dynam-
ics of microdroplet deformation and breakup are usu-
ally very complicated for the complex interaction in such
a systems (Li et al. 2014; Chung et al. 2010). Until now,
due to the non-uniform change of surface tension caused
by microdroplet interface deformation and hydromechanics
problems induced by transient nonlinear unstable flow of
microdroplets, the mechanism of surface breakup near the
cylinder obstacle still requires future investigation.

3.4 Microdroplets splitting in Y-junction bifurcation

The splitting processes of microdroplets passing through
the Y-junction bifurcation are shown in Fig. 10. Due to

(=3 ms =5 ms
=4 ms =5 ms
=4 ms =7 ms

(
=4 ms =6 ms

Fig. 8 Four different splitting forms of microdroplets passing through the cylinder obstacle. a Q- = 10 wL/min, Q;, = 3 pL/min; b
Q¢ =20 pL/min, Q;, = 6 wL/min; ¢ Q- = 14 wL/min, Q;, = 4 pwL/min; d Q. = 20 wL/min, Q;, = 9 pL/min. The scale bar is 500 pm
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Fig. 9 a The micro-PIV obtained instant velocity vector field and b a particle image of a microdroplet passing through the cylinder obstacle at
Q¢ =30 uL/min, Q;, = 12 pL/min. The insets show the microvortices from (a). The scale bar is 100 pm

(a)

(b)

Fig. 10 Splitting of two microdroplets passing through the Y-junction bifurcation at Q. = 14 pL/min, Q5 = 4 pL/min. a Splitting of an
unmerged small droplet. b Splitting of a merged column-shaped large droplet. The scale bar is 300 pm

the tip shape and the pressure of the surrounding fluid,
the interface of the microdroplet deformed significantly
under unbalanced forces. Finally, the pressure overcame
the surface tension and the interface split into two parts. In
Fig. 10a, an unmerged small microdroplet with a diameter

@ Springer

of 450 pwm was split into two smaller ones nearly with the
same size with a diameter of 320 pm in the bifurcation. For
a merged column-shaped microdroplet with a larger vol-
ume of 0.07 L (Fig. 10b), it was also split into two smaller
column-shaped ones with the volume of 0.03 and 0.04 pL,
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respectively. In our experiments, the Y-junction bifurca-
tion could split microdroplets (diameter >500 pwm) with
high efficiency (n > 95%). However, the sizes of the newly
formed microdroplets could not be controlled precisely. We
speculate that the slight difference of flow resistance in the
downstream induced by surface roughness and geometric
deviation of the microchannel may affect the size differ-
ence of the newly formed microdroplets. As the flows in
the surrounding fluid and the microdroplet are transient and
unstable and microdroplet interface deformation may cause
non-uniform change of the surface tension, the dynamics of
the microdroplet interface splitting is complicated.

Moreover, we used micro-PIV system to measure the
flow velocity vector fields of microdroplet splitting in the
Y-junction bifurcation (Fig. 11, enlarged in supplementary
Fig. S3), which seems to be more regular and stably. How-
ever, as the microdroplets were split into two with different
sizes, the velocity vector fields of newly formed microdro-
plets in the bifurcation microchannels were asymmetri-
cal, as shown in Fig. 11. It was also found that the high-
est velocities occurred at the outside edges of the splitting
microdroplets. Meanwhile, the interface on the outside of
the splitting microdroplets moved much faster than that on
the inside. The results indicate that under the pressure of
the continuous fluid, the microdroplet deforms and flows
into the bifurcation microchannels. The accelerated fluid
near the outside of the splitting microdroplet was driven by
the surface tension of the moving interface.

4 Conclusion

The microdroplets merging and splitting in different micro-
structures were successfully achieved, visualized and

compared by using a high-speed microscope and a micro-
PIV system. A T-junction microchannel and a rectangular
microgroove were designed to achieve microdroplet merg-
ing, and different coalescence forms were observed. Mean-
while, a cylinder obstruction and a Y-junction bifurcation
were designed to achieve microdroplet splitting. To better
understand the microdroplet flow behaviors, instantaneous
velocity vector fields of microdroplets during the merging
and splitting processes were measured using the micro-PIV.
Velocity distributions were extracted from the squeezing
center, and partial view of the velocity vector fields was
enlarged to illustrate the existence of microvortices.

In the experiments, different forms of microdroplets
merging and splitting induced by different microchannel
structures were observed. The results show that the micro-
groove has a higher probability of microdroplets coales-
cence than that of the T-junction microchannel, and the
highest coalescence efficiency (n = 92%) comes at the two-
phase flow ratio e of 0.42 in the microgroove. In the T-junc-
tion microchannel, the highest velocities appear near the
squeezing area of contacting microdroplets and are affected
by the movement of the microdroplets. However, the rear
microdroplet envelops the front one during merging in the
microgroove and the highest velocities appear at two points
on the front one near the merged area. Moreover, velocity
vector fields of microdroplets passing through a cylinder
obstacle are complex and many microvortices appear. On
the contrary, Y-junction bifurcation can split microdrop-
lets into two ones with high efficiency (n > 95%) and the
microdroplet flow during splitting is steady. The results
of the present study can provide better understanding of
microdroplet behaviors and useful guidance for the design
and fabrication of more efficient microchannel structures
for various droplet-based microfluidic chip applications.
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Fig. 11 The velocity vector fields of two microdroplets splitting through the Y-junction bifurcation (enlarged in supplementary Fig. S3). a Split-
ting of an unmerged small droplet. b Splitting of a merged column-shaped large droplet. The arrows show the flow direction
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