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Rapid and Highly Controlled 
Generation of Monodisperse 
Multiple Emulsions via a One-Step 
Hybrid Microfluidic Device
Milad Azarmanesh   1, Saleh Bawazeer   1, Abdulmajeed A. Mohamad1 &  
Amir Sanati-Nezhad1,2

Multiple Emulsions (MEs) contain a drop laden with many micro-droplets. A single-step microfluidic-
based synthesis process of MEs is presented to provide a rapid and controlled generation of 
monodisperse MEs. The design relies on the interaction of three immiscible fluids with each other in 
subsequent droplet formation steps to generate monodisperse ME constructs. The design is within a 
microchannel consists of two compartments of cross-junction and T-junction. The high shear stress at 
the cross-junction creates a stagnation point that splits the first immiscible phase to four jet streams 
each of which are sprayed to micrometer droplets surrounded by the second phase. The resulted 
structure is then supported by the third phase at the T-junction to generate and transport MEs. The ME 
formation within microfluidics is numerically simulated and the effects of several key parameters on 
properties of MEs are investigated. The dimensionless modeling of ME formation enables to change 
only one parameter at the time and analyze the sensitivity of the system to each parameter. The results 
demonstrate the capability of highly controlled and high-throughput MEs formation in a one-step 
synthesis process. The consecutive MEs are monodisperse in size which open avenues for the generation 
of controlled MEs for different applications.

Encapsulation of several particles, cells or molecules within droplets (double and multicore emulsions) has pro-
duced microtissue structures1–3, controlled chemical reactions4,5, engineered chemicals or drugs for evolving cells 
and enzymes6, and regulated cell fates7. A new class of multicore emulsions called multiple emulsions (MEs), is 
the generation of many small droplets dispersed within emulsions, themselves dispersed in a continuous phase 
(Fig. 1a,b)8. MEs have attracted many attentions playing roles as vehicles to enhance drug delivery of econazole 
nitrate as an antifungal targeted to deep-seated epidermal yeast infection9; pH-responsive cargos for effective 
tumor therapy to reduce the toxicity of conventional chemotherapy10; targeted drug delivery for the therapy of 
artery embolization and liver cancer11; and Ca-Alg/chistosan microcapsules system with embedded multivesicu-
lar liposome microparticles for diabetes treatment12. MEs have also demonstrated pronounced performance, such 
as decreasing blood cholesterol in a more effective method using encapsulated B-Sitosterol with enhanced solu-
bility in water13; minimizing damage to living cells during the freezing process14; stabilizing coacervation process 
of raspberry anthocyanin known for its antioxidant activity15; and advanced physicochemical stabilization for 
therapeutic evaluation of topical hydrogels containing vitamin C-loaded self-double-emulsifying drug delivery 
system16. Other proven applications of MEs include skin infection treatment using Clotrimazole17; exceptional 
permeability of MEs atenolol self-double emulsifying drugs for gastrointestinal aqueous environment18; and 
effective digestion performance in intestinal fluids using Pickering MEs microstructures19.

Several different materials have been employed to constitute different phases of MEs to enhance emulsion 
stability and protect inner droplets against flocculation, creaming, or coalescence20. These materials include but 
not limited to liquid crystals21–23 and lecithin24; synthesized graphene oxide-polystyrene25; glycerol to produce 
polyols-in-oil-in-water26; natural glycyrrhizic nanofibrils assembling into a fibrillary hydrogel network to produce 
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gelled MEs20; bioactive materials dispersed in glycerol with the components of glycerol and organogel matrix of 
sitosterol-oryzanol in sunflower oil gels to produce oleogel capsules27; graphene micro-aerogels embedded within 
soft MEs for electrochemical sensing28; mix of oil, toluene, water and microparticles of poly benzyl methacrylate 
to produce porous polystyrene monoliths MEs29; short-chain fatty acid within dietary fibers MEs30; bacterial 
celluloses encapsulated within protein and polyglycerol polyricinoleate MEs31; and eucalyptus oil, ubiquinone 
and fine water interfacing with hydroxy methyl cellulose and tannic acid to produce soft microcapsules of MEs32. 
Also, several emulsifiers33, silica nanoparticles34–37, colloidal materials8,38,39, pH stimuli-responsive polymers40,41, 
biomacromolecules42, surfactants43,44 and physical parameters45,46 have been incorporated to improve the MEs 
stability and performance8,39,47–49.

Conventional blending and stirring techniques are the most dominant techniques used so far for produc-
ing MEs and have been extensively used with different materials, gas or liquid phases, and media conditions to 
enhance MEs stability8,36,38,39,50. In these techniques, the shear stress was provided between two immiscible fluids 
to detach one of the phases and form small droplets35,40,51. The shear stress is exerted in the presence of colloi-
dal materials or surfactants to prevent merging of droplets following their detachment. However, blenders and 
stirrers apply shear stress on the bulk of fluids that makes it cumbersome to control the shear stress distribution 
accurately8,38. The asymmetric pressure distribution limits the process control and eventuates to a variation in size 
for tens up to hundreds of micrometer droplets. Besides, the process is mainly a two- or multiple-step method and 
needs the compatibility of different emulsifiers and immiscible phases11,22,26.

Recently, instead of exerting shear stress using blenders or stirrers, microfluidic technology has been 
employed to control shear stress and produce small droplets encompassed by a Sheath (Fig. 1c)4,47,52,53. The shear 
stress is adjustable and controllable, in contrary to the conventional methods of MEs formation. The micro-scale 
characteristics of the flows in microchannels enable to apply a high shear stress to the flowing fluids. The shear 
stress is applied on a small fraction of the fluid, as several nanoliters, which makes the size of droplet precisely 
adjustable54–56 for the production of single emulsions57,58, multicore emulsions59 as well as entrapment and 
transportation of desired particles60–63, cells64–70 and bacteria71. Also, surface tension is dominant in micro-scale 
channels that allows to produce high-throughput droplets with identical size72 and shape2,73,74. Different struc-
tures of microchannels have been designed to produce single emulsions75–77, double emulsions1,3,72,78–81, viscous 
multicore emulsions47,82–84, and viscoelastic multicore emulsions73,83,85. However, generation of monodisperse 
MEs in microfluidics using existing techniques is yet challenging since producing many monodisperse MEs in 
microchannels needs several additional junctions72,84,86 incorporated to the fluidic design, making the actuation 
and control of the multiphase fluid systems very complicated. Adding several fluid junctions to the microfluidic 
design altogether with arduous manufacturing process intensifies pressure fluctuations within the fluid network 
and complicates the precise adjustment of flow rates for all fluid junctions.

In this work, we present a new microfluidic design with a new regime of droplet formation that uses fluid 
hydrodynamics in a single step process to harness monodisperse MEs configuration. This system can combine 
the advantages of producing emulsions shown in Fig. 1b,c to produce monodisperse MEs within microfluidics 
(Fig. 1d). It is, however, noted that this research focuses on the physics of MEs formation within microfluidics 

Figure 1.  Formation of multiple emulsions (MEs) using different methods. (a) Red, blue, green, black and 
white are the Current phase, the Sheath phase, the Droplet phase and the emulsifiers, respectively. (b) MEs 
controlled by stimuli-responsive polymers. The scale bar is 30 µm. Reproduced from Besnard et al.40, with the 
permission of John Wiley & Sons, Ltd. Publishing. (c) The microfluidic system that produces double emulsions 
by controlling the shear stress in microchannels. The scale bar is 200 µm. Reproduced from Samandari et al.53, 
with the permission of ELSEVIER Publishing. (d) Stagnation point that divides the Droplet phase to four 
identical streams, each of which detaches to small droplets. The stagnation point is magnified. The scale bar is 
50 μm.
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without selecting any specific type of fluids (gases or liquids) for the Sheath phase47,48. In the numerical simu-
lation, a hybrid microfluidic network with two separate compartments is employed to generate MEs in micro-
channels: the top cross-junction compartment, and the bottom T-junction compartment. The cross-junction 
generates inner droplets via a flow-focusing regime while the T-junction controls the Sheath size and period of 
MEs formation. The device produces monodisperse MEs with identical Sheath characteristics and minimal var-
iation in the size of micro-droplets. The new MEs formation process improves the concerned stability of existing 
ME generation techniques where identical Sheath size preserves MEs from merging and aggregating. The drop-
let formation without any emulsifier has been studied experimentally at T-junction49,87–93, similar to the Sheath 
formation process in this study. Therefore, MEs can be produced via only one emulsifier for both the Droplet 
and the Sheath phases to reduce the surface tension. MEs produced following the cross-junction and T-junction 
are finally convected to the downstream channel for further collection and manipulation. Several parameters, 
including three dimensionless numbers of Weber number, Reynolds number and Capillary number as well as 
contact angle and droplet size distribution are considered to produce rapid and reliable monodisperse MEs in a 
high-throughput microfluidic system.

