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ABSTRACT

In this paper, the process of encapsulating solid particle(s) into liquid droplets in a high-throughput flow-focusing microchannel is investi-
gated numerically. Open source software is used, which computes fluid flow in an Eulerian framework and particle dynamics with a
Lagrangian approach. Previous studies have demonstrated that if no action is taken, particles suspended in a liquid passing through a flow-
focusing microchannel will be encapsulated at random. This is perhaps unsurprising, but in one such study, less than 35% of droplets were
found to contain exactly one particle. The two aims of this study are (i) to explore the flow patterns arising in a microfluidic channel and (ii)
to elucidate the effect of salient governing parameters on encapsulation efficiency (i.e., the fraction of droplets encapsulating one particle) by
focusing on ordering the particles before reaching the droplet generation section. Following validation against experimental reference data,
the capillary number is varied across the three droplet generation regimes: squeezing, dripping, and jetting. We demonstrate that under cer-
tain conditions, an encapsulation frequency of 100% can be achieved with ordered particles, but in most cases, this is significantly lower. We
examine the flow field to help understand how this non-uniform distribution of particles occurs. Notably, we find the dripping to be the best
option for particle encapsulation and in this case extend the study to explore the effect of junction angle, finding that an angle of 60� is the
most favorable. Improved understanding of the encapsulation process derived from this study can help to improve design of high-throughput
droplet generation microfluidic systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0172483

NOMENCLATURE

Abbreviations

CV Coefficient of variation
ENPD Expected number of particles per droplet

MP-PIC Multiphase particle in cell
VOF Volume of fluid

Greek letters

a Phase volume fraction
apm Close-packing volume fraction
h Junction angle (�)
j Interface curvature (m�2)
k Average number of particles/cells per droplet
l Viscosity (kg m�1 s�1)
� Dynamic viscosity (m2 s�1)

q Density (kgm�3)
r Surface tension (kg s�2)
s Stress tensor (kgm�1 s�2)
U Particle distribution function

Symbols

A Acceleration (m s�2)
Ca Capillary number
CD Drag coefficient
d Diameter or length (m)
�d Average diameter (size) (m)

Dp Drag function (s�1)
F Force (N)
f Frequency (s�1)
g Gravity vector (m s�2)
h Channel height (m)
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N Number of points adopted to discretize the channel width
n Number of particles in a droplet
p Pressure (kgm�1 s�2)

Pp Solid pressure constant (kgm�1 s�2)
Q Flow rate (m3 s�1)
Re Reynolds number
s Particle spacing (m)
t Time (s)
u Velocity (m s�1)
V Volume (m3)
w Channel width (m)
x Particle location in x-direction (m)
y Particle location in y-direction (m)

Subscripts

c Continuous phase
d Dispersed phase
f Fluid phase
L Lift
p Particle
pf Fluid–particle interaction
r Interface compression term

I. INTRODUCTION

The encapsulation of a solid particle into a liquid droplet of the
volume of pico-to-nanoliters is an intriguing topic within contempo-
rary microfluidic research. Emerged in the early 2000s, the main rea-
son for its development is the application to a wide range of
biochemical processes, including pharmaceutical synthesis,1 toxicity
studies,2 protein detection,3 and cell analysis and sequencing.4

Interestingly, a compelling yet challenging application is repre-
sented by the generation of droplets via high-throughput devices able
to encapsulate solid particles. Approaches to droplet generation can be
classified into passive and active methods.5 The former relies on the
inherent properties of fluids or materials to generate droplets without
external energy input. These methods are generally based on physical
phenomena or natural forces. The latter involves the application of
external energy or forces to control and manipulate the formation
of droplets.6 Due to the complicated mechanisms and operations of
active methods, passive methods are usually preferred.7 Furthermore,
when analyzing living cells,8 external sources (e.g., electric field) could
damage the cells irreparably.

In the present work, we use a passive flow-focusing microchan-
nel, where two perpendicular inflow channels converge onto the pri-
mary channel, as shown in Fig. 1. Such an apparatus is employed
regularly in droplet microfluidics.9–11 The channels contain different
fluids, such as water and oil, acting as continuous and dispersed
phases, respectively. When the two reach the droplet-generating junc-
tion, the shear force promotes the formation of droplets of the dis-
persed phase, which may be able to capture one or more solid
particles. As each droplet is isolated, it can serve as a microreactor and
the behavior of the enclosed cells or particles can be studied. It should
be pointed out that controlling the formation of droplets and the
encapsulation process simultaneously in a high-throughput device can
be a hard task.12 In fact, channel geometry, flow rate, phase viscosities,

surface tension, wall wettability, and solid particle concentration play
key roles in the droplet formation process.13–18

Apart from the possibility of generating droplets of a given size
and frequency, significant attention has been devoted to controlling the
number of particles trapped in each droplet. Amirifar et al.4 recently
reviewed the progress made in this field and stated that precise control
of cells encapsulated in each droplet was a major challenge. Specifically,
in single-cell studies, it is desired to reduce the number of empty drop-
lets, as well as multiple encapsulations.19,20 Those droplets may not be
useful, which in the long term means a considerable waste of resources.
In the case where no specific action is taken to the contrary, the process
of particle encapsulation is expected to be completely random, and as
such, the distribution of particles among droplets may be approximated
by Poisson statistics as described by Edd et al.19 They reported that for a
stochastic process, the probability of a droplet encapsulating n particles
can be predicted by Pðk; nÞ ¼ kn expð�kÞðn!Þ, where k is the average
number of particles per droplet.12,19 To minimize the droplets with
n � 2, i.e., to avoid multiple encapsulations, the dispersed phase should
be very dilute. This, in turn, increases the number of empty droplets.
Statistically, less than 16% of droplets would have exactly one particle in
them if multiple encapsulations are limited to 10%.19

