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Abstract: Droplet fission has gained notable interest in drug delivery applications due to its ability to
perform parallel operations in single device. Hitherto, droplet flow behavior in a 3D constriction
was scarcely investigated. This study aims to investigate droplets fission inside a 3D bi-planar
multifurcated microfluidic device. The flow behavior and droplet size distribution were studied in
trifurcated microchannels using distilled water as dispersed phase (1 mPa-s) and olive oil (68 mPa-s)
as continuous phase. Various sizes of subordinate daughter droplets were manipulated passively
through the modulation of flowrate ratio (Q) (0.15 < Q < 3.33). Overall, we found droplet size
coefficient of variations (CV%) ranging from 0.72% to 69%. Highly monodispersed droplets were
formed at the upstream T-junction (CV% < 2%) while the droplet fission process was unstable
at higher flowrate ratio (Q > 0.4) as they travel downstream (1.5% < CV% < 69%) to splitting
junctions. Complex responses to the non-monotonic behavior of mean droplet size was found at
the downstream boundaries, which arose from the deformations under nonuniform flow condition.
CFD was used as a tool to study the preliminary maximum velocity (Umax) profile for the symmetrical
(0.01334 m/s < Umax < 0.0153 m/s) and asymmetrical branched channels (0.0223 m/s< Upax < 0.00438
m/s), thus complementing the experimental model studies.

Keywords: fission; microfluidics; two-phase flow; Newtonian; emulsions; 3D multifurcated microchannels

1. Introduction

Microfluidics is defined as the technology that manipulates an extremely small amount of fluid
by exploiting microchannels with dimensions of tens to hundreds of micrometers. The advancement
in the field of microfluidics since the late 1980s has been significant. Considerable research efforts
have been directed towards the development in microfluidics for drug delivery systems, medical
diagnostics, and integration with biosensors [1-8]. Rapid development of droplet formation techniques
in microfluidic devices has occurred as they provide robust and highly controllable platforms for
droplet creation and manipulation. These have been used in a diverse range of applications including
the production of monodispersed micro particles [9-14], enhancement of mixing [15], crystallization of
proteins [16], synthesis of nanoparticles [17] and microchemical analysis [18].

In microfluidic systems, the analysis of droplet formation is imperative to understand the device
operation and its process control [19]. Additionally, various operations of droplet manipulation such
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as fusion [20], fission [21,22], mixing [23,24], and sorting [25,26], with high precision and flexibility
constitutes essential issue, at which extensive investigations have been directed. Among the distinctive
approaches of droplet manipulation, hydrodynamic stress [27-29] is a simple and effective approach to
accomplish droplet manipulation relating to the geometrical characteristics of microchannel. In this
mode of manipulation, various mechanisms have been employed in the formation of droplets
in microfluidics device, including co-flowing mechanisms [30,31], flow-focusing mechanisms [32],
as well as cross-flowing mechanisms [33-35], Each of these mechanisms enable the formation of
dispersions and precise control over droplet size distribution [7] with the aid of their unique designs of
microchannel geometry.

In recent years, researches in the field of microfluidics have shown great interest in droplet fission
due to the throughput of experiments and its ability to conduct multiple operation within the same
device. Furthermore, a single droplet can be used as a vessel for reagents—and by splitting the
droplet into sub-droplets—allowing to perform more parallel experiments and obtain more precise
measurements. Methods for droplet fission can be either passive or active, where the former induce
splitting by the geometric features of the microchannel and the latter employs the use of electricity or
localized heating in promoting the interfacial instabilities for droplet splitting. Sub-nanoliter droplets
after fission also advantageous in handling highly exothermic and hazardous chemical reactions in
batches. The processes can be scaled down to enhance safety and shorten the reaction time [36].
Multiplex screening for blood is a potential development though droplet splitting, allowing a single
droplet to be used to perform multiple tests simultaneously. This will yield the time saving factor in
bio-medical screening and allow rapid diagnosis.

Passive droplet fission is achieved by the shearing force from the channel design to split the
droplet into multiple daughter droplets. The splitting of droplet at the bifurcated junction can be
manipulated by different continuous phase flow rates as well as channel resistance due to channel
geometry [37]. Passive fission can be achieved with several channel designs, such as T-junction [2,38]
bifurcating channels and channels with obstructions [39]. Meanwhile, active fission relies on external
power, heat or electrical control of the splitting system. Electro-Wetting on Dielectric (EWOD) is one of
the significant active fission mechanisms, where droplets lie on a dielectric surface respond to electric
field and deformed towards its respective ends, initiating drops to pinch and split at the middle [40].