Results
This study focuses on the two instabilities occurring in a hybrid microfluidic network and using them to form 
monodisperse MEs within microfluidics. The design structure of the microfluidic system is illustrated in Fig. 2. 
The simulations are done in a fully-scale three-dimension (3D). Three different phases, named as Droplet, Sheath, 
and Current, interact with each other to control the inner droplets flowing into the Sheath. The small droplets 
(micro-droplets) are created with the instability provided at the cross-junction because of the presence of stag-
nation point exerted by the Sheath phase on the Droplet phase (Fig. 1d and Video 1). Following the formation 
of small droplets at the cross-junction, they move toward the T-junction and fill the forming Sheath. The MEs 
is the Sheath phase containing the Droplet phase inside, which gently march to the downstream microchannel 
(Video 2). The first instability occurs at the cross-junction, where both Droplet and Sheath phases are introduced 
to the inlets. Since the velocity of the Sheath phase is significant compared to the Droplet phase, a stagnation 
point is created at the cross-junction which splits the Droplet phase to four identical flow streams. The stagnation 
point moves the streams to the corners of the cross-section. The low surface tension between the Droplet and the 
Sheath phases hinders the droplet formation at the cross-junction and allows the Droplet phase to divide into 
four streams (Video 1). The stagnation point consists of two pairs of vortices (Fig. S1). These four streams march 
toward the expansion section placed at the joint between the cross-junction and T-junction. The sudden expan-
sion increases the pressure of Droplet phase and decreases its velocity which intensifies both surface instability 
of the jet streams and Rayleigh-Plateau instability (Fig. 1d), eventuates to a new regime of droplet formation 
proposed in this work. Rayleigh-Plateau instability may occur for each of the jet streams even without an expan-
sion section. However, the expansion section intensifies the instability and guarantees the droplet formation. The 
droplets generated from the streams have a length scale of about 10% of the cross-junction hydraulic diameter. 
The 14 variables selected for the three-phase flows of ME formation include three velocities (uD, uS, uC), three vis-
cosities (μD, μS, μC), three densities (ρD, ρS, ρC), and three inlets hydraulic diameters (AD, AS, AC) for three phases 
as well as the two surface tensions between the Droplet and the Sheath phases (σD-S) and between the Sheath and 
the Current phases (σS-C). Given the success of dimensionless numbers in droplet microfluidics for controlling 
the regimes of droplet formation3,47,73,85,94–104, in this work, we analyze the sensitivity of the ME generating micro-
fluidic system to each of the dimensionless numbers. Six dimensionless numbers are chosen for ME formation 
in our simulation to analyze the physical phenomena of ME formation. These dimensionless numbers are Weber 
number for the Droplet phase (WeD), Reynolds number of the Sheath phase (ReS), the ratio of the Sheath net flux 

Figure 2.  Schematic of the formation of MEs within microfluidics. The fluid flows at the inlets are shown with 
arrows. The inlets 1 to 3 are related to the Droplet, the Sheath, and the Current, respectively. The small droplets 
(green droplets) are called Droplet. The large drop or cover (blue drop) is called the Sheath. The red phase is 
called Current. The yellow magnified area shows three steps of the Sheath formation in the dripping regime. 
(top) Necking step at t = 0 (middle) and the Sheath phase detachment at t = 0.2 ms. (bottom) The generated 
Sheath minimizes its surface at t = 0.5 ms. The ME length is L from rear to front side of each ME.
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to the Droplet next flux (QS-D), the ratio of the Current net flux to the Sheath next flux (QC-S), Capillary number 
of the Sheath phase (CaS) and Capillary number of the Current phase (CaC).

We first start with one example of dimensionless numbers for simulating MEs formation is microfluidics, 
where these values of dimensionless numbers are selected based on the experimental data available for validating 
our numerical model73. We will then assess how alteration of each of dimensionless numbers affect the regimes of 
MEs formation and their stability. Therefore, dimensionless numbers are selected as uWe W/ 0 625D D D

2
D Sρ σ= = .− , 

ρ μ= =u 2Re ( W)/ 900S S S S , u uQ A / A 40S D S S D D= =− , = =− u uQ A / A 5C S C C S S , μ σ= = .−2uCa ( )/ 1 1S S S D S  
and μ σ= = ×−

−uCa / 5 10C C C S C
3. Also, the desired regime of MEs formation can be controlled by altering the 

surface tension, viscosity ratio of phases and geometry of the microchannels. Accordingly, the velocities of the 
Droplet and the Sheath phases are set to 4.5 × 10−3 m/s and 9 × 10−2 m/s, respectively. The viscosity for both cases 
is set to 10−5 Pa.s and the density is set to 103 kg/m3 for all phases. The surface tension between the Droplet and the 
Sheath phases is set to 1.62 × 10−6 N.m. The Current velocity and viscosity are set to 10−1 m/s and 10−3 Pa.s, 
respectively. The surface tension between the Sheath and the Current phase is set to 2 × 10−2 N.m. Also, both the 
depth and width of the cross-junction are set to 50 µm. The ME regime formed based on these selected parameters 
is shown in Fig. 1d.

Here, the effect of alteration in each of dimensionless numbers on formation regime of MEs is presented. 
Weber number for the Droplet phase (in this simulation ρ σ= = .−uWe W/ 0 625D D D

2
D S ) represents the balance 

between interfacial tension force and inertia force of the Droplet phase. The decrease in WeD highlights the effect 
of surface tension, inhibiting the split of the Droplet phase and formation of four streams at the cross-junction. 
This behavior is similar to the results of droplet formation in hierarchical flow-focusing microchannels, discussed 
somewhere else1. However, the effect of WeD on stability of the MEs needs further investigation.

The second dimensionless number is Reynolds number of the Sheath phase, (in this simulation 
u 2WRe ( )/ 900S S S Sρ μ= = ). This value of Res intensifies the singularity, where the stagnation point occurs at the 

cross-junction. The stagnation point defines how the Droplet jet divides and deforms. It also shows that the effect 
of inertia is not negligible in MEs formation. The expansion section added to the fluidic design decreases Res and 
reduces the momentum of the Sheath phase, preventing its collision with the bottom wall of the main microchan-
nel. Since the hydraulic diameter of the expansion section is three times larger than the Sheath’s inlet, the expan-
sion section also decreases Res three times before the T-junction. Res varies between 1200 to 0.1 by changing the 
density of the Sheath phase from 1,333 to 0.1 kg/m3. This range of density covers the wide range of densities from 
gases like hydrogen to high viscous liquids for the Sheath phase. For higher Res, the flow becomes unstable which 
prevents the formation of monodisperse droplets. It is worth mentioning that Res consists of the terms of Sheath 
velocity, density, viscosity and channel dimension. However, density of the Sheath phase is the sole parameter that 
can change Res without affecting other dimensionless numbers studied in this work. Therefore, altering the den-
sity of the fluid is used to determine the sensitivity of the microfluidic ME generation system to Res.