The probability of the formation of droplets encapsulating exactly
one particle can be effectively increased by ordering the particles prior
to droplet formation.19,20 Ordering the particles can be achieved by
using inertial microfluidic channels, whereby a particle train can be
formed before reaching the encapsulation section.21–23 If particles are
equally spaced, it follows that the frequency of their arrival at the flow-
focusing junction will be constant. In practice, this is not quite true as
the flow field associated with the droplet formation can impact particle
spacing. In this paper, we begin by matching particle frequency to the
droplet generation frequency, to achieve high encapsulation efficien-
cies up to 100%. So far, the controlled encapsulation process has been
mostly studied experimentally.8,16,20,24 Table I presents extracted data
from some of the experimental works in droplet microfluidics encap-
sulating a range of particles and cells from large sizes, such as HeLa
cells with a size of 15 to 21 lm, to small sizes, including Escherichia
coli of 2 lm diameter.25 As can be seen in Table I, when it comes to
bacteria and fungus spores (i.e., below 10lm in size), they must be
encapsulated in large droplets (in the order of nanoliters) to provide
enough space for growth during the incubation period.26

However, few efforts have been devoted to tackle the problem
from a numerical viewpoint. To model the motion of particles in a

FIG. 1. Schematic illustration of the two-dimensional channel used in this study
(w ¼ 230 lm). h is equal to 87�. X is a probe located at the centerline and
entrance of the main channel. uc and ud are inlet velocities of the continuous and
dispersed phases, respectively. s is the particle spacing.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 113317 (2023); doi: 10.1063/5.0172483 35, 113317-2

Published under an exclusive license by AIP Publishing

 0
9
 F

e
b
ru

a
ry

 2
0
2
4
 1

1
:2

2
:3

4



flow, two approaches are available: Eulerian–Eulerian and
Eulerian–Lagrangian. The interested reader can refer to the work by
Heinrich and Schwarze,27 who compared the two methods for a spray
atomization case, for further insights and a discussion about the superior
accuracy of the latter. The numerical simulation of solid particle motion
in a multiphase flow requires the coupling of different methods. The first
study on droplet encapsulation was done by Yang28 in 2013. They added
one soft cell to the domain and simulated its deformation as it passed
the droplet microfluidic channel for one dripping case. They used the
lattice Boltzmann method coupled with the immersed boundary
method and reported that the small-sized particles have a negligible
effect on the encompassing fluid dynamics. Recently, the finite element
method using COMSOLMultiphysics software was successfully adopted
to simulate the rigid particle movement in droplet microfluidics by
Yaghoobi et al.29 They focused on pairing efficiency for two types of par-
ticles and examined the effects of the walls, liquid–liquid interface, and
particle spacing on the co-encapsulation and found that the encapsula-
tion was very sensitive to the latter. Outokesh et al.30 evaluated the
encapsulation of many small magnetic particles in every droplet in the
presence of a magnetic field and focused on the enrichment of the par-
ticles by splitting the droplets.

In this work, we aim to provide further insight on improving the
control over particle encapsulation process through a proper arrange-
ment by numerical simulations. Specifically, we aim to capture a single
solid particle within a single fluid droplet in a high-throughput channel
so that hundreds of droplets with exactly 1 particle in them can be pro-
duced. This would minimize the formation of empty droplets as well
as droplets with two or more particles in them that are not favorable in
practice and are considered as waste. Our analyses are carried out by
adopting OpenFOAM to model a cross-junction channel in which
droplets are passively formed. We prescribe that the particles are uni-
formly spaced when reaching the cross-junction and evaluate the
impact of this choice on the efficiency of the encapsulation process.
The rest of the paper is organized as follows. First, the problem is
stated, and the numerical solver is discussed in Sec. II. Second, the
solver is tested against experimental findings in Sec. III. Third, the
effect of particle spacing on the efficiency of encapsulation is evaluated
for three common droplet generation regimes, namely, squeezing,
dripping, and jetting in Sec. IV. Eventually, some conclusions are
drawn in Sec. V.

II. PROBLEM STATEMENT AND NUMERICAL METHODS

In this section, first the problem is stated. Then, the salient fea-
tures of the adopted numerical solvers are outlined.

A. Problem statement

Making reference to Fig. 1, a two-dimensional cross-junction chan-
nel, similar to the geometry used by Beneyton et al.,16 with width w
¼ 230 lm is considered. A dispersed (aqueous) phase is injected from
the left inlet section with velocity ud, while a continuous (oil) phase
enters from the top and bottom inlets with velocity uc. The rightmost
section is treated as an outlet. Walls are considered as no-slip boundary
conditions with a contact angle of 160�. Particle size, dp, and density, qp,
are set to fixed values equal to 4� 10�6 m and 230 kg=m3, respectively.
All the mentioned values are representative of actual cases used by
Beneyton et al.16 The length of oil inlets is 3w, allowing the flow to
become fully developed before reaching the junction. The aqueous phase
inlet should be long enough to accommodate 20 particles. Other relevant
geometric characteristics are reported in Fig. 1. The length of the main
channel is set to be 7w, which is long enough to capture the droplet
breakup and formation. h is equal to 85�. The problem is governed by
the incompressible Navier–Stokes equations. These are coupled to the
volume-of-fluid (VOF) method to track the interface between the two
fluids. Moreover, the multiphase particle in cell (MP-PIC) is adopted to
model particle–fluid and particle–particle interactions. VOF and MP-
PIC methods are discussed in the following.