Yap et al. [41] controls droplet fission in Tjunction using a microheater. The unequal division
of the droplet in a system where heat is induced could be explained by the combined effects of
thermos-capillary forces and reduction in fluidic resistance. Chen et al. [42] investigated the controlled
breakup of double emulsion droplets as they pass flow through constriction feature formed by an
orifice of a tapered nozzle. Rosenfeld et al. [43] investigated splitting and deformations of many
drops in a concentrated emulsion when flowing through a narrow constriction in single planar
PDMS microchannel, the structure is easy to replicate, facilitating scale-up for mass production of
microdroplets. However, the relevant techniques to manipulate droplet fission by constriction are
commonly performed in such a single planar microdevice. Sun and Liu [44] exploited the uPIV
(microscale particle image velocimetry) analysis to investigate the internal flow field of a dividing
droplet in a bifurcating microchannel. Herein, droplets are generated by a flow focusing scheme and
sent downstream toward an asymmetric bifurcation. In the past recent years, Ren et al. [45] studied
the formation and fission of droplet in shear-thinning/Newtonian system using bilayer bifurcating
microchannel. They discovered that the droplet size and the generation rate were larger than that
of Newtonian system across increasing shear rate. Furthermore, Ren et al. [46] also investigated the
droplet breakup of Newtonian multiphase system in bilayer bifurcating microchannel. Monodispersed
daughter droplets were formed with the average size differed in both layers. They also concluded that
droplet fission in single layer bifurcating microchannel is achieved at high pressure drop than bilayer
bifurcating microchannel at the same flow condition.

Existing researches for droplet fission process are commonly performed in a 2-D single planar
microchannel. In this research, we have principally demonstrated a simple and versatile droplet fission
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scheme, from which a bifurcation junction is attached onto an extended T-junction to form a double
planar microfluidic chip with distributary channels. Utilizing this geometrical scheme, the breakup
phenomena of droplet at the 3-D branching point were studied under the influence of flow rates of
continuous (Q,) and dispersed phase (Q,) fluids. Olive oil (1 = 0.068 Pa.s) was selected as continuous
phase while water (1 = 0.0093 Pa.s) was used as the dispersed phase. For the two-phase flow system
that neglects the Marangoni effect, present investigations enhanced the understanding of the splitting
mechanism that govern the water droplet characteristics in different flow conditions and bifurcated
channels aspect ratio. Droplet fission mechanism was investigated through the modulation of flow rate
ratio in both symmetrical and asymmetrical bifurcation junction microchannel, whereby the flow rate
ratio represents the quotient of dispersed phase and continuous phase (Q = Q;/Q.). Subsequently, the
distribution of droplet size was quantified by the effective diameter of 30 daughter droplets in each
region of interests. These preliminary key studies shed a new light on droplet-based microfluidic system
with 3-D distributary network, which allow multiple droplet operation to be performed simultaneously.

2. Methodology

2.1. Microchannel Geometry

The double planar microfluidics device primarily consists of a Tjunction microchannel as the top
layer and a bifurcation junction as the bottom layer, with the desired width of 300 um. Both layers
were aligned and sealed, forming trifurcation channels with 3D splitting. Figure 1 illustrates the
microchannel design of Tjunction and bifurcated junctions with different aspect ratios of 1:1 and
2:3 (the quotient of width of first downstream splitting junction with the width of second splitting
junction), respectively. The length of the branched channels is identical after the splitting edge at
the highlighted region of interest as shown in Figure 1. Additionally, a schematic diagram of the
microchannel is represented in Figure 2.
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Figure 1. Images of xurographic positive-tone microchannel: (a) Tjunction and bifurcated junction
with (b) even (1:1) and (c) uneven aspect ratio (2:3) (where wq denotes as the dispersed phase channel,
w denotes as continuous phase channel, w1 denotes as first splitting junction and wgp,, denotes
as second splitting junction, respectively). The sample images were taken using optical microscope
using 2X magnification. (d) Design of the microchannels composed of T-shaped and bifurcating
channels using CorelDraw Graphics Suites X7. The red dotted line denotes the alignment profile of the
bilayer microchannels.
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Figure 2. Schematic diagram of double planar microchannel. The droplets are subject to the 3D splitting
point at the microchannel downstream where the mother droplets undergo fission and distributed into
the trifurcation channels.

2.2. Polydimethylsiloxane (PDMS) Microfluidics Device Fabrication

Xurography, a rapid prototyping approach, was employed in cutting the design of a T-shaped and
splitting junctions’ microstructures [47]. Various settings such as offset, cutting speed, acceleration,
cut force, etc. were set to an appropriate parameter to obtain the optimum size of microchannel [48].
The dimension of channel geometry was created with the aid of a computer aided design (Core]lDRAW
Graphics Suite X7). Figure 3. shows the procedure of xurographic microchannel optimization.
Subsequently, the xurographic positive tones with accurate dimensions were used to fabricate epoxy
master molds. Epoxy master molds were then fabricated by mixing epoxy resin and its hardener
(CP362 A/B, Oriental Option Sdn Bhd, Penang, Malaysia) in a solution at the ratio of 2:1. After curing,
the xurographic positive tone was then removed before the soft-lithography approach was conducted.
Soft-lithography is a simple and conventional technique used in the fabrication of polydimethylsiloxane
(PDMS) microfluidic device that enables high reproducibility [49]. In present studies, PDMS is selected
as the potential polymeric material for rapid prototyping of microfluidics device as it is optically
transparent, flexible and low-cost. Thus, a PDMS microfluidic device was fabricated by molding a
mixture of PDMS liquid pre-polymer (Sylgard 184, Dow Corning, Midland, MI, USA) at ratio of 10:1
(w/w) onto the epoxy mold.