Six different regimes of jet deformation during droplet formation are shown in Fig. 3. The droplet formation is 
mainly stimulated by Rayleigh-Plateau instability. The tip-streaming regime is dominant for ReS < 0.5, where Res 
is not effective on jet deformation (Fig. 3a). For 1 < ReS < 40, the jet elongates to the downstream channel until 
the Sheath phase encapsulates the jet at the T-junction (Fig. 3b). For 40 < ReS < 150, the jet is divided into two 
streams near cross-junction because the inertia of the Sheath phase deforms the jet to a fluid sheet (Fig. 3c). For 
200 < ReS < 400, the inertia of the Sheath phase is strong enough to divide the Droplet phase into four similar 
streams (Fig. 3d). For 450 < ReS < 700, the jet preserves the deformed shape and the applied shear stress from the 
Sheath phase on the Droplet phase is strong enough to intensify the surface instabilities and detach each of the jet 
streams to small droplets (Fig. 3e). For 800 < ReS < 1200, the vortex near the cross-junction develops a hole inside 
the Droplet phase which then detaches the jet streams (Fig. 3f).

The third dimensionless number is the ratio of the Sheath net flux to the Droplet net flux, (in this simulation 
= =− u uQ A / A 40S D S S D D ), which shows the concentration of the inner droplets in each ME. For instance, 

increasing the Droplet net flux increases the volume of droplets trapped inside the Sheath. Also, there are bound-
aries that identify the regimes of droplet formation and limit the adjustment of the net flux.

The fourth dimensionless number is the ratio of the Current net flux to the Sheath net flux, (in this simulation 
u uQ A / A 5C S C C S S= =− ), which controls the Sheath size and formation characteristics. Also the fifth and sixth 

dimensionless numbers are the two Capillary numbers. The first Capillary number (in this simulation 
2uCa ( )/ 1 1S S S D Sμ σ= = .− ) declares that the Sheath phase exerts the shear stress on the Droplet phase during its 

interaction at the cross-junction where the Sheath phase plays the role of continuous phase while the Droplet 
phase acts as the disperse phase. Increasing the shear stress intensifies the Rayleigh-Plateau instability and 
changes the size of the detached droplets and the detachment location1. This Capillary number can be used for 
adjusting the droplets size while it has a negligible effect on the Sheath size1. The high value of shear stress and 
inertia forces result in the appearance of the stagnation point at the cross-junction, making a completely different 
scenario of droplet formation for the Droplet phase. A high value of Cas (low surface tension σD-S) along with high 
Res provides enough shear stress to transform the Droplet phase to four streams and create a new mechanism for 
the generation of the monodisperse MEs. This may equivalently infer the importance of viscosity ratio on con-
trolling the MEs formation.

The T-junction instability is well-known and explained in detail somewhere else for five different regimes of 
droplet formation75. The dripping instability is dominant at the T-junction which can be controlled by a Capillary 
number via adjusting the velocity of the Current phase. The second Capillary number μ σ= −uCa /C C C S C is con-
sidered for the T-junction instability for controlling the Sheath size and formation characteristics. The yellow 
zone highlighted in Fig. 2 (shown in Video 2) show that MEs formation falls within the dripping instability 
regime at the T-junction where Cac = 0.00575,83. The results of ReS > 1 show that the momentum of the Sheath 
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phase is strong enough to make a considerable change in the flow field necessary for producing the dripping 
instability regime.

The velocity of the Current phase is changed to analyze the effect of Cac and determine its relative effect on 
the generated Sheath size and formation process (Video 3). The results show that the Sheath size increases with 
decreasing the velocity of the Current phase (decreasing Cac) (Fig. 4). The statistical analysis of ME formation 
within microfluidics (Table S1 and Fig. S2) show that the size variation of MEs remains below 3% (Fig. 4). Also, 
the Sheath size variation among 10 MEs was measured, and the small variation in size shows the monodispersity 
of the Sheaths in each regime of formation (Fig. 4).

For Cac higher than 0.007, the dimensionless Sheath droplet size (L/W) remains unchanged and the generated 
Sheath remains spherical during its transportation through the downstream microchannel. It is because the size 
of the generated Sheath remains smaller than the microchannel width. The emulsion instability is also studied at 
the T-junction for Cacsimulated within the range of 0.001–0.036 with the interval of 0.001. The flow regimes are 
determined to be squeezing for CaC < 0.003, transition for 0.003 < CaC < 0.005, dripping for 0.005 < CaC < 0.01 
and jetting for CaC > 0.01. Despite the shift of the boundaries for each regime of the T-junction instability, the 
sequence of ME formation regimes remains unchanged for different velocity ratio of the Current phase to the 
Sheath phase, also demonstrated before91. Unlike previous studies, the squeezing and jetting regimes for Res > 1 
are not consistent and stable due to the dominance of the momentum of the Sheath phase compared to the 
Current phase. The inertia of the Sheath phase prevents the Current phase from smooth transporting the emerg-
ing tip at the T-junction. The mechanism underlying the Sheath generation at the T-junction in the squeezing 
regime is based on the pressure build-up of the Current phase at the upstream of the emerging tip. The tip blocks 
the Current phase following its detachment from the bottom of the main microchannel, allowing the Current 
phase to slightly leak from the corners of the microchannel (Fig. S3a). However, the total volume of the leak-
age is not enough to preserve the pressure needed for the tip transportation to the downstream microchannel. 
Therefore, it needs more time than usual for pressure build-up at the upstream of the tip. The characteristics of 
the squeezing regime are addressed in the literature91. For Res > 1 and CaC < 0.001, the momentum of the Sheath 

Figure 3.  The effect of Res on the jet and droplet formation. The black magnified area, at the top right of each 
section, is the side view. The red magnified area, at the right bottom of each section, is the Sheath formation near 
T-junction. The density of the Sheath phase is altered to change Res. The Sheath size is not affected by Res. (a) 
Res = 0.1. (b) Res = 10. (c) Res = 50. (d) Res = 300. (e) Res = 500. (f) Res = 900.
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phase is significantly high to intensely collide the emerging tip with the bottom wall of the main microchannel 
(Fig. S3b,c). Afterward, the pressure drastically increases until it steers the bulk of the tip to the pinch-off location 
at the T-junction (Fig. S3d,e). The droplet formation is shown to be reproducible, and the tip collides the bottom 
wall of the microchannel in every cycle (Fig. S3f). It has already been demonstrated that the jetting regime evolves 
from stable to unstable with increasing Cac, generating the parallel regime75. However, the stable jetting regime of 
MEs with identical Sheath sizes is observed only at 0.010 < CaC < 0.015. For Cac higher than 0.015, the generated 
Sheath varies in size which is no longer reliable for ME formation needed for high-throughput ME production 
(Video 3).

Various coating protocols, such as plasma oxidation and surface functionalizations, have been used for spatial 
control of contact angles within microfluidics53,73,105. Our ME formation microfluidic system requires partial 
hydrophilicity at a specific portion of the fluidic network to control the contact angle for generating stable MEs. 
Here in our model, the contact angle is modeled as the static contact angle, according to the model of drop shape 
analyzer device reported somewhere else56. Also, we used the validated algorithm of Afkhami & Bussmann106,107 
for applying the contact angle in the numerical method. The given values of the contact angle are for fluids at the 
steady-state condition to analyze how the change of contact angle affects the droplet regime. Therefore, the effect 
of contact angle on ME generation within the microfluidic system is studied and shown in Fig. S4. The results 
show that the generated MEs under the contact angles of 0° and 20° are similar in time scale and droplet size. The 
cycles of droplet formation last 4.57 ms and 4.95 ms for the Current phase contact angles of 0° (180° for the Sheath 
phase) and 20° (160° for the Sheath phase), respectively. Accordingly, the dimensionless sizes of the Sheath phase 
are 1.08 and 1.17, respectively (Fig. S4). The contact angle above 10° is practical to manufacture. For the contact 
angle of 40°, the Sheath phase slightly attaches to the walls of the microchannel which increases the period of 
each cycle to 6.8 ms. The simulation shows that increasing the contact angle to above 60° inhibits the detachment 
of the Sheath phase at the T-junction for the formation of droplets, leading to the continues elongation of the tip 
to the downstream as a parallel regime (Fig. S5). The failure of droplet formation for the contact angle of above 
60° is different from the results of conventional droplets formation at T-junction where the droplets form even 
with the contact angle of 90°108–110. This failure may be due to the high momentum of the Sheath phase at Res > 1 
which prevents the pressure build-up for overcoming surface tension forces. The entire process for the formation 
of one ME lasts approximately 5 ms for WeD = 0.625, Res = 900, Qs-d = 40, Qc-s = 5, Cas = 1.1 and Cac = 0.005. The 
variation in droplet size at the cross-junction in the hybrid microfluidics is limited to 10% while the droplet size 
is very heterogeneous in previous works and varies in tens to hundreds of microns8,38.