B. VOF method

Let us consider the presence of two fluids, namely, fluid 1 and
fluid 2. The liquid–liquid interface can be tracked using theVOFmethod.
First, the summation of all volume fractions should be equal to 1,

ap þ af ¼ 1; (1)

where ap is the particle phase volume fraction, and af is the fluid phase
volume fraction. If fluid 1 is the continuous phase and fluid 2 is the
dispersed phase, we can calculate af using

af ¼ afluid1 þ afluid2 ¼ ac þ ad: (2)

The continuity and momentum equations, respectively, are

@af

@t
þrðaf uf Þ ¼ 0; (3)

@ðqf af uf Þ

@t
þr � ðqf af uf uf Þ

¼ �afrpþr � ðaf sf Þ þ af ðgrqf Þ þ Fr � Fpf ; (4)

where uf is the fluid phase velocity, p is the fluid pressure, sf is the fluid
stress tensor, g is the gravity vector, qf is the density of the fluid, Fr is

TABLE I. The size of channel, droplet, and particle/cell in experimental works reported in the literature.

Cell or particle
size: dp (lm)

Channel width:
w (lm)

Droplet length:
d (lm)

Cell or particle size/
droplet length: dp=d (-)

Particle size/
channel width: dp=w (-) Ref.

20 (particle) 100 100–1000 0.02–0.2 0.2 Shahrivar et al.20

15 (particle) 25 45 0.33 0.60 Banerjee et al.8

10 (cell) 27 35 0.28 0.37 Edd et al.19

4 (cell) 230 370–440 � 0.01 � 0.02 Beneyton et al.16

� 3 (cell) 75 225 � 0.01 � 0.04 Wang et al.26

2 (cell) � 60 60 0.03 � 0.03 Yu et al.25
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the surface tension force, and Fpf is the fluid–particle interaction force.
qf must be calculated with respect to each fluid phase volume fraction
as

qf ¼ acqc þ adqd: (5)

Fr is calculated as

Fr ¼ rj
@ac
@af

; (6)

where j is the curvature and is approximated as

j ¼ �
@

@xi

@ac=@xi
j@ac=@xij

� �

: (7)

The phase tracking equation is

@af ac

@t
þr � ðaf acuf Þ þ r � af acð1� acÞur

� �

¼ 0; (8)

ur is the interface-compression velocity and is only active in the inter-
face between the two fluids where ac is neither 0 nor 1. More details on
the VOF method can be found in our previous work.14 The last term
at the right-hand side of Eq. (4), Fpf , represents the fluid–particle inter-
action forces and is further discussed in Sec. II C.

C. MP-PIC method

The MP-PIC model developed by Andrews and O’Rourke31 is
used to represent collisions without the need to directly resolve parti-
cle–particle interactions to reduce computational costs. Specifically,
the MPPICInterFoam solver in OpenFOAM-v2012 is employed. The
bridge between the Lagrangian discrete particle and the Eulerian grid
is represented by the particle distribution function, /ðxp; up; qp;Vp; tÞ,
which represents the possibility of having a particle at location xp and
time t having a velocity of up, density of qp, and volume of Vp. / is
defined using the Liouville equation,32–34

@/

@t
þrx � ð/upÞ þ rup � ð/ � ApÞ ¼ 0; (9)

where Ap is the particle acceleration and is calculated as

Ap ¼
@up
@t

¼ Dpðuf � upÞ �
1

qp
rpþ g �

1

apqp
rsp (10)

with

Dp ¼ CD
3

8

qf

qp

juf � upj

0:5dp
: (11)

Here, CD is the drag coefficient exerted by the continuous phase, and
sp is the particle stress tensor and indicates the collision of the particles.
When calculating Ap, the three terms on the right-hand side represent
the effects of drag force, particle–fluid interaction, and particle–particle
interaction, respectively. The drag coefficient is calculated according to
the Wen–Yu model,32,35 that is

CD ¼

24

Rep
a�2:65
c ð1þ 0:15ðacRe

0:687
p ÞÞ if Rep < 1000;

0:44a�2:65
c if Rep > 1000;

8

>

<

>

:

(12)

where

Rep ¼
qf ðuf � upÞdp

lf
; (13)

and dp is the particle diameter. sp represents the average collision force
on the particles,

sp ¼ �pp þ ð1� apÞlprup; (14)

where the particle phase viscosity lp is considered constant, and its
pressure is calculated by

pp ¼ Pp
apm � ap

ð1� apÞ
2 : (15)

Here, Pp is the solid pressure constant, apm is the particle volume frac-
tion at packing limit, and ap is computed on the Eulerian grid and is a
function of the particle distribution function /, i.e.,

ap ¼

ð ð ð

/Vp � dVp � dqp � dup: (16)

To couple the Lagrangian grid and the Eulerian one, the interphase
momentum transfer function is needed and it can be calculated by

Fpf ¼

ð ð ð

/Vpqp CDðuf � upÞ �
rp

qp

" #

dVp � dqp � dup: (17)

To calculate Fpf , two velocities, i.e., uf and up, are required. The former
is achieved by interpolating the fluid velocity on the Eulerian grid. up is
the particle mean velocity and is given by

up ¼
1

apqp

ð ð ð

/Vpqpup � dVp � dqp � dup; (18)

and ap and Fpf can be mapped on the Eulerian grid.
We conclude this section by discussing the computation of parti-

cle–fluid interaction. These are drag, buoyancy, and pressure gradient,
as well as other forces such as virtual mass, Basset, Saffman, and
Magnus forces. Drag and pressure gradient forces are only relevant to
the particle dynamics and are calculated as

drag force: Fd ¼ CDðuf � upÞ; (19)

pressure gradient force: Fp ¼ �
rp

qp
; (20)

while any other force contribution is disregarded.