2.3. Experimental Setup

Droplet flow experiment was then carried out by altering the flow rate of one phase while fixing
the other phase. The inlet of the continuous phase (olive oil) and the dispersed phase (water) was
introduced using two syringe pumps (KD Scientific 200, Holliston, MA, USA and NE-4000, Farmingdale,
New York, USA) at prescribed flow rate into the microchannel, respectively. The formation and behavior
of droplets was observed using epifluorescence microscope (Olympus IX51, Shinjuku, Tokyo, Japan)
incorporated with high speed camera (Phantom Miro M110, Vision Research, Wayne, NJ, USA). The
formation of droplets in the PDMS-based microchannel was allowed to stabilize and reach steady-state
for predetermined time intervals of 20 min. Videos were recorded at 300 frames per second (fps)
after each flow rates of either continuous or dispersed phase were adjusted. The images of droplets
were used to measure the size of droplets formed with the aid of MATLAB R2012a image processing
tools to determine the droplet size distribution, as shown in Figure 4. Each droplet size can be tuned
by adjusting the flow rate of continuous phase and dispersed phase in microchannel. Since the
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formed droplets/plugs are almost always confined by channel walls and their interfaces may depart
significantly from a spherical shape, the size of droplet or plug will be having different major (dmajor)
and minor (dminor) axis length of droplet (see Figure 4a). Thus, the measurement of dpajor and diinor
of droplet observed to be either inadequate or less accurate. Effective droplet diameter (d¢) denotes
the apparent diameter of droplets with the equivalent spherical area (A¢ff) as the formed droplets/plugs
was used to determine the droplet size according to the following Equation:

1
deff= 24/ %Aeff @

where A is the projected area of a droplet or plug. Consequently, the droplets can be automatically
traced and the size of droplet can be computed with an adequate accuracy.
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Figure 3. Algorithm of optimizing the design precision of xurographic microchannel.
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Figure 4. (a) Schematic diagram of the shape of confined droplets and plugs in microchannel. Major

Original Image Color

droplet diameter (dpajor) denotes the longest dimension of the projected area of droplet/plug whereas the
minor droplet diameter (dpinor) indicates the shortest dimension of the projected area of droplet/plug.
The depth of the microchannel was denoted as h. (b) Image thresholding analysis of droplet or plug
diameter in microchannel using MATLAB.
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2.4. Computational Model

In present microfluidics systems, all 3D flow tends to be laminar (Re < 1). The nonlinear partial
differential momentum Navier-Stokes equation and continuity equation that describes incompressible
Newtonian fluid flowing in microchannel are written as follows:

Ju

pp +p(u-V)u = V[=PI+n(Vu+ (V)" | + f )

V-u=0 3)

where u is average velocity characteristic of the flow, f is the time, fluid density and dynamic viscosity
are given by p and 1, respectively, P is the pressure and f is the body force that acts on the entire
element inside the continuum. The domain boundary of the continuous (d€);) and dispersed phase
(d)p) were set up with laminar inflow conditions by defining the volumetric flow rates of continuous
phase and dispersed phase (see Figure 2) [35]:

Uy = U1 = U
00 ={ uy =0 4)
hfmlu-ndy:Qc

le:()
00 =4 uy=u-n=1u, ®)
hfamu-ndx:Qd

where 7 is unit vector that has a direction normal to the inlet boundaries,  is the depth of microchannel,
Q¢ and Qy denote the flow rates of the continuous and dispersed phase flow rates, respectively. No-slip
boundary condition was enforced at all wall boundaries. The domain boundary condition at the three
outlets (d()3) is set to a pressure with no viscous stress (see in Figure 2).

P=0Pa (6)
3. Results and Discussion

3.1. Dynamics of Droplet Translocation and Fission in Microchannel

Droplets are formed when the continuous phase and dispersed phase fluids contact at the
T-junction. The fully detached droplets flow downstream in the main channel and the flows are
directed towards the trifurcation fluid streams. A sudden change in the physical appearance of the
droplets occurs at the middle of the channel between T-junction and trifurcation junction. This occurs at
the point where double planar region begins with increased depth of the channel, resulting in droplets
spanning the interface downwards to the extended depth while shrinking in width, which causes the
droplet to transform from slug into spherical. At the bilayer splitting junctions, the splitting of carrier
flow breaks mother droplets into daughter droplets and flows into three diversion channels. Figure 5
illustrates the droplet formation, merging and splitting phenomena in microchannels.
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Figure 5. Evolution of droplet breakup and fission process at the upstream T-Junction and downstream
of symmetrical splitting junctions (for system: Q. = 2 mL/h; Q; = 1 mL/h).

Droplet fission can be controllably affected by hydrodynamic stress and geometry mediated effect.
When the two-phase fluids in the main channel flow toward trifurcating microchannels, the droplet
is affected by the pressure and the shear strain arise from the flow. If the shear stress surpasses
the interface tension, fission occurs [15,50]. At the splitting junctions, the relative sizes of daughter
droplets depend on the symmetry of the flow. In general, if the flow is symmetric in a single planar
microchannel, equal forces will be exerted onto the halves of the mother droplets, resulting in the
creation of equal sized daughter droplets. As elucidated in Figure 5, although the microstructure of the
splitting channels is arranged symmetrically, the shape and area of the cross section of the flow was
changed along the stream at the double planar micro-channels. This may lead to nonuniform flow due
to the unequal distribution of fluid flow in networks of channels and shear rate at different points in a
flowing fluid.

