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Abstract We investigate the path selection (navigation) of

a single moving vesicle in a microfluidic channel network

using a lattice Boltzmann-immersed boundary method

(IBM). The lattice Boltzmann method is used to determine

incompressible fluid flow with a regular Eulerian grid. The

IBM is used to study a vesicle with a Lagrangian grid. Pre-

vious studies of microchannels suggest that the path selec-

tion of a bubble at a T-shaped junction depends on the flow

rates in downstream channels. We perform simulations to

observe the path selection of a vesicle with three different

capillary numbers at a tertiary junction. The hypothesis that

higher flow rate determines path selection is not validated by

our data on low capillary number (Ca B 0.025) of a vesicle

in tertiary downstream channels. We use the resultant

velocity hypothesis to explain the path selection of a vesicle

in microfluidic systems. Our results suggest that, for a low

capillary number, instead of being affected by the viscous

force from a high flow rate, a vesicle in a tertiary junction

tends to follow the resultant velocity hypothesis. We analyze

the change in hydrodynamic resistance caused by the

movement of a vesicle to support the resultant velocity

hypothesis. We also study the residence time of a vesicle at a

junction for different cases and analyze the relationship

between the residence time and the resultant velocity. The

resultant velocity (rather than the flow rate in individual

channels) can be used to predict the path selection of a vesicle

in low capillary number. In addition, the residence time of

vesicle is decided by average velocity of each channel.

Keywords Microfluidics tertiary junction �
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1 Introduction

Certain rare human cells can reveal information relevant to

disease. For example, nucleated erythrocytes carry genetic

information about embryos (Purwosunu et al. 2006). Cir-

culating tumor cells provide a potential source of infor-

mation about the metastatic sites from which they

originated. Collecting and investigating these specific cells

might provide new solutions for various ongoing tasks in

the field of bio-microfluidics. However, such isolation or

separation of rare cells is technically challenging because

of the low cellular frequency (Stott et al. 2010).

Efforts to successfully separate these specific cells from

the blood have resulted in the development of lab-on-chip

technologies. Among the various ways to separate the target

cells, the method of cell transportation by microfluidic sys-

tems has several advantages (Stott et al. 2010; Park and Jung

2009; Bhagat et al. 2011; Hou et al. 2010; Yamada et al. 2007;

Gossett et al. 2010; McFaul et al. 2012; Tanaka et al. 2012),

including low cost, small sample and reagent requirements,

and device portability (Tsutsui and Ho 2009). However,

because of the complex microfluidics of cell movement

inside channels, high-yield or high-selectivity fluidic condi-

tions for cell separation systems have not yet been achieved.
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To understand the microfluidic system, various studies

have focused on the effects of bifurcations and loops in the

flow channel. Jousse et al. (2006) observed the behavior of

a droplet in a loop channel with a T junction. Vanapalli

et al. (2009) used a rectangular microchannel to analyze the

hydrodynamic resistance of a droplet. Others tried to

manipulate the flows by exerting external forces such as

pressure gradients, electric fields, and magnetic fields

(Ismagilov et al. 2001). There were even efforts to control

the aspect of the droplet itself (Vladisavljević et al. 2012).

In addition to microfluidic issues with cells, fluid and

vesicle interactions have long been a challenge (Kondaraju

et al. 2012; Guido and Tomaiuolo 2009; Farhat et al. 2011).

Microfluidic networks with moving vesicles are complex

and nonlinear systems because of the deformation of vesicles

and interactions with the surrounding fluid. A full descrip-

tion of the path selection of a vesicle requires a complete

understanding of the interactions between individual vesicle

objects, the vesicle and the surrounding carrier fluid, the fluid

and the channel wall, and the vesicle and the channel wall.

In this study, we investigate the path selection of vesicle

with three different capillary numbers at a tertiary junction.

We use the resultant velocity hypothesis to explain the

result which cannot be explained by higher flow rate

hypothesis. In addition, we investigate the residence time

as the time spent at a junction.