III. VALIDATION

The adopted approach is validated against the experimental find-
ings in the work by Beneyton et al.16 They suggested controlling the
average number of spores encapsulated in droplets, namely, k, by
adjusting the concentration of the spore at the dispersed phase inlet.
They used a microchannel with a cross section of 230� 230lm2 to
generate 10–20 nl droplets with a frequency of 80–90 droplets per sec-
ond. In their setup, the oil phase is HFE-7500 with qoil ¼ 1630 kg=m3

and �oil ¼ 0:8� 10�6 m2=s. The aqueous phase is water with qwater
¼ 996 kg=m3 and �water ¼ 1� 10�6 m2=s. The surface tension value
is not indicated in their work, but it is stated that a surfactant is added
to the oil phase to reduce the surface tension between the two liquid
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phases and consequently to increase the stability of droplets. We test
different values of the surface tension coefficient, i.e.,
0:01 � r � 0:04N=m, which according to the literature correspond
to cases with surfactant involved, and realize that the case with
r ¼ 0:015N=m generates similar results to Beneyton et al.’s experi-
ments. Hence, in our simulations, we use this value for the surface ten-
sion. The same geometry as Beneyton et al.16 is created and meshed. A
different number of grid points discretizing w varying from 15 to 69 is
tested, and results are reported in Table II. Meshes M1, M2, M3, and
M5 are uniform, while M4 and M6 have near wall refinement. By test-
ing the flow rates corresponding to the smallest and largest droplets in
Beneyton et al.16 work, it is found that at least 23 points are needed to
minimize the effect of mesh cells on the droplet size while having rea-
sonable liquid–liquid interface thickness. To assess the impact of near-
wall mesh refinement, the cell adjacent to the wall is refined by a factor
of 5 in M4 and M6. Figure 2 depicts the uniform mesh used in this
study with 23 cells per w. By comparing the droplet sizes in all cases,
we find that near-wall refinement has no significant effect on the
results. This corroborates conclusions by Li et al.,10 for a similar range
of flow parameters. It is important to note that there are conflicting
requirements for mesh resolution when using the present
Eulerian–Lagrangian framework. As expected, the finite volume based
VOF solver will converge to a grid independent solution with decreas-
ing grid size. However, the Lagrangian solver requires that the Eulerian
grid dimension is larger than the particle size, such that each particle

can fit within a single grid cell. In the present work, the particle size is
4lm and so a grid size of 3lm (as for M5) is impractical. The use of
M2 with grid size of 10lm is a reasonable compromise.

The three scenarios devised in Beneyton et al.16 are simulated
using MPPICInterFoam. A comparison in terms of droplet volume
and frequency is shown in Table III. We find that the droplet volume
is in good agreement with the experimental data, and the maximum
error is 5%. The droplet frequency error for cases 1 and 2 is below
10%. For case 3 that has much larger droplets, the measured error
increases to 19%, due to the occurrence of errors associated with the
interface, so-called parasitic currents. In the present configuration,
larger droplets are generated by significantly reducing the channel flow
rates. Lower resulting velocities are impacted to a greater degree by the
presence of errors associated with these errors. By acknowledging that
MPPICInterFoam is able to capture the droplet volume accurately, but
exhibits non-negligible errors in the frequency computation of very
large droplets; in the following, we restrict our focus to cases where the
droplet length is less than 2w, such that the error associated with this
phenomenon is expected to remain below 10%.

Different concentrations of particles are introduced in the chan-
nel to see how the number of spores per drop changes. For spore con-
centration in the aqueous inlet equal to 5, 10, and 15 spores per
microliter, the reference data reported that 0:1 � k � 0:3. Using the
same three spore concentrations, we find that the values of k obtained
by our simulations are also 0:1 � k � 0:3, which is very well placed
within the expected range.

IV. RESULTS AND DISCUSSION

We now turn our attention to the simulation results of particle-
encapsulating droplets in a cross-junction device. The same geometry
is used as for the validation section, i.e., as depicted in Fig. 1. Let us

TABLE II. Values of the droplet size, d (lm), for different grids in two-dimensional
analyses. N is the number of points adopted to discretize w. Cases 1 and 3 refer to
scenarios in Beneyton et al.16 work.

Mesh
Cells per
w (N)

Wall
refinement?

d_sim
(lm)

d_exp
(lm)

Error
(%)

Case 1
(Qoil ¼ 10 ll=h;
Qwater ¼ 3 ll=h)

M1 15 No 340

362

6.0

M2 23 No 359 0.9

M3 46 No 365 0.9

M4 46 Yes 365 0.9

M5 69 No 370 1.9

M6 69 Yes 369 1.7

Case 3
(Qoil ¼ 5 ll=h;
Qwater ¼ 4:6 ll=h)

M1 15 No 470

480

2.1

M2 23 No 500 4.2

M3 46 No 510 6.3

M4 46 Yes 509 6.0

M5 69 No 516 7.5

M6 69 Yes 514 7.1

FIG. 2. Simulation domain discretized using mesh M2, with 23 grid points per width,
without near wall refinement.

TABLE III. Comparison of simulation results with Beneyton et al.16 experiments.

Case Qoil (ml/h) Qwater (ml/h)

Droplet volume (nl) Droplet frequency (Hz)

Experiment Simulation Error Experiment Simulation Error

1 10 3 10 9.9 1% 80 72 10%

2 8 6 18 18.5 2.7% 90 82 9%

3 5 4.6 20 21 5% 90 76 19%
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recall that this work focuses on increasing the chance of trapping
exactly one particle per droplet using particle pre-ordering. In this
section, simulation results of particle-encapsulating droplets in a cross-
junction device are reported and the effect of particle spacing is
discussed in different droplet generation regimes. The full set of flow
scenarios simulated in this section is listed in Table IV. We do not con-
sider the process of ordering the particles upstream of the junction.
Instead, we assume that all particles are ordered before reaching this
point, achieved by predefining the position of each particle within the
entry section of the channel.