As illustrated in Figures 6 and 7, greater flow speed can be expected in bottom layer
(Umax ~0.0153 m/s) of the bifurcation than the flow speed at top layer (Umax ~0.01334 m/s), and the high
speed will of necessity when scaling to smaller dimensions of microchannel for asymmetrical junctions
(Umax ~0.02932 m/s). This leads to higher shear rate distribution, as seen in Figure 8. Additionally,
the shear rate distribution contours at various cross-sectional area indicated that the higher shear rate
distributions in vicinity of wall boundary, while the region experiencing the lower shear stress near
the center of microchannel. The inconsistent splitting can be influenced by shear rate for different
droplet sizes and capillary numbers (Ca = p.U./o, where . is dynamic viscosity of continuous phase,
U, is continuous phase’s velocity, and o is interfacial tension between the two immiscible fluids
(0.02074 N/m)).
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Figure 7. The simulated profile of velocity magnitude distribution along the direction of the continuous
phase flow at the top layer of extended Tjunction (for system: Q. = 2 mL/h). The numbers indicate
locations at which image profiles were taken.

When droplet emerges and flows downstream, it can be trisected into three unequal portions
due to the uneven distribution of shear rate across the microchannel cross-section [46]. Apart from
that, droplet collision event was also observed when the droplets come into contact upon arrival
at the splitting junctions. The coalescence occurs spontaneously when the droplets meet, merging
to form single larger size of droplets. This could also be one of the contributing factors of forming
unequal portions of daughter droplets due to highly unsteady hydrodynamic resistances of the three
paths. Additionally, the flow disturbances created by the presence of the obstacles may cause flow
deflections in order to affect the even distribution of droplet sizes. The droplets at the splitting junction
experience fluctuations in surface tension force as the surface curvature of the droplet was deformed
and changed during distribution of flow, which leads to destabilization of the oil-water interface. As
a result, emulsions of high polydispersity were formed at the downstream of three outlet channels.
This phenomenon can be observed in all subsequent parametric studies.
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Figure 8. The simulated profile of shear rate distribution along the direction of the continuous phase
flow at the top layer of extended T-junction (for system: Q. = 2 mL/h). The numbers indicate locations

at which image profiles were taken.

3.2. Effect of Q. on Droplet Fission at Symmetrical Bifurcating Junction

The first parametric study was carried out by altering the Q. (0.5 to 2.5 mL/h) in a symmetrical
splitting junction, in which both bifurcating junctions have the similar dimension at fixed Q4 (1 mL/h).
Figure 9 illustrates the distribution of droplet size in each region of interest in the microchannel. As can
be seen in Figure 9, the size of droplets decreases in each of the region of interest as the flow rate
of continuous phase increases. Formation of droplets is the result of fluid shear stress acting on the
dispersed phase flow by the continuous phase fluid. As Q. increases, stronger shear stress exerted by
continuous phase acts on the dispersed phase fluid that penetrates the continuous phase. This results
in necking occurs on the interface of the dispersed phase fluid and eventually snapped into droplet [33].
Moreover, fluctuation in droplet size distribution in splitting junction 2 and splitting junction 3 can
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be observed although a decline in trend is observed. This is a consequence of nonuniform flow of
droplet after the splitting at the bifurcating junction. Figure 10 illustrates droplet collision and merging
phenomena at different Q. Additionally, the size distribution of droplets in each region of interest for

each flow rate of continuous phase is shown in Figure 11.
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Figure 9. Average droplet size distribution with respect to different Q. ranging from 0.5 to 2.5 mL/h in
symmetrical bifurcating junction. Image indicates the region of interest for the droplet measurement.
Error bars indicate the standard deviation in effective droplet size measurement of 30 droplets under

fixed experimental condition.
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Figure 11. Droplet size distribution in different region of interests at Q. of (a) 0.5 mL/h; (b) 1.5 mL/h;
and (c) 2.0 mL/h, respectively. The images were taken under the optical microscope using high
speed camera.

In THunction, a uniform distribution of droplet size was observed regardless of the increase in
the flow rate of continuous phase. This is mainly due to the steady flow in the confined T-junction.
The constant velocity and flow rate of the moving droplet to flow in a steady manner. In contrast,
the distribution downstream of droplet size in the region of interest shows significant fluctuation
as portrayed in Figure 11 in a wavy manner. As the droplet flow towards the branching channels
of uniform depth, the confined droplets are appearing fall in slow motion because the droplets are
found to collide and coalesce at 3D constriction (see Figure 10). In microscopic studies, when the two
droplets touched, an infinitesimal liquid bridge connecting between them forms and rapidly grows
as the two drops merge into one. This dynamic is mainly driven by the Laplace pressure due to
high curvature of the liquid interface at the contact point [51]. Additionally, this may also due to the
unsteady hydrodynamic force acting on the droplet interface after splitting at the bifurcating junction.
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As the droplets approach the bifurcated splitting junctions, the pressure drop occurs within the droplet
and subsequently induce energy losses due to sudden change of flow directions. Therefore, the flow of
droplets become nonuniform and unsteady.