Discussion
A new configuration of multiphase flow is presented in this work to produce, for the first time, monodisperse MEs 
within microfluidics. Instead of using conventional methods of MEs formation that exerts shear stress on the bulk 
of fluids via blenders and stirrers, here we used microfluidic design to apply shear stress in a controlled fashion to 
a small fraction of the introduced liquid phases. The shear stress applied in micro-scale generates droplets with 
controllable size floating in precisely adjustable Sheath drops. This is the first attempt to produce monodisperse 
MEs in microchannels where two different instabilities play a significant role in high-throughput MEs formation. 
The essential compartments of the proposed hybrid microchannel design, investigated in this study, consist of the 

Figure 4.  The ME formation for different values of Cac. The solid line is L/W and related to the primary axis. 
The dashed line is the cycle time (ms) and related to the secondary axis. The size measurement and cycle time 
are related to the ME. The error bar for the ME size variation is shown with orange color in each simulation 
point. Small variation of the ME size shows its monodispersity. The black magnified area is the frequency 
distribution of the small droplets inside the ME against the size variation. The y axis is frequency and the x axis 
is number of small droplets in the range.
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cross-junction, stagnation point, Rayleigh-Plateau instability, expansion section, T-junction and dripping insta-
bility. The effect of dimensionless numbers of WeD, QS-D, QC-S, and CaS are qualitatively discussed based on the 
governing physics of MEs formation. The effects of two other dimensionless numbers of Cac and Re, in specific, 
are examined, and the corresponding regimes of MEs formation are quantitatively investigated. It is demonstrated 
that the contact angle above 60° prevents the Sheath formation. However, the contact angles less than 20° almost 
produce the same MEs. The quantitative effect of WeD, Qs-d, Qc-s and Cas needs to be further explored for future 
studies to reveal the boundaries and characteristics of MEs formation. It is believed that the length of the channel 
following the cross-junction and prior to the expansion section needs optimization in future studies. In overall, 
the MEs formation as a three-phase flow configuration with 14 key variables presented in this work can generate 
a versatile range of multiple emulsions for a variety of different applications.

Methods
Numerical method.  The fluid flow of the three immiscible liquids within the microfluidic network is appro-
priately designed to attain a single-step, reliable and rapid MEs formation. The equations governing each of three 
phases include incompressible Navier–Stokes equation involving the surface tension term, variable-density flow 
pattern, and continuity equation (Eqs 1–3). The continuity equation and volume fraction are used to derive the 
advection equation (Eq. 4)111.

ρ µ σκδ∂ + . ∇ = −∇ + ∇. +u u u D np( ) (2 ) , (1)st

ρ ρ∂ + ∇. =u( ) 0, (2)t

∇. =u 0, (3)

uc c( ) 0, (4)t∂ + ∇. =

where p and u denote pressure and velocity vector, respectively, and D defines deformation tensor 
( )( )D u u /2ij i j j i= ∂ + ∂ . δS as the Dirac delta function and represents the presence of the surface tension coeffi-
cient (σ) on the interface. The volume fraction of each phase in every cell is defined as c. The dynamic viscosity 
and density of the fluid are defined as x( , t)μ μ≡  and x( , t)ρ ρ≡ , respectively112. κ denotes the curvature radius 
of the interface and n defines the unit vector perpendicular to the interface112.

The open source code Gerris is used to simulate the multiphase flow of MEs within microfluidics. Finite 
volume method (FVM) discretization is used to solve numerically the governing equations112. The staggered tem-
poral discretization is used for the volume fraction/density111–113. The volume of fluid (VOF) method is adopted 
to simulate the interfaces of the three immiscible fluids and the interaction of different instabilities that detach 
the droplets from the inlet phases. For the boundary conditions, uniform normal velocity is applied with zero 
gradient condition for the pressure at the inlet of the main channel (Current, u3), and at the two inlets of the 
cross-junction (u1 for the Droplet and u2 for the Sheath). The outlet boundary condition is set to zero pressure and 
zero velocity gradients. No-slip boundary condition is selected for all microchannel walls.

The multiphase interfaces are traced by a VOF function c(x, t). The geometrical VOF advects the volume frac-
tion field for all the computational cells111. The viscosity and density are defined as Eqs (5) and (6), respectively.

c c c c c c( , ) (1 ) , (5)D C D D C C C D Sμ μ μ μ= + + − −

c c c c c c( , ) (1 ) , (6)D C D D C C C D Sρ ρ ρ ρ= + + − −

where subscripts C, D and S represent Current, Droplet and Sheath phases, respectively1. The detailed description 
of the method is explained somewhere else111,112. The wetting boundary condition is illustrated in Fig. 2, where 
the top part of the microchannel is wetted only by the Sheath phase that means the contact angle of zero for the 
Sheath phase and 180° for both the Current and Droplet phases. For the T-junction bottom compartment, the 
wetting condition is set to zero contact angle for the Current phase and defined as non-wetting (180°) for both the 
Sheath and Droplet phases. Several other groups have demonstrated experimentally the wettability patterning of 
the microfluidic devices using spatially-controlled plasma oxidation, self-assembly and lithography techniques, 
which justifies the feasibility of patterning a desired contact angle within114–117. Also, the contact angles of 20°, 40°, 
60° and 90° are simulated to analyze the effect of contact angle on MEs formation.

Validation.  The validation of the simulation results is disseminated into the dripping instability at the 
T-junction and Rayleigh-Plateau instability of the Droplet phase. The dripping instability at the T-junction for the 
formation of the Sheath is validated against the experimental data of Yeom & Lee118 and reported in our previous 
work75. The Rayleigh-Plateau instability of the Droplet phase arising at the expansion section is validated against 
the Gerris code in our previous work111. We previously demonstrated that the simulation of the Rayleigh-Plateau 
instability has a good agreement with the experimental results1. Also, we validated the Gerris code with the drop-
let formation at T-junction microchannels75, studied by Li et al.91 on dimensionless droplet size, and with van 
Steijn119 on velocity vectors during droplet formation step119. In addition, we validated the code against experi-
mental data of Abate et al.73 (Fig. 5a–f) where Capillary number of the Sheath phase ( ‐2uCa ( )/S S S D Sμ σ= ) is set 
to 0.022 and Reynolds number of the Sheath phase ( u 2WRe ( )/S S S Sρ μ= ) is set to 5. The numerical results are 
also compared to the experimental data in terms of the detachment location of the droplets where the simulations 
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are performed for 0.2 < We < 1.5 (Fig. 5g). The transition region for experimental and simulation data are found 
to be 1.12 < We < 1.26 and 1.1 < We < 1.2, respectively. The green highlighted area in Fig. 5g is the transition 
region in simulations while both the green and yellow areas are defined as the transition regions in the experi-
ments. The surface tension is reduced to 1.26 × 10−4 N.m to prevent the Droplet phase to form consecutive drop-
lets. Therefore, the Droplet phase is elongated to the downstream channel as a jet of fluid because the surface 
tension is not strong enough to intensify the surface instabilities on the jet stream (Fig. 6a). Since the momentum 
of the Sheath phase deforms the jet stream, the viscosity of the Sheath phase is reduced from 10−3 to 10−5 Pa.s, and 
Res increases from 5 to 500. It is, therefore, enough to detach the Droplet phase and produce small droplets 
(Fig. 6b). However, the momentum of the Sheath phase is relatively strong to prevent the Sheath detachment at 
further downstream of the second cross-junction. An expansion section is provided after the first cross-junction 
to overcome the momentum of the Sheath phase and reduce Res. Also, the bottom part of the microchannel is 
changed from cross-junction to T-junction to control the Sheath size and different regimes of the Sheath 
formation.