In inertial microfluidics, particles undergo shear-gradient and
wall-induced lifts. The resultant force governs the particle location,
and it depends on the Reynolds number, Re ¼ quD

l
; and on the ratio

dp=w. When Re < 80, the lift is calculated by FL 	 qu2d3p=w at the
center of the channel.36 In all our cases, Qd is constant and equal to
1:667� 10�9 m3 s�1. At the dispersed phase inlet channels, Red < 10
and particle size is 4 lm, resulting in negligible lift force in the order of
10�15 N, which explains the persistence of particles at the centerline as
they move toward the junction. This is in agreement with Kwon
et al.,37 thus supporting our assumption of using preordered particles.

For the purpose of this study, we will assume that all particles are
pre-ordered along the channel centerline, upstream of the cross junc-
tion. This is a convenient assumption since the practical implementa-
tion of particle ordering is known to depend on the specific setup of
the micro-channel, and different particle equilibrium positions are
observed in different circumstances. For instance, Prohm and Stark38

demonstrated that particles positioned along the centerline are unsta-
ble in a rectangular channel, and the particle/channel confinement
ratio is known to determine stability. Nevertheless, it has been shown
by Di Carlo et al.39 that ordering along a channel centerline can be
achieved, for example, by using a spiral inertial channel to focus par-
ticles upstream of the cross junction,39 which is, thus, analogous to the
assumption we have made. Further study is needed to quantify the
impact (adverse or favorable) of different equilibrium positions on par-
ticle path, velocity, and encapsulation efficiency.

In microfluidic droplet formation, changing the capillary number,
Ca ¼ lcuc=r, alters the droplet generation frequency. Thus, the space
between particles, s, should be modified so that the droplet generation
frequency is close to the particle injection frequency. To evaluate such
effect, different cases are simulated by varying Ca and s in the range of
0:005 < Ca < 0:03 and 100 < s < 800 lm, respectively. The relative
frequency of droplets with 0, 1, or 2 particles in each droplet is exam-
ined. The values reported in this work account for the injection of 20
particles into the channel in each case. Thus, the simulation time

depends on Ca and s. In all simulations, the Courant number is set
to be below 0.3, thus leading to a time step, which varies between
2� 10�6 and 7� 10�6 s. To account for the transient effect at the
beginning of the simulations, the first two particles are excluded from
the analyses.

A. Squeezing

When considering the squeezing regime, the continuous phase
velocity is very low and the dominant force forming the droplet is the
pressure one. Different stages of droplet formation are shown in Figs. 3
and 4.

In Fig. 3, at stage 1, the dispersed phase thread penetrates the
continuous phase and starts to fill the channel width. Consequently,
the cross-junction area available for the continuous phase reduces,
causing uc to increase, as shown in Fig. 3(a). Note that two weak circu-
lation areas are experienced at the tip of the thread, which are due to
flow obstruction by the higher velocity continuous phase. At stage 2,
the cross junction is fully blocked by the dispersed phase causing a
pressure buildup and reaching a maximum pressure, which forms the
droplets. As evident in Fig. 3(b), due to channel blockage, ud reduces.
The pressure buildup is now strong enough to push the liquid–liquid
interface away and initiates the necking stage. At the neck, ud is high
due to the thinness of this region, giving the disperse phase a limited
passing area. Then, the thread becomes progressively thinner until it
reaches a critical point and breaks. As shown in Fig. 3(c), at stage 3
(i.e., right after detachment), four circulation areas are detected. Two
at the tip of the thread formed due to retraction of the interface, i.e.,
interface moves toward the inlet, while the dispersed phase is trying to
advance. Simultaneously, the droplet is pushed forward causing two
other vortices at the continuous phase. Interestingly, Soh et al.40 ana-
lyzed the flow in a T-junction and reported two circulation areas at
pinch-off, one at the retracted tip and one at the detachment location,
adjacent to each other. Here, for the cross-junction geometry, we
report two circulation areas slightly apart. At stage 4, the droplet is
fully formed and at equilibrium. It moves toward the outlet having the
same velocity as the continuous phase. Thus, the two circulation areas
adjacent to the droplet disappear. On the other hand, the tip of the
thread is still recoiling and has not reached equilibrium. The two vorti-
ces become larger, inducing two new counter-rotating vortices before
the junction, see Fig. 3(d). When the thread stops retracting and starts
moving forward again (stage 1), all vortices disappear.

The circulation areas and streamlines dictate the particle locations
and velocity. For instance, at stage 3, if a particle is trapped in the
upper circulation areas right before detachment, it ends up being in

TABLE IV. Summary of cases examined in the present study.