3.3. Effect of Qg on Droplet Fission at Symmetrical Bifurcating Junction

At fixed Q. (2 mL/h), droplet formation was investigated by varying the flow rate of the dispersed
phase. The droplet size distribution over the range of Q; from 0.3 mL/h to 2.5 mL/h is illustrated in
Figure 12. The droplets in the Tjunction gradually increase as the flow rate of dispersed phase is
increased as opposed to the effect of Q.. As elucidated in Figure 12, increasing the flow rate of dispersed
phase results in a longer shear residence time. For larger Q;, the dispersed phase drop continues to
grow and the droplet detachment process is extended under the constant shear forces induced by
continuous phase flow. Subsequently, droplet continues necking to the flow and eventually snaps into
droplets [19,33]. Since the Q. was fixed, a longer time is required for the shear stress to create necking
on the dispersed phase fluid as the flow rate increases, therefore resulting in increase in emerging of
droplet volume. However, the droplet size in the splitting junctions downstream shows inconsistent
distribution, especially the drastic increase in splitting junction 1. The distribution of droplet sizes in
all three splitting junctions at different Q is illustrated in Figure S1 (see Supplementary Files).
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Figure 12. Average droplet size distribution with respect to different Q; ranging from 0.3 to 2.5 mL/h in
symmetrical bifurcating junction. Image indicates the region of interest for the droplet measurement.
Error bars indicate the standard deviation in effective droplet size measurement of 30 droplets under
fixed experimental condition.

The generated droplet size at the corner of T-junction are evenly distributed due to the steady
flow in the T-junction. It allows droplets to travel at constant velocity at low Q. For larger Qy,
the distribution of droplet size becomes less consistent due to coalescence as indicated by some
extremely large droplet which causes a substantial increase in droplet size. At higher flow rates, greater
size and volume of droplets are formed because shear stress is reduced and becomes less dominate than
lower range of Q; [52]. On top of that, higher frequency of droplet production is achieved at higher
Qg [35]. Thus, the high production rate causes a reduction in gap between each droplet, allowing them
to collide between each other and possibly merge into a larger droplet as they travel downstream [53].
Furthermore, in microfluidics, the level of confinement could provide compulsive droplet collisions,



Processes 2020, 8, 510 14 of 23

which could develop to emulate the droplet coalescence process in the early stage before the droplet
fission event.

Moreover, the inconsistency of the overall droplet size distribution in the splitting junctions
downstream was also observed (see Figure S1). At larger Qy, the inconsistency in the droplet
size distribution is more significant than the distribution in lower flow rate. As droplets travel
along the channel towards bifurcated junction, droplet fission occurs at the bifurcated junctions.
This phenomenon occurs due to the hydrodynamic force acting on droplets by the continuous phase
fluid as they approach the bifurcation with the aid of bifurcation design [54].

When Q; << Qc, the droplets undergo passive fission under the influence of shearing force induced
by the continuous phase flow [55]. Therefore, the larger shear stress is acting on the droplet interface
and subsequently splitting the parent drops into daughter droplets with the aid of the geometrical
effects and evenly distribute them into each of the junction. In contrast, droplets are split into larger
and uneven daughter droplets by the continuous phase fluid in the case of large Q; as the degree of
confinement decreases at the splitting joint [36]. As the droplets are pushed against the branching point,
the droplets are split by shear stress induced at the multifurcated junctions. Additionally, the number
of droplets rises with increasing Q; and generated droplets are traveling vigorously downstream
before entering the bifurcation junction, allowing the interface of droplets to interact with each other
which results in merging of droplets into a long stream of fluid. Thus, in the case of high Q;, droplet
coalescence occurs, and droplet fission is induced by the junction geometry, the daughter droplets are
distributed into the bifurcated channels [54], as shown in Figure 13. Moreover, it is also noticed that
majority portion of the droplets are distributed into splitting junction 1 and 3 at higher Qy, resulting in
decrease in the droplet size distributed into splitting junction 2. This phenomenon can be similarly
observed in the application of fluidic oscillator governed by the Coanda effect [56-58], which refers
to the tendency of a fluid jet to adhere and flow along a curved surface [59]. Higher pressure drops
caused by the increase of Q; enhances the Coanda effect [60]. Thus, greater portion of mother droplet
is distributed into curved splitting junction 1 and 3, resulting in significantly larger droplet size at
higher Q.
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Figure 13. Droplet collision and coalescence phenomena in symmetrical splitting junctions at different
flow rate ratio (0.15 < Q < 1.25) by fixing the Q. and varying the Q;.