Geometry and grid independency.  Gerris uses semi-structured Quad/Octree spatial cells and adaptive 
mesh refinement (AMR) technique to discretize the geometry (Fig. 7a–d)112,120. The curvature, topology and 
value-based refinements are used concurrently to ensure numerical accuracy and robustness (Fig. 7e)1,83,113,121. 
The AMR technique with maximum three-level refinements is used in this work, though detailed somewhere 
else83,112. A cell of level n has a resolution of 2n in each coordinate, and 0 and n are the refinement levels of the root 

Figure 5.  Numerical simulation compared to experimental data of Abate et al.67 (a) u WWe / 0 4in
2ρ σ= = . . 

(b) = .We 0 6in . (c) = .We 0 8in . (d) We 0 9in = . . (e) = .We 1 1in . (f) = .We 1 2in . (g) The comparison between 
numerical and experimental data for the detachment location where the Droplet is formed. The highlighted area 
is the transition regions from two-step to one-step formation.

Figure 6.  The effect of surface tension and viscosity on the formation of double emulsions. (a) The surface 
tension various from 5 10 N m3× .−  to 1 26 10 N m4. × .− . The black magnified area is the side view. (b) The 
viscosity of the Sheath phase changes from 10−3 to 10−5 Pa.s.
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cell and recursive descendant cells, respectively. The Sheath size varies less than 5% with one level increase in the 
superlative refinement from 5 to 6 and changes about 10% with one level increase in the superlative refinement 
from 4 to 5. Thus, the refinement level is set to 6 for the curvature interface (Fig. 7a,b) while the levels are set to 
5 and 3 for the T-junction and the main geometry, respectively (Fig. 7c,d). The refinement level is set to 5 near 
the walls which ensure that the cells are refined enough to accurately predict the shear stress exerted on both the 
Droplet and Sheath. Level 6 for the curvature is determined to be 64 cells per 50 μm, and the AMR technique 
executes every time step.

Data Availability
The authors declare that all data supporting the findings of this study are available within the article and its Sup-
plementary Information files or from the corresponding author upon reasonable request.

References
	 1.	 Azarmanesh, M., Farhadi, M. & Azizian, P. Double emulsion formation through hierarchical flow-focusing microchannel. Physics 

of Fluids 28, 032005 (2016).
	 2.	 Horwitz, J., Kumar, P. & Vanka, S. Three-dimensional deformation of a spherical droplet in a square duct flow at moderate reynolds 

numbers. International Journal of Multiphase Flow 67, 10–24 (2014).
	 3.	 Cubaud, T., Jose, B. M., Darvishi, S. & Sun, R. Droplet breakup and viscosity-stratified flows in microchannels. International 

Journal of Multiphase Flow 39, 29–36 (2012).
	 4.	 Sackmann, E. K., Fulton, A. L. & Beebe, D. J. The present and future role of microfluidics in biomedical research. Nature 507, 

181–189 (2014).
	 5.	 Abate, A. R., Lee, D., Holtze, C., Krummel, A. & Do T, W. D. Functionalized glass coating for PDMS microfluidic devices. Lab-on-

a-Chip Technology: Fabrication and Microfluidics, Caister Academic Press (2009).
	 6.	 Abate, A. R., Chen, C. H., Agresti, J. J. & Weitz, D. A. Beating Poisson encapsulation statistics using close-packed ordering. Lab on 

a Chip 9, 2628–2631 (2009).
	 7.	 Brand, A. H. & Perrimon, N. Targeted gene expression as a means of altering cell fates and generating dominant phenotypes. 

Ddevelopment 118, 401–415 (1993).
	 8.	 Murakami, R., Moriyama, H., Yamamoto, M., Binks, B. P. & Rocher, A. Particle stabilization of oil-in-water-in-air materials: 

powdered emulsions. Advanced Materials 24, 767–771 (2012).
	 9.	 Suñer-Carbó, J. et al. Skin permeation of econazole nitrate formulated in an enhanced hydrophilic multiple emulsion. Mycoses 60, 

166–177 (2017).
	 10.	 Guo, H. et al. A GO@ PLA@ HA Composite microcapsule: its preparation and multistage and controlled drug release. European 

Journal of Inorganic Chemistry 2017, 3312–3321 (2017).
	 11.	 Liu, Q. et al. 131I-Labeled copper sulfide-loaded microspheres to treat hepatic tumors via hepatic artery embolization. Theranostics 

8, 785 (2018).
	 12.	 Zhou, X. et al. Preparation of a MVL-Ca-Alg/CS MEMs system with add-on effect for type 2 diabetes treatment. International. 

Journal of Polymeric Materials and Polymeric Biomaterials 2, 1–7 (2017).
	 13.	 Momeny, E., Mirhosseini, H. & Sarker, M. Z. I. Effect of medium-high energy emulsification condition on physicochemical 

properties of β-sitosterol multiple emulsion. Food and Bioprocess. Technology 10, 1642–1654 (2017).
	 14.	 Dluska, E., Cui, Z., Markowska-Radomska, A., Metera, A. & Kosicki, K. Cryoprotection and banking of living cells in a 3D multiple 

emulsion-based carrier. Biotechnology Journal 12, 1–10 (2017).
	 15.	 Shaddel, R. et al. Double emulsion followed by complex coacervation as a promising method for protection of black raspberry 

anthocyanins. Food Hydrocolloids 77, 803–816 (2017).
	 16.	 Wang, Q. et al. Self-double-emulsifying drug delivery system incorporated in natural hydrogels: a new way for topical application 

of vitamin C. Journal of Microencapsulation, 1–39 (2018).
	 17.	 Suñer, J., Calpena, A. C., Clares, B., Cañadas, C. & Halbaut, L. Development of clotrimazole multiple W/O/W emulsions as vehicles 

for drug delivery: effects of additives on emulsion stability. AAPS PharmSciTech 18, 539–550 (2017).

Figure 7.  Discretization of the geometry using the AMR technique near the interfaces and the walls. The green, 
blue and red colors show the Droplet, the Sheath, and the Current phases, respectively. (a) Level 6 is used for 
the interface between the Droplet phase and the Sheath phase, while level 5 is used for the entire cross-junction. 
(b) Level 6 is used for the interface between the Sheath phase and the Current phase, while level 3 is used for 
the main channel. (c) Mesh structure at the y-z plane. Level 5 is used near the walls to capture the effect of shear 
stress. (d) Mesh structure at the x-y plane. (e) The multiple Emulsion.

https://doi.org/10.1038/s41598-019-49136-7


1 0Scientific Reports |         (2019) 9:12694  | https://doi.org/10.1038/s41598-019-49136-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 18.	 Bhattacharjee, A., Verma, S., Verma, P. R. P., Singh, S. K. & Chakraborty, A. Fabrication of liquid and solid self-double emulsifying 
drug delivery system of atenolol by response surface methodology. Journal of Drug Delivery Science and Technology 41, 45–57 
(2017).

	 19.	 Xiao, J., Lu, X. & Huang, Q. Double emulsion derived from kafirin nanoparticles stabilized Pickering emulsion: Fabrication, 
microstructure, stability and in vitro digestion profile. Food Hydrocolloids 62, 230–238 (2017).