Regime Ca s ðlm) H

Squeezing 0.005 200, 300, 400, 500, 600, 700, 800 85�

0.01 200, 300, 400, 500, 600, 700, 800 85�

Dripping 0.015 200, 250, 275, 300, 325, 350, 400, 500, 600, 700, 800 85�

0.02 100, 150, 175, 200, 225, 250, 300, 400, 500, 600, 700, 800 85�

0.02 200 30�, 60�, 90�, 120�, 150�

Jetting 0.025 50, 100, 150 200, 250, 300 85�

0.03 50, 100, 150, 200, 250, 300 85�
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the upper half of the droplet and vice versa. The location of particles in
the droplet then dictates the velocity of the particle, which is further
explained in Sec. IVB1. At stage 4, if a particle reaches a junction
while strong circulation areas are present at the tip of the dispersed
phase [due to recoiling, see Fig. 3(d)], the particle would linger at the
junction for a while (until circulations disappear) and cannot enter
the high-speed circulation areas. This allows the next particle to reach
the junction as well and, eventually, results in multiple encapsulations.
Furthermore, in some instances, particles move with very high veloci-
ties. In biochemical applications, if cells go through a high-speed envi-
ronment they might deform and lose their viability.41 Thus, when
designing the microfluidic droplets, the maximum allowed velocity in
the necking area should also be taken into account.

Different speeds arise at different stages. Figure 4 shows the speed
and duration of each stage for one droplet formation cycle at the cen-
terline of the right-hand side channel entrance, probe X, which is
shown in Fig. 1. The necking stage specifically takes longer than other
stages, while detachment is just an instance. When the droplet detaches
and the system reaches equilibrium, the velocity drops to a minimum.

In Fig. 5, the effect of the particle spacing s on the occurrence of a
specific number of particles per droplet is sketched. At Ca ¼ 0:005, for
s ¼ 500lm, droplet frequency and particle frequency fully synchro-
nize and particle encapsulation efficiency reaches 100%. Spacing
smaller than 500 lm results in the formation of droplets with two par-
ticles. On the other hand, s > 500lm causes the presence of empty
droplets. By increasing Ca to 0.01, the maximum relative frequency of
93% is achieved when s ¼ 400 lm. Any spaces beyond that enhance
the chances of having empty droplets, while any smaller spacing causes
the emergence of droplets with two particles. Interestingly, at
s ¼ 200lm, 95% of the droplets encapsulate exactly two particles.

In squeezing, the droplets are large, and their size depends on the
channel constraints. Larger droplets mean lower droplet generation
frequency. As for the encapsulation, the distance between particles
should be wide enough to allow particle frequency to be synchronized
with the droplet generation one.

B. Dripping

A further increase in Ca causes the generation regime to change
from squeezing to dripping. The shear stress becomes the dominant
force dragging the liquid thread forward, while the pressure forces
become negligible. Different stages of droplet formation are illustrated
in Fig. 6. Stage 1 is the expansion of the dispersed phase. At the end of
stage 1 and right before the beginning of stage 2, two weak circulation
areas are formed at the tip, which are caused by the higher velocity
continuous phase obstructing the flow. These two circulations are

FIG. 3. Squeezing: different stages of droplet formation. The cyan color represents the dispersed phase.

FIG. 4. Squeezing: velocity magnitude at probe X at different stages; stage 1:
expansion; stage 2: necking; stage 3: at detachment; and stage 4: after detachment;
and a to d represent the instants shown in Fig. 3.
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stronger than those created in the squeezing regime at a similar stage.
Owing to stronger shear force, the necking stage (stage 2) starts earlier
than squeezing before the channel is fully obstructed. The start of
necking can be identified by the interface being pushed toward the
centerline, followed by a change in interface curvature. Similar to
squeezing, ud in the neck is higher compared to other regions of the
dispersed phase. As the necking starts, the small circulation areas
detected at stage 1 disappear. At stage 3, when the shear stress becomes
strong enough, droplet pinch-off occurs. Here, channel blockage does

not happen; thus, large high-pressure zones are not seen. Also, at the
detachment, no strong circulations are detected. At stage 4, the droplet
reaches equilibrium and travels at the same velocity as the bulk. Yet,
similar to squeezing the tip of the thread moves backward—due to sur-
face tension—causing two large circulation zones, which consequently
induce the formation of two smaller circulation zones right before the
junction edges. Kalli et al.42 reported only two circulation areas at
pinch-off, and the difference might be a result of edge shape as their
cross-junction has oval edges.

FIG. 5. Squeezing: effect of particle spacing on particle encapsulation at (a) Ca ¼ 0:005 and (b) Ca ¼ 0:01.

FIG. 6. Dripping: different stages of droplet formation. The cyan color represents the dispersed phase.
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Different stages occur at different speeds as illustrated in Fig. 7. In
squeezing, we reported a relatively long necking stage. However, in
dripping, drops are detached and formed faster due to stronger shear
stress, so the necking stage does not take as long. Furthermore, the
velocity gradient during necking is higher compared to squeezing and
a sharp peak is seen in Fig. 7. After detachment, at the end of stage 4,
velocity decreases to a minimum representing the equilibrium state
and the end of the cycle.

A closer look at flow physics is instrumental to a better under-
standing of the particles’ fate. Particles are light, and the Reynolds
number of the flow is very low, so they tend to follow the streamlines.
At stage 1 [see Fig. 6(a)], the two small circulations at the tip push the
closest particle away, causing the spacing between the first and second
particles to reduce. Until those two vortices disappear, the particles
stay at the same location, as shown in Fig. 6(b). Then, as the necking
starts and ud increases, the particles rapidly move forward and become
encapsulated in the forming droplet [see Fig. 6(c)]. Here, the particle

spacing is much smaller than squeezing to ensure high encapsulation
efficiencies. As shown in Fig. 6(d), the next two particles, which were
already very close to the junction due to small spacing, have now
entered the junction and get trapped in the emerging circulations. The
particles end up either in the upper or lower large circulations, which
eventually dictate particle location inside the droplet. This is further
explained in Sec. IVB1.