In order to evaluate the droplets size distribution, a coefficient of variation (CV%), which is a
measure of the statistical dispersion of sets of data points around the mean, is quantified. Values
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for analytical CV% given in Table 1 show that, for most of the measured effective droplet diameter,
this source of variation indicate a CV% of 2% or less for most conditions at upstream of the T-junction
microchannels. For a constant Q. of 2 mL/h, the presence of highly polydisperse system (CV% > 20%)
is found at off-axis branched channels. This is because the emulsion is thermodynamically unstable
when the droplets coalesce to form bigger droplets when larger volumes of the dispersed phase fluid
enter the main channel, in which the phenomenon can be similarly observed in low Q. (<1.00 mL/h)
conditions. On top of that, this does not help facilitate the shear flow generation of monodispersed
droplets in microfluidic devices.

Table 1. Coefficient of variation (CV%) of effective droplet diameters in symmetrical multifurcated
channels at different flow conditions.

T Junction Split'ting Strai.ght Split.ting

Q. Q, (mL/h) (Upstream) Junction 1 Junction 2 Junction 3
(mL/h) d p (Downstream) (Downstream) (Downstream)
Coefficient of Variation (CV%)

2.00 0.30 3.14 14.61* 11.15* 3.96
2.00 0.50 0.73 17.87 * 9.22 5.38
2.00 1.00 1.66 7.48 7.54 3.65
2.00 1.50 7.54 11.85* 16.10 * 33.14*
2.00 2.00 17.27* 54.45* 15.40 * 32.38*
2.00 2.50 13.96* 45.89 * 27.73* 25.50 *
0.50 1.00 1.56 16.10 * 35.19 % 7.16
1.00 1.00 2.02 42.72 * 14.99 * 28.46 *
1.50 1.00 1.10 7.05 11.33 % 31.62*
2.00 1.00 1.14 18.07 * 17.55 * 33.31*
2.50 1.00 1.20 11.76 * 4.66 0.72

* Note: CV% values greater than 10% indicate that the system is highly polydisperse. CV% derived from the
averaged diameter measurement of at least 30 droplets.

Figure 14 shows the distribution of droplet size on the effect of flow rate ratio (Q) and capillary
number (Ca) at symmetrical bifurcation junction. Low polydispersity in the distribution of droplet
size was found at higher capillary number system as indicated in Figure 14a. The flow in high Ca
system is dominated by the effect of viscous force due to higher Q.. Therefore, mother droplets were
split at the bifurcation point by the increased shear stress of the continuous phase fluid and resulted
in a more uniform droplet size. This can be seen similarly in Figure 14b where low polydispersity
distribution was found in low Q systems, in which the strengthened flow of Q. resulted in a more
uniform distribution of droplet size. On the other hand, high polydispersity of size distribution
was observed in existing systems with Ca less than 0.065. The droplets formed under these flow
conditions have higher tendency to collide and coalesce with one another to form a long stream of
droplet (see Figure 13). The fluid flow and splitting were dominated by the effect of surface tension,
in which the resulting shear stress from low Q. is ineffective in evenly splitting the large mother droplet.
This can be similarly observed in systems with high Q of 0.5 and above as illustrated in Figure 14b.
Thus, the current system performs well on uniform splitting at low flow rate ratios (Q < 0.4) and higher
Ca (Ca > 0.075). Additionally, a lower range of Q can be further examined by controlling flow rates
down to the microliter per hour range (<300 uL/h for both Q. and Qj).
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Figure 14. Distribution of droplet size in various regions of interest with respect to: (a) Capillary
number and (b) flow rate ratio at symmetrical bifurcating junction.

3.4. Effect of Q. on Droplet Fission at Asymmetrical Bifurcating Junction

The behavior of droplet fission was also investigated in an asymmetrical bifurcating junction
where the distribution of daughter droplet into the bifurcating junction is uneven due to uneven width
of channel dimension. The overall droplet size is illustrated in Figure 15, in which a decrease in droplet
size profile is observed in the T-junction similar to the effect of continuous phase in symmetrical
bifurcating junction earlier. As the Q. increases, the continuous phase fluid tends to split the dispersed
phase fluid into a smaller size droplet due to greater shear stress acting on the interface of dispersed
phase fluid and the right-angle geometry of T-junction [31]. Similar observation is found in the previous
section. Thus, at higher Q., greater shear stress caused by the continuous phase breaks the dispersed
phase fluid that penetrates the bulk phase into smaller volumes and sizes, which results in a reduction
in droplet size profile. Distribution of droplet size in each of the region of interest for each flow rate of
continuous phase is shown in Figure S2 (see Supplementary Files).

Likewise, the size of droplets in the Tjunction shows consistency throughout the increase in Q..
The steady flow of fluid in the Tjunction allows droplet to move at desired constant flow rate and
velocity, thus resulting in consistent formation of droplets in a uniform distribution of size. Moreover,
droplet size consistency was also investigated in the splitting junction 2 with slight discrepancy,
where the discrepancy is observed to be less significant at higher flow rate. This is due to the steady
droplet translocation in smaller sizes from the upstream. When approaching the bifurcation joint,
the droplets tend to coalesce into a larger droplet at lower Q. and the coalesced drops were split at
bifurcating junctions, leaving a small portion of the mother droplet to be split and enter the downstream
of the main channel in splitting junction 2, which results in a rather consistent in droplet size.