	 20.	 Ma, L., Wan, Z. & Yang, X. Multiple Water-in-Oil-in-Water Emulsion Gels Based on Self-Assembled Saponin Fibrillar Network for 
Photosensitive Cargo Protection. Journal of Agricultural and Food Chemistry 65, 9735–9743 (2017).

	 21.	 Jia, B., Zhang, Z., Chen, M.-H. & Zhang, W.-P. Effect of liquid oils on the properties of multiple emulsions containing liquid 
crystals. Journal of Dispersion Science and Technology 38, 876–882 (2017).

	 22.	 Zhang, W.-P. et al. Preparation and characteristics of multiple emulsions containing liquid crystals. Liquid Crystals, 1–10 (2017).
	 23.	 Bing, J., Qian-jie, Z., Zheng, Z., Ming-hua, C. & Wan-ping, Z. Preparation of liquid crystal emulsion and its application 

performance study. Journal of Dispersion Science and Technology 39, 100–105 (2018).
	 24.	 Luo, S. et al. Stability and rheology of three types of W/O/W multiple emulsions emulsified with lecithin. Journal of Dispersion 

Science and Technology 38, 1530–1535 (2017).
	 25.	 Stankovich, S. et al. Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide. carbon 45, 

1558–1565 (2007).
	 26.	 Zhang, W. et al. Effects of compositions on the stability of polyols-in-oil-in-water (P/O/W) multiple emulsions. Journal of 

Dispersion Science and Technology 5, 1–8 (2017).
	 27.	 Matheson, A., Dalkas, G., Mears, R., Euston, S. R. & Clegg, P. S. Stable emulsions of droplets in a solid edible organogel matrix. Soft 

Matter 14, 2044–2051 (2018).
	 28.	 Ruiyi, L. et al. Graphene micro-aerogel based voltammetric sensing of p-acetamidophenol. Microchimica Acta 184, 1417–1426 

(2017).
	 29.	 Chen, Q. et al. Porous polystyrene monoliths and microparticles prepared from core cross-linked star (CCS) polymers-stabilized 

emulsions. Scientific Reports 7, 8493 (2017).
	 30.	 Yamanaka, Y. et al. Formulation of W/O/W emulsions loaded with short-chain fatty acid and their stability improvement by layer-

by-layer deposition using dietary fibers. LWT-Food Science and Technology 76, 344–350 (2017).
	 31.	 Panagopoulou, E. et al. Stability of double emulsions with PGPR, bacterial cellulose and whey protein isolate. Colloids and Surfaces 

A: Physicochemical and Engineering Aspects 522, 445–452 (2017).
	 32.	 Taguchi, Y., Suzuki, T., Saito, N., Yokoyama, H. & Tanaka, M. Preparation of soft microcapsules containing multiple core materials 

with interfacial dehydration reaction using the (W/O)/W emulsion. Journal of Microencapsulation 34, 744–753 (2017).
	 33.	 Wan, B. & Fradette, L. Phase inversion of a solid-stabilized emulsion: effect of particle concentration. The Canadian Journal of 

Chemical Engineering 95, 1925–1933 (2017).
	 34.	 Vasiljevic, D., Djuris, J., Jakimenko, S. & Ibric, S. Application of the fractional factorial design in multiple W/O/W emulsions. 

Journal of Dispersion Science and Technology 38, 1732–1737 (2017).
	 35.	 Truong-Cong, T. et al. A scalable process to produce lipid-based compartmented Janus nanoparticles with pharmaceutically 

approved excipients. Nanoscale 10, 3654–3662 (2018).
	 36.	 Tyowua, A. T., Yiase, S. G. & Binks, B. P. Double oil-in-oil-in-oil emulsions stabilised solely by particles. Journal of Colloid and 

Interface Science 488, 127–134 (2017).
	 37.	 Dyab, A. K., Mohamed, L. A. & Taha, F. Non-aqueous olive oil-in-glycerin (o/o) Pickering emulsions: Preparation, characterization 

and in vitro aspirin release. Journal of Dispersion Science and Technology 39, 890–900 (2018).
	 38.	 Murakami, R., Moriyama, H., Noguchi, T., Yamamoto, M. & Binks, B. P. Effects of the density difference between water and oil on 

stabilization of powdered oil-in-water emulsions. Langmuir 30, 496–500 (2014).
	 39.	 Binks, B. P. & Tyowua, A. T. Particle-stabilized powdered water-in-oil emulsions. Langmuir 32, 3110–3115 (2016).
	 40.	 Besnard, L. et al. Multiple emulsions controlled by stimuli-responsive polymers. Advanced Materials 25, 2844–2848 (2013).
	 41.	 Taguchi, Y., Saito, N., Oda, K. & Tanaka, M. Preparation of Microcapsules Containing Water and Effect of Water Content on 

Expansion Behavior. Journal of Encapsulation and Adsorption Sciences 7, 127 (2017).
	 42.	 Li, J. et al. The effects of biomacromolecules on the physical stability of W/O/W emulsions. Journal of Food Science and Technology 

54, 469–480 (2017).
	 43.	 Holmiere, S., Valentin, R., Maréchal, P. & Mouloungui, Z. Esters of oligo-(glycerol carbonate-glycerol): New biobased oligomeric 

surfactants. Journal of Colloid and Interface Science 487, 418–425 (2017).
	 44.	 Zadymova, N. M. et al. Rheological properties of heavy oil emulsions with different morphologies. Journal of Petroleum Science and 

Engineering 149, 522–530 (2017).
	 45.	 Beer, S., Dobler, D., Schmidts, T., Keusgen, M. & Runkel, F. On the pressure balance and the resulting phase fraction in compressed 

multiple emulsions. Colloids and Surfaces A: Physicochemical and Engineering Aspects 513, 196–203 (2017).
	 46.	 García, M. C., Muñoz, J., Alfaro, M. C. & Franco, J. M. Optimization of green multiple emulsions processing to improve their 

physical stability. Chemical Engineering &. Technology 40, 1043–1050 (2017).
	 47.	 Wang, W.-T., Chen, R., Xu, J.-H., Wang, Y. D. & Luo, G.-S. One-step microfluidic production of gas-in-water-in-oil multi-cores 

double emulsions. Chemical Engineering Journal 263, 412–418 (2015).
	 48.	 Brugarolas, T., Park, B. J., Lee, M. H. & Lee, D. Generation of amphiphilic janus bubbles and their behavior at an air–water interface. 

Advanced Functional Materials 21, 3924–3931 (2011).
	 49.	 Santos, R. M. & Kawaji, M. Numerical modeling and experimental investigation of gas–liquid slug formation in a microchannel 

T-junction. International Journal of Multiphase Flow 36, 314–323 (2010).
	 50.	 Dluska, E., Markowska-Radomska, A., Metera, A., Tudek, B. & Kosicki, K. Multiple emulsions as effective platforms for controlled 

anti-cancer drug delivery. Nanomedicine 12, 2183–2197 (2017).
	 51.	 Ali, M., McCoy, T. M., McKinnon, I. R., Majumder, M. & Tabor, R. F. Synthesis and characterization of graphene oxide–polystyrene 

composite capsules with aqueous cargo via a water–oil–water multiple emulsion templating route. ACS Applied Materials & 
Interfaces 9, 18187–18198 (2017).

	 52.	 Kang, J.-H., Kim, S.-H., Fernandez-Nieves, A. & Reichmanis, E. Amplified photon upconversion by photonic shell of cholesteric 
liquid crystals. Journal of the American Chemical Society 139, 5708–5711 (2017).

	 53.	 Samandari, M., Alipanah, F., Javanmard, S. H. & Sanati-Nezhad, A. One-step wettability patterning of PDMS microchannels for 
generation of monodisperse alginate microbeads by in Situ external gelation in double emulsion microdroplets. Sensors and 
Actuators B: Chemical 291, 418–425 (2019).

	 54.	 Rondeau, E. & Cooper-White, J. J. Formation of multilayered biopolymer microcapsules and microparticles in a multiphase 
microfluidic flow. Biomicrofluidics 6, 024125 (2012).