In this regime, droplets smaller than the channel width are
formed and the droplet frequency is higher than squeezing. Thus,
lower particle spacing compared to squeezing results in a higher
relative frequency of one particle per droplet. As shown in Fig. 8(a), at
s ¼ 200lm; 96% of the droplets encapsulate exactly one particle. 198
droplets are generated per second, of which 96% capture one particle.
When compared to the squeezing regime, the efficiency of the system
(i.e., the fraction of droplets encapsulating one particle) is larger. One
point to be wary of is the rapid shift in relative frequencies compared
to the squeezing regime. Changing s from 200 to 100lm results in a
drastic change in the relative frequency as suddenly 93% of the drop-
lets have two particles. When increasing the flow rate, the sensitivity of
encapsulation also increases and more precautions are required.

Overall, we find that the dripping regime is the most suitable for
this application as it offers good compromise between flow rate and
control over the encapsulation process and potential to achieve a high
rate of production of monodispersed droplets. This is in agreement
with other reports.43,44 As such, we have extended the analysis in this
section, as follows.

1. Particle path

In this section, the paths of particles are discussed by setting
Ca ¼ 0:02 and s ¼ 400 lm. In a confined channel with no-slip wall
boundary condition, there is a velocity gradient in the fluid domain,
including within the droplets.42,45 The effect of velocity gradient on
particle velocity is discussed here. The horizontal location of particles
along the channel from the moment they reach the junction, time
step 1, until they leave the channel, time step 6, is plotted in Fig. 9. The
slope of the curves represents the velocity of particles. Not all particles
have similar speeds as their velocity depends on their location in drop-
lets. Particles 1 and 4 that are at the center of the channel have higher

FIG. 7. Dripping: velocity magnitude at probe X at different stages of droplet forma-
tion; stage 1: expansion; stage 2: necking; stage 3: at detachment; and stage 4:
after detachment; and a to d represent the instants shown in Fig. 6.

FIG. 8. Dripping: effect of particle spacing on particle encapsulation at (a) Ca ¼ 0:015 and (b) Ca ¼ 0:02.
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velocities, while particles 2 and 3 that are near the channel walls have
lower velocities.

Moreover, to visualize the 2D path particles take as they move
forward, Fig. 10 is plotted. The distribution of particles between
these locations appears to depend on Ca and s. We observe three
different positions within the droplet: close to the upper wall (parti-
cle 3), near the centerline (particles 1, 4, and 5), or close to the lower
wall (particle 2). It is clear that the position of the particle at the
point of droplet formation dictates its resulting position within the
drop. If the particles are spaced too close to one another, they are
more likely to interact with the vortex system resulting from the
upstream droplet formation. Particles that do not interact with the
upstream vortex tend to remain along the centerline, while particles
that do interact are observed to move toward the channel walls. The
direction of this movement (either up or down in this study)
depends on whether the particle interacts with the upper or lower
vortex; it ends up in the corresponding location within the droplet
downstream.

2. Effect of junction angle

In this section, we explore the effect of junction geometry on par-
ticle encapsulation as well as droplet formation. So far, we found that
the dripping regime not only generates monodispersed droplets as also
reported by other authors,43,44 but also allows excellent control over
the encapsulation process so that all formed droplets would have 1
particle in them. Let us adopt this regime for further tests.

We investigate how the junction angle, h, affects the droplet size
and monodispersity. As shown in Fig. 11(a), for Ca ¼ 0:02 and
s ¼ 200lm, when h � 90�, the droplets are highly monodispersed
and the coefficient of variation (CV), i.e., standard deviation over
mean value, is below 0.5%. Any increase beyond 90� has a negative
effect, with h ¼ 150% having the highest value of CV equal to¼ 2:5%
and a flatter distribution curve. Furthermore, increasing h results in
smaller droplets. A variation of h affects the directions of streamlines
too. When h � 90�, the two phases’ streamlines at the junction move
in opposite directions. This affects the interfacial forces and drag forces
and, consequently, droplet size.

FIG. 10. Dripping: particle locations as they pass the main channel for Ca ¼ 0:02
and s ¼ 400 lm.

FIG. 9. Dripping: particle location in time for Ca ¼ 0:02 and s ¼ 400 lm. The time
for each particle starts from the moment it enters the main channel.

FIG. 11. Dripping: effect of junction angle on (a) D and monodispersity of droplets and (b) particle encapsulation efficiency, at Ca ¼ 0:02 and s ¼ 200 lm.
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In Fig. 11(b), the effect of h on particle encapsulation is illus-
trated. Interestingly, h � 60� caused the relative frequency of 1 parti-
cle/drop to decrease and enhance the formation of empty droplets. To
explain the adverse behavior, let us highlight that the encapsulation
efficiency is directly related to the droplet size as depicted in Fig. 13(b).
Moreover, larger h forms smaller droplets, meaning that droplet fre-
quency increases, while particle frequency remains constant. Taking
both into account, by increasing h, droplets would detach sooner, so
particles would not have enough time to pass the junction and accom-
pany the droplet. We find that the optimum value of the junction angle
is h ¼ 60�, because (i) the droplets are highly monodispersed and (ii)
almost all droplets trap exactly one particle.

C. Jetting

The third regime, jetting, occurs at Ca � 0:025. Similar to drip-
ping, the competition between viscous force and surface tension gener-
ates the droplets. Increasing uc, thus increasing Ca, enhances the shear
stress. According to Zhou et al.46 and Fu et al.,47 the pinch-off mecha-
nism in the jetting regime is similar to that in the dripping regime. We
have also detected similar behavior and mechanism between the two
regimes. To avoid repetition, different stages are not depicted here. To
study the encapsulation of particles, first, droplet sizes should be inves-
tigated. In jetting, the breakage of a liquid jet generates droplet, i.e.,
Rayleigh–Plateau instabilities.6 Thus, a main characteristic of the jet-
ting regime is the generation of droplets with different sizes. Different
droplet size means different detachment time for each droplet size.
Thus, synchronizing the droplet frequency with particle frequency
becomes a hurdle. Figure 12 illustrates the particle encapsulation for
two different Ca. At moderate velocities, the highest single encapsula-
tion efficiency was 90% for s ¼ 150lm. This is possible because
formed droplets were only of two sizes, d1 ¼ 124 lm and
d2 ¼ 179 lm, with a difference in size being not so large. So, s could
still be managed. It should be noted that even if acceptable particle
encapsulation may be achieved, different-sized droplets are not useful
in most applications.