In contrast, splitting junction 1 and 3 show greater inconsistency in droplet size distribution,
notably at the lower flow rate of continuous phase. At lower Q,, the droplets formed at the T-junction
is observed to be larger and sometimes merged due to interaction between the interfaces. Therefore,
the droplets become greater in volume and size and split into splitting junction 1 and 3 in a larger
size than splitting junction 2 due to the effect of unsteady hydrodynamic force of the droplet acting
on the bifurcation geometry. Coanda effect is also observed where most of the mother droplets are
distributed into splitting junction 1 and 3, notably at low Q.. However, in higher continuous phase
flow rate, the discrepancy in droplet size in the bifurcating junction becomes less significant due to
smaller droplet formed at the T-junction. Thus, the steady flow of mother droplets results in a more
even splitting, producing smaller daughter droplets in uniform size distribution. As observed from
Figure S2, the size of droplets in splitting junction 3 are much larger than the droplets in splitting
junction 1 even at higher continuous phase flow rate. This is because of a lower pressure drop in a
wider channel that results in more droplets going into it. Due to the interaction between the droplet
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interfaces that contact with each other, droplets are coalesced prior to splitting. Figure 16 illustrates the
droplet collision and coalesces at different flow rate ratios.
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Figure 15. Average droplet size distribution with respect to different Q. ranging from 0.5 mL/h to

2.5 mL/h in asymmetrical bifurcating junction. Image indicates the region of interest for the droplet

measurement. Error bars indicate the standard deviation in effective droplet size measurement of 30

droplets under fixed experimental condition.
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Figure 16. Droplet collision and coalescence phenomena in asymmetrical splitting junctions at different

flow rate ratio (0.4 < Q < 3.33) by fixing the Q; and varying the Q..
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3.5. Effect of Q4 on Droplet Fission at Asymmetrical Bifurcating Junction

The asymmetrical bifurcating junction was also designed for evaluating the effect of Q; on droplet
generation. Figure 17 shows the average size of droplets at each desired flow rates. As can be seen
in Figure 17, the average size of droplets in the T-junction gradually increases as opposed to the
study of the effect of Q.. However, the inconsistency in the droplet size distribution is also found
for the downstream splitting junctions. Similarly, the droplets in the Tjunction show uniform in size
and nearly monodispersed for all Q; as depicted in Figure S3 (see supplementary files). A similar
observation is investigated due to the steady flow in T-junction at respective flow rate and velocity.
As Qg increases, the shear stress exerted by continuous phase become less significant and the dispersed
phase fluid less easy to break into droplets [51]. Hence, a longer residence time is required for necking
process and allowing the dispersed phase fluid to grow into a larger size and volume.

The average size of droplets in the downstream splitting junctions shows inconsistency, which is
same as the previous parametric studies. In second splitting junction, the droplet sizes distribution is
more stable than first and third splitting junction, which shows that the droplets are formed within a
specific range. This is because the bifurcating junctions evenly splits the droplet into three splitting
junctions. However, due to instabilities flow occurring towards the obstruction at the branching point,
the droplets favor coalescences when multiple droplets collide and crash into each other. This is also
attributed to the Coanda effect, where majority of the mother droplets are split into the curved junction
1 and 3. Figure 18 illustrates the droplet flow behavior at different flow conditions. The inconsistency
in the droplet size is also due to the pressure drop and distributed forces over the entire region,
which causes the flow after splitting to become instabilities.
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Figure 17. Average droplet size distribution with respect to different Q; ranging from 0.5 mL/h to
2.5 mL/h in asymmetrical bifurcating junction. Image indicates the region of interest for the droplet
measurement. Error bars indicate the standard deviation in effective droplet size measurement of
30 droplets under fixed experimental condition.
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Figure 18. Droplet collision and coalescence phenomena in asymmetrical splitting junctions at different
flow rate ratio (0.15 < Q < 1.25) by fixing the Q. and varying the Q;.

As compared to symmetrical splitting systems, the values for analytical coefficient of variation
(CV%) given in Table 2 show better performance. CV% of less than 3% found at the T-junction
indicates the formation of monodispersed droplet which can be observed similarly in the counterpart
symmetrical splitting systems. Moreover, overall values of CV% obtained at the downstream splitting
were found to be lower than the symmetrical splitting system. For instance, CV% value of about 25% or
lower was found at the downstream splitting junctions for asymmetrical splitting systems for constant
Qc of 2.0 mL/h, notably at high flow rate ratio condition. This may due to the velocity distribution of
splitting junction 3 than splitting junctions 1 and 2 in asymmetrical splitting systems as depicted in
Figure 7. Higher maximum velocity diverted a greater portion of droplet flow into splitting junction
3, resulting in a more uniform splitting in splitting junction 1 and 2 than the counterpart. Moreover,
similar behavior of high polydispersity was observed in flow conditions with low Q. as indicated by
increased CV% values, where the emulsions generated were unstable and coalesces into bigger size
when approaching the splitting point. Therefore, the improved overall performance of asymmetrical
splitting system than the counterpart would make the control of droplet consistency easier.