	 55.	 Hu, Y., Azadi, G. & Ardekani, A. M. Microfluidic fabrication of shape-tunable alginate microgels: Effect of size and impact velocity. 
Carbohydrate polymers 120, 38–45 (2015).

	 56.	 Azarmanesh, M. et al. Passive microinjection within high-throughput microfluidics for controlled actuation of droplets and cells. 
Scientific Reports 9, 6723 (2019).

	 57.	 Chong, Z. Z. et al. Active droplet generation in microfluidics. Lab on a Chip 16, 35–58 (2016).
	 58.	 Chen, Y., Gao, W., Zhang, C. & Zhao, Y. Three-dimensional splitting microfluidics. Lab on a Chip 16, 1332–1339 (2016).

https://doi.org/10.1038/s41598-019-49136-7


1 1Scientific Reports |         (2019) 9:12694  | https://doi.org/10.1038/s41598-019-49136-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 59.	 Villar, G., Heron, A. J. & Bayley, H. Formation of droplet networks that function in aqueous environments. Nature Nanotechnology 
6, 803 (2011).

	 60.	 Schukur, L., Zorlutuna, P., Cha, J. M., Bae, H. & Khademhosseini, A. Directed differentiation of size-controlled embryoid bodies 
towards endothelial and cardiac lineages in RGD-Modified poly (ethylene glycol) hydrogels. Advanced Healthcare Materials 2, 
195–205 (2013).

	 61.	 Gruner, P. et al. Controlling molecular transport in minimal emulsions. Nature communications 7, 10392 (2016).
	 62.	 Hansen, M. M. et al. Macromolecular crowding creates heterogeneous environments of gene expression in picolitre droplets. 

Nature Nanotechnology 11, 191 (2016).
	 63.	 Hofmann, T. W., Hänselmann, S., Janiesch, J. W., Rademacher, A. & Böhm, C. H. Applying microdroplets as sensors for label-free 

detection of chemical reactions. Lab on a Chip 12, 916–922 (2012).
	 64.	 Zhao, X. et al. Injectable Stem Cell-Laden Photocrosslinkable microspheres fabricated using microfluidics for rapid generation of 

osteogenic tissue constructs. Advanced Functional Materials 26, 2809–2819 (2016).
	 65.	 Kang, D.-K., Ali, M. M., Zhang, K., Pone, E. J. & Zhao, W. Droplet microfluidics for single-molecule and single-cell analysis in 

cancer research, diagnosis and therapy. TrAC Trends in Analytical Chemistry 58, 145–153 (2014).
	 66.	 Ertl, P., Sticker, D., Charwat, V., Kasper, C. & Lepperdinger, G. Lab-on-a-chip technologies for stem cell analysis. Trends in 

Biotechnology 32, 245–253 (2014).
	 67.	 Lesher-Perez, S. C., Frampton, J. P. & Takayama, S. Microfluidic systems: A new toolbox for pluripotent stem cells. Biotechnology 

Journal 8, 180–191 (2013).
	 68.	 Khorshidi, M. A., Rajeswari, P. K. P., Wählby, C., Joensson, H. N. & Svahn, H. A. Automated analysis of dynamic behavior of single 

cells in picoliter droplets. Lab on a Chip 14, 931–937 (2014).
	 69.	 Zinchenko, A. et al. One in a million: flow cytometric sorting of single cell-lysate assays in monodisperse picolitre double emulsion 

droplets for directed evolution. Analytical Chemistry 86, 2526–2533 (2014).
	 70.	 Dolega, M. E., Abeille, F., Picollet-D’hahan, N. & Gidrol, X. Controlled 3D culture in Matrigel microbeads to analyze clonal acinar 

development. Biomaterials 52, 347–357 (2015).
	 71.	 Weitz, M. et al. Communication and computation by bacteria compartmentalized within microemulsion droplets. Journal of the 

American Chemical Society 136, 72–75 (2013).
	 72.	 Sciambi, A. & Abate, A. R. Adding reagent to droplets with controlled rupture of encapsulated double emulsions. Biomicrofluidics 

7, 044112 (2013).
	 73.	 Abate, A. R., Thiele, J. & Weitz, D. A. One-step formation of multiple emulsions in microfluidics. Lab on a Chip 11, 253–258 (2011).
	 74.	 Shum, H. C. et al. Droplet microfluidics for fabrication of non-spherical particles. Macromolecular Rapid Communications 31, 

108–118 (2010).
	 75.	 Azarmanesh, M. & Farhadi, M. The effect of weak-inertia on droplet formation phenomena in T-junction microchannel. Meccanica 

51, 819–834 (2016).
	 76.	 Thorsen, T., Roberts, R. W., Arnold, F. H. & Quake, S. R. Dynamic pattern formation in a vesicle-generating microfluidic device. 

Physical Review Letters 86, 4163 (2001).
	 77.	 Anna, S. L., Bontoux, N. & Stone, H. A. Formation of dispersions using “flow focusing” in microchannels. Applied Physics Letters 

82, 364–366 (2003).
	 78.	 Tran, T. M., Cater, S. & Abate, A. R. Coaxial flow focusing in poly (dimethylsiloxane) microfluidic devices. Biomicrofluidics 8, 

016502 (2014).
	 79.	 Chen, Y., Liu, X., Zhang, C. & Zhao, Y. Enhancing and suppressing effects of an inner droplet on deformation of a double emulsion 

droplet under shear. Lab on a Chip 15, 1255–1261 (2015).
	 80.	 Sokolova, E. et al. Enhanced transcription rates in membrane-free protocells formed by coacervation of cell lysate. Proceedings of 

the National Academy of Sciences 110, 11692–11697 (2013).
	 81.	 Azizian, P. et al. Electrohydrodynamic formation of single and double emulsions for low interfacial tension multiphase systems 

within microfluidics. Chemical Engineering Science 195, 201–207 (2019).
	 82.	 Kim, S.-H. & Kim, B. Controlled formation of double-emulsion drops in sudden expansion channels. Journal of Colloid and 

Interface Science 415, 26–31 (2014).
	 83.	 Azarmanesh, M., Farhadi, M. & Azizian, P. Simulation of the double emulsion formation through a hierarchical T-junction 

microchannel. International Journal of Numerical Methods for Heat & Fluid Flow 25, 1705–1717 (2015).
	 84.	 Wang, W. et al. Controllable microfluidic production of multicomponent multiple emulsions. Lab on a Chip 11, 1587–1592 (2011).
	 85.	 Vladisavljević, G. T., Al Nuumani, R. & Nabavi, S. A. Microfluidic production of multiple emulsions. Micromachines 8, 75 (2017).
	 86.	 Doonan, S. R. & Bailey, R. C. K-Channel: A Multifunctional architecture for dynamically reconfigurable sample processing in 

droplet microfluidics. Analytical Chemistry 89, 4091–4099 (2017).
	 87.	 Dessimoz, A.-L., Cavin, L., Renken, A. & Kiwi-Minsker, L. Liquid–liquid two-phase flow patterns and mass transfer characteristics 

in rectangular glass microreactors. Chemical Engineering Science 63, 4035–4044 (2008).
	 88.	 Zhao, Y., Chen, G. & Yuan, Q. Liquid-liquid two-phase flow patterns in a rectangular microchannel. AIChE Journal 52, 4052–4060 

(2006).
	 89.	 van Steijn, V., Kleijn, C. R. & Kreutzer, M. T. Predictive model for the size of bubbles and droplets created in microfluidic 

T-junctions. Lab on a Chip 10, 2513–2518 (2010).
	 90.	 Nisisako, T., Torii, T. & Higuchi, T. Droplet formation in a microchannel network. Lab on a Chip 2, 24–26 (2002).
	 91.	 Li, X.-B. et al. Study on the mechanism of droplet formation in T-junction microchannel. Chemical Engineering Science 69, 

340–351 (2012).
	 92.	 Zhu, C., Li, C., Gao, X., Ma, Y. & Liu, D. Taylor flow and mass transfer of CO2 chemical absorption into MEA aqueous solutions in 

a T-junction microchannel. International Journal of Heat and Mass Transfer 73, 492–499 (2014).
	 93.	 Boylan, K. B. et al. Phosphorylated neurofilament heavy subunit (pNF-H) in peripheral blood and CSF as a potential prognostic 

biomarker in amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry, 303768 (2012).
	 94.	 Rosenfeld, L., Lin, T., Derda, R. & Tang, S. K. Review and analysis of performance metrics of droplet microfluidics systems. 