Increasing Ca to Ca ¼ 0:03 resulted in having a range of droplets
with 90 � d � 153 lm, making it almost impossible to synchronize
the particle and droplet frequencies because each specific size of

droplet needs a certain amount of time to detach and form. Droplet
generation frequency is much higher than other cases (f> 500Hz), not
allowing full control of encapsulation by monitoring s. Figure 12(b)
demonstrates that for Ca ¼ 0:03, at s ¼ 100 lm, the maximum rela-
tive frequency for 1 particle/drop equal to 65% is achieved. This defi-
ciency is much below what we achieved in squeezing and dripping. As
jetting is not a favorable regime to work with and controlling the sys-
tem’s behavior is difficult, we do not go into further details about this
regime.

D. Expected number of particles per droplet

The expected number of particles encapsulated per droplet
(ENPD) as a function of relevant parameters is plotted in Fig. 13 by
interpolating our findings (black circles), in which the red, white, and
blue colors represent having exactly 2, 1, and 0 particles in droplets.
The white area is the recommended zone to maximize encapsulation
efficiency. Figure 13(a) shows the effect of Ca on ENPD in a range of s;
it can be used to choose optimum s for different Ca. As changing Ca
causes changes in d, Fig. 13(b) helps to choose s for the desirable drop-
let size. For instance, at Ca ¼ 0:01, any s < 300 lm, would fall under
the red zone indicating that most droplets have two particles.
Increasing s until reaching the white zone enhances the chance of sin-
gle encapsulation, that is, ENPD¼ 1. Any set of parameters that falls
in the blue zone results in a larger number of empty droplets. d is nega-
tively correlated with Ca, and that effect is manifested in Fig. 13 as
well. When Ca increases, s needs to be reduced to provide enough par-
ticles for the droplets. In high Ca and small d, the blue zone is bigger
than the other two, meaning that droplet generation is susceptible to
generating empty droplets due to the fact that shear force is high, caus-
ing droplets to be generated rapidly without a chance to encapsulate a
particle. On the other hand, for large values of s, the red zone expands.
As the droplet size increases, the detachment takes longer, so 2 par-
ticles would have enough time to reach and pass the droplet generation
junction and be trapped in droplets. Summing up, the dripping regime
is the optimum choice for particle encapsulation as it not only has the
potential to deliver full control over the encapsulation process, but also
forms monodispersed droplets.

FIG. 12. Jetting: effect of particle spacing on particle encapsulation in jetting regime at (a) Ca ¼ 0:025 and (b) Ca ¼ 0:03.
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V. CONCLUSIONS

The MPPICInterFoam solver in OpenFOAM-v2012 was used to
simulate the encapsulation process of particles into liquid droplets gen-
erated by a high-throughput flow-focusing microfluidic device. The
adopted method was validated against the experimental findings
reported in Beneyton et al.,16 showing a good agreement, especially in
terms of the volume of the generated droplets.

We first provided insight into the physics involved in droplet
generation and particle encapsulation. Specifically, we investigated
how velocity profiles, streamlines, and circulation areas affect particle
movements. Single particle or cell encapsulation in droplet microflui-
dics is a well-known problem due to random particle encapsulation.
We focused on improving the single encapsulation efficiency in droplet
microfluidics by analyzing the effect of particle pre-ordering on parti-
cle encapsulation in different droplet generation regimes. These are
obtained by varying the capillary number. Our results show that each
formed droplet would encapsulate exactly one solid particle only for a
specific combination of Ca and s in the squeezing—Ca ¼ 0:005; 0:01
and s ¼ 500; 400 lm, respectively—and dripping—Ca ¼ 0:015; 0:02
and s ¼ 300; 200lm, respectively—regimes. Scenarios characterized
by smaller values of the particle spacing result in two particles per
droplet. Conversely, larger values of s lead to many empty droplets. In
the squeezing regime, although one can obtain the encapsulation of
exactly one particle in monodispersed droplets, a low speed of droplet
generation may act as a hurdle. Dripping with bigger Ca offers a higher
number of monodispersed droplets with one particle entrapped. In the
dripping regime, a smaller s compared to squeezing gives an efficiency
of � 100%. Yet, in this regime, a slight change in s may have a large
impact on encapsulation results. Thus, more precautions in the order-
ing of particles before reaching the cross-junction are required. When
considering jetting, even though much higher droplet frequencies can
be achieved, the droplets are polydispersed and have different sizes.
This makes it difficult to synchronize the droplet and particle frequen-
cies to gain full control over encapsulation. We can conclude that the
dripping regime is the most favorable one. For this regime, we

investigated the susceptibility to a variation of the junction angle h and
found that h ¼ 60� optimizes monodispersity and encapsulation
efficiency.

Our proposed future work includes testing different and more
complicated arrangements of particles at the inlet, adapting the
immersed boundary method48 to simulate the presence of larger par-
ticles in the microfluidic channel; comparing the adopted solver
against findings obtained by different implementations of the lattice
Boltzmann method;49,50 and checking if the boundaries of solver can
be pushed further.
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