Figure 19 shows the distribution of droplet size on the effect of Q and Ca at asymmetrical
bifurcation junction. As shown in Figure 19a, the Ca of first splitting junction (1) is higher than that
of the corresponding splitting junctions 2 and 3 due to asymmetrical bifurcation junction (see A.3).
This is due to higher maximum velocity in splitting junction 1 as shown in Figure 7 that is attributed to
its smaller dimension, which leads to higher Ca than splitting junction 2 and 3. High polydispersity
in droplet size distribution is observed across all Ca range in asymmetrical bifurcation junctions
notably in low Ca, which can be seen in high Q condition as portrayed in Figure 19b. However,
splitting junction 2 shows rather uniform in the distribution of droplet size as shown in Figure 19a.
Attributed to the Coanda effect and the higher velocity in splitting junction 1, the remaining minor
portion of mother droplets were distributed into splitting junction 2, which resulted in a more uniform
distribution in droplet size. According to Figure 19b, droplet size in splitting junction 2 also shows
nearly monodispersed droplet sizes across all Q than splitting junctions 1 and 3. Moreover, the
polydispersity of the droplet size distribution becomes higher as the Q increases. This is due to the
reduced effect of shear stress from Q. as Q, increases, whereby the effect of shear stress is insufficient
to facilitate the fission process of mother droplet into even daughter droplets at the bifurcation point.
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Table 2. Coefficient of variation (CV%) of effective droplet diameters in asymmetrical multifurcated
channels at different flow conditions.

T Junction Split.ting Strai.ght Split‘ting
Q. Q, (mL/h) (Upstream) Junction 1 Junction 2 Junction 3
(mL/h) d P (Downstream) (Downstream) (Downstream)
Coefficient of Variation (CV%)
2.00 0.30 1.76 11.87 % 9.13 17.76 *
2.00 0.50 2.13 347 4.94 23.30 *
2.00 1.00 2.57 9.78 13.83 * 2248 *
2.00 1.50 0.85 12.30 * 7.75 19.21°*%
2.00 2.00 1.08 7.30 12.04 * 11.63*
2.00 2.50 2.39 17.38 * 7.32 26.19 *
0.30 1.00 1.16 61.95* 16.22 % 69.38 *
0.50 1.00 1.39 4044 * 6.61 25.83 *
1.00 1.00 0.99 31.64 % 3.60 32.71*
1.50 1.00 1.50 20.71* 5.93 5.00
2.00 1.00 1.35 1.50 6.17 27.75*
2.50 1.00 1.18 14.86 * 791 19.75 %

* Note: CV% values greater than 10% indicate that the system is highly polydisperse. CV% derived from the
averaged diameter measurement of at least 30 droplets.
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Figure 19. Distribution of droplet size in various regions of interest with respect to: (a) Capillary
number and (b) Flow rate ratio at asymmetrical bifurcating junction.

4. Conclusions

Water droplet fission process involving the severe moving boundaries and interfaces in an oil phase
at the bilayer splitting joint of microchannel was investigated and successfully achieved. Parametric
studies were done to observe the effect of Q. and Q,; on droplet size at symmetrical and asymmetrical
downstream splitting junctions in microchannel. A series of continuous flowing highly monodisperse
droplets were generated at the T-junction by adjusting the desired flow rate of one phase while leaving
the other phase constant. Nevertheless, uneven distribution of droplet size is significant due to flow
instabilities along the shear edges of trifurcation at downstream channels, notable at high flow rate
ratio where the droplets generated at T-junction were more likely to coalesce. In contrast, low Q
generally resulted in a more even distribution of droplet size represented by lower fluctuation observed
in splitting junction 1 and 2. Hence, droplet fission event in 3D bifurcation point is more favorable
in systems with high Ca or low Q, where Q. >> Q. The concerning factors on the production of
highly polydispersed droplets at the outlet of multiple distributary channels was due to the interplay
between bulk fluid forces, which affected droplet morphology and surface area. Hence, differences
in bulk shear, pressure drop and velocity distribution were resulted notably at the splitting point of



Processes 2020, 8, 510 21 of 23

trifurcation. However, further investigation is required as it is incredibly vital to control the consistency
of droplet size in a microchannel network in order to ensure a continuous uniform distribution of
substances for samplings. Future works will focus more on the computed flow fields that needs for
any forthcoming experimental flow models and designs, as well as the application of the model to
unsteady flow conditions. The outcomes of the present study in a novel geometric structure of the
double planar microchannels can deliver a comprehension on droplet fission behavior.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/5/510/s1,
Figure S1: Droplet size distribution in different region of interests at Qd of (a) 0.5 mL/hr; (b) 1.5 mL/hr; and (c) 2.0
mL/hr, respectively. The images were taken under the optical microscope using high speed camera, Figure S2:
Droplet size distribution in different region of interests at Qc of (a) 0.5 mL/hr; (b) 1.5 mL/hr; and (c) 2.0 mL/hr,
respectively. The images were taken under the optical microscope using high speed camera, Figure S3: Droplet
size distribution in different region of interests at Qd of (a) 0.5 mL/hr; (b) 1.5 mL/hr; and (c) 2.0 mL/hr, respectively.
The images were taken under the optical microscope using high speed camera.
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