Microfluidics and nanofluidics 16, 921–939 (2014).
	 95.	 Shang, L., Cheng, Y. & Zhao, Y. Emerging droplet microfluidics. Chemical Reviews 117, 7964–8040 (2017).
	 96.	 Li, W. et al. Microfluidic fabrication of microparticles for biomedical applications. Chemical Society Reviews 47, 5646–5683 (2018).
	 97.	 Zhu, P., Kong, T., Kang, Z., Tian, X. & Wang, L. Tip-multi-breaking in capillary microfluidic devices. Scientific Reports 5, 11102 

(2015).
	 98.	 Utada, A. S., Fernandez-Nieves, A., Stone, H. A. & Weitz, D. A. Dripping to jetting transitions in coflowing liquid streams. Physical 

Review Letters 99, 094502 (2007).
	 99.	 Kazoe, Y., Matsuno, T., Yamashiro, I., Mawatari, K. & Kitamori, T. Transport of a Micro Liquid Plug in a Gas-Phase Flow in a 

Microchannel. Micromachines 9, 423 (2018).
	100.	 Jose, B. M. & Cubaud, T. Droplet arrangement and coalescence in diverging/converging microchannels. Microfluidics and 

Nanofluidics 12, 687–696 (2012).
	101.	 Tan, S. H., Semin, B. & Baret, J. C. Microfluidic flow-focusing in ac electric fields. Lab on a Chip 14, 1099–1106 (2014).
	102.	 Christopher, G. F., Noharuddin, N. N., Taylor, J. A. & Anna, S. L. Experimental observations of the squeezing-to-dripping 

transition in T-shaped microfluidic junctions. Physical Review E 78, 036317 (2008).

https://doi.org/10.1038/s41598-019-49136-7


1 2Scientific Reports |         (2019) 9:12694  | https://doi.org/10.1038/s41598-019-49136-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

	103.	 Eggersdorfer, M. L., Seybold, H., Ofner, A., Weitz, D. A. & Studart, A. R. Wetting controls of droplet formation in step 
emulsification. Proceedings of the National Academy of Sciences 115, 9479–9484 (2018).

	104.	 Nunes, J., Tsai, S., Wan, J. & Stone, H. A. Dripping and jetting in microfluidic multiphase flows applied to particle and fibre 
synthesis. Journal of Physics D: Applied Physics 46, 114002 (2013).

	105.	 Trantidou, T., Elani, Y., Parsons, E. & Ces, O. Hydrophilic surface modification of PDMS for droplet microfluidics using a simple, 
quick, and robust method via PVA deposition. Microsystems & Nanoengineering 3, 16091 (2017).

	106.	 Afkhami, S. & Bussmann, M. Height functions for applying contact angles to 3D VOF simulations. International Journal for 
Numerical Methods in Fluids 61, 827–847 (2009).

	107.	 Afkhami, S. & Bussmann, M. Height functions for applying contact angles to 2D VOF simulations. International Journal for 
Numerical Methods in Fluids 57, 453–472 (2008).

	108.	 Malekzadeh, S. & Roohi, E. Investigation of Different Droplet Formation Regimes in a T-junction Microchannel Using the VOF 
Technique in OpenFOAM. Microgravity Science and Technology 27, 231–243 (2015).

	109.	 Jamalabadi, M. Y. A., DaqiqShirazi, M., Kosar, A. & Shadloo, M. S. Effect of injection angle, density ratio, and viscosity on droplet 
formation in a microfluidic T-junction. Theoretical and Applied Mechanics Letters 7, 243–251 (2017).

	110.	 Li, Y., Reddy, R. K., Kumar, C. S. & Nandakumar, K. Computational investigations of the mixing performance inside liquid slugs 
generated by a microfluidic T-junction. Biomicrofluidics 8, 054125 (2014).

	111.	 Popinet, S. An accurate adaptive solver for surface-tension-driven interfacial flows. Journal of Computational Physics 228, 
5838–5866 (2009).

	112.	 Popinet, S. Gerris: a tree-based adaptive solver for the incompressible Euler equations in complex geometries. Journal of 
Computational Physics 190, 572–600 (2003).

	113.	 Chen, X., Ma, D., Yang, V. & Popinet, S. High-fidelity simulations of impinging jet atomization. Atomization and Sprays 23 (2013).
	114.	 Jokinen, V. Hydrophilic and Hydrophobic Patterning. Encyclopedia of Microfluidics and Nanofluidics, 1325–1331 (2015).
	115.	 Hou, J. et al. Hydrophilic–hydrophobic patterned molecularly imprinted photonic crystal sensors for high-sensitive colorimetric 

detection of tetracycline. Small 11, 2738–2742 (2015).
	116.	 Kim, S. C., Sukovich, D. J. & Abate, A. R. Patterning microfluidic device wettability with spatially-controlled plasma oxidation. Lab 

on a Chip 15, 3163–3169 (2015).
	117.	 Lee, T. Y., Choi, T. M., Shim, T. S., Frijns, R. A. & Kim, S.-H. Microfluidic production of multiple emulsions and functional 

microcapsules. Lab on a Chip 16, 3415–3440 (2016).
	118.	 Yeom, S. & Lee, S. Y. Size prediction of drops formed by dripping at a micro T-junction in liquid–liquid mixing. Experimental 

Thermal and Fluid Science 35, 387–394 (2011).
	119.	 van Steijn, V., Kreutzer, M. T. & Kleijn, C. R. μ-PIV study of the formation of segmented flow in microfluidic T-junctions. Chemical 

Engineering Science 62, 7505–7514 (2007).
	120.	 Leshansky, A., Afkhami, S., Jullien, M.-C. & Tabeling, P. Obstructed breakup of slender drops in a microfluidic T junction. Physical 

review letters 108, 264502 (2012).
	121.	 Chen, X. & Yang, V. Thickness-based adaptive mesh refinement methods for multi-phase flow simulations with thin regions. 

Journal of Computational Physics 269, 22–39 (2014).

Acknowledgements
This research was enabled by the support of Natural Sciences and Engineering Council of Canada (NSERC), 
Canada Research Chair, CMC Canadian Microsystem, WestGrid, and Compute Canada Calcul Canada.

Author Contributions
M.A. conceived and designed the simulations. M.A. performed the simulations and data analysis. M.A. and 
S.B. interpret the results and validation. M.A., A.S.N. and A.A.M. wrote the manuscript, and all the authors 
contributed to, edited, reviewed and approved this manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49136-7.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-49136-7
https://doi.org/10.1038/s41598-019-49136-7
http://creativecommons.org/licenses/by/4.0/

	Rapid and Highly Controlled Generation of Monodisperse Multiple Emulsions via a One-Step Hybrid Microfluidic Device

	Results

	Discussion

	Methods

	Numerical method. 
	Validation. 
	Geometry and grid independency. 

	Acknowledgements

	Figure 1 Formation of multiple emulsions (MEs) using different methods.
	Figure 2 Schematic of the formation of MEs within microfluidics.
	Figure 3 The effect of Res on the jet and droplet formation.
	Figure 4 The ME formation for different values of Cac.
	Figure 5 Numerical simulation compared to experimental data of Abate et al.
	Figure 6 The effect of surface tension and viscosity on the formation of double emulsions.
	Figure 7 Discretization of the geometry using the AMR technique near the interfaces and the walls.