1.1 Abstraction of microfluidic systems

Link et al. (2004) considered microfluidic channels as

electrical circuits, using Eq. (1) to determine the pressure

difference between the inlet and outlet conditions of a

system and applying the product of the flow rate and

dimensions to each channel (Fox et al. 2006). The factor

Dp/q in Eq. (1) is the fluidic resistance in Eqs. (2) and (3):

Dp ¼ q ln
3

4

� �
1

wh3
1� 192h

wp5

� ��1

ð1Þ

where q is the volume flow rate, Dp is the pressure decrease

between inlet and outlet, g is fluid viscosity, and w, h, and

l are the width, height, and length of the channel, respec-

tively. Dp can be replaced with the gradient of voltage

DV in an electrical circuit, and q can be replaced with the

electrical current I. This comparison allows the fluid

resistance to be defined in terms of electrical resistance.

Dp ¼ qR ð2Þ

R ¼ ln
3

4

� �
1

wh3
1� 192h

wp5

� ��1

ð3Þ

This concept is useful because the fluid resistance in a

complex microfluidic channel can be calculated using

Kirchoff’s law for electrical systems.

1.2 High flow rate hypothesis

Choi et al. (2011) investigated the path selection of a

bubble in a microfluidic network. They focused on net-

works based on T-shaped junctions where the bubble had

only two choices (one of two downstream channels). Their

study indicates that the bubble chooses the channel with the

higher flow rate. However, this study is phenomenological

and explains only circumstances in which the two down-

stream channels have equal width. For instance, for the

channel in Fig. 1a, the path selection of the bubble can be

explained using the higher flow rate hypothesis. However,

for the channel in Fig. 1b, which has a point-symmetric

network (about point C), the flow rate is equal in both

channels, but the bubble will always choose the channel

with the smaller width (path B). The difficulty of predicting

Fig. 1 Schematic diagram of

experimental bubble path

selection (Choi et al. 2011):

a the bubble follows the higher

flow rate hypothesis; b the

channel has a point-symmetric

network about point C. The flow

rate is equal in both channels,

but the bubble always chooses

the channel with the smaller

width (path B)
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the path selection of a bubble in complex microfluidic

systems necessitates further analysis of microfluidic sys-

tems and bubble dynamics.

To understand the path selection of soft matter such as

bubbles and vesicles in a complex channel system, we

focused on the dynamics of a vesicle in a microfluidic

system with a junction of three downstream channels. Our

investigation involved downstream channels of different

lengths, which allowed for passive control of the flow rate.

We demonstrated that, in a microfluidic system with ter-

tiary junctions, the path selection of the vesicle depends on

the resultant velocity at the junction in each direction rather

than on the flow rate of each downstream channel.

The dynamics of the microfluidic system in this study

were investigated by numerical simulations. We used a

lattice Boltzmann method (LBM) to simulate the incom-

pressible low Reynolds number flow inside a microchan-

nel. The dynamics of a vesicle inside a channel were

determined using an immersed boundary method (IBM).

The details of the numerical method are discussed in the

numerical methods section.

2 Numerical methods

2.1 Lattice Boltzmann method (LBM)

The LBM for the single time Bhatnagar–Gross–Krook (BGK)

model was used in this study (Chen and Doolen 1998; Kim

et al. 2010). The main collision BGK equation with the forcing

term proposed by Guo et al. (2002) can be written as

fi xþ eiDt; t þ Dtð Þ � fi x; tð Þ ¼ � 1

s
fi x; tð Þ � f

eq
i x; tð Þð Þ

þ Dt 1� 1

2s

� �
xi

ei � u

c2
s

þ ei � uð Þ
c4

s

ei

� �
� f; ð4Þ

with the local equilibrium distribution function

f
eq
i ¼ qxi 1þ 1

c2
s

ei � uþ
1

2c4
s

ei � uð Þ2� 1

2c2
s

u � u
� �

; ð5Þ

where

xi

4

9
; i ¼ 0

1

9
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1

36
; i ¼ 5; 6; 7; 8

8>>>>><
>>>>>:
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ei
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cos hi; sin hið Þ; hi ¼ i� 1ð Þ p
2

i ¼ 1; 2; 3; 4

ffiffiffi
2
p

cos hi; sin hið Þ; hi ¼ i� 5ð Þ p
2
þ p

4
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8>>><
>>>:
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In the above equation, the density distribution function

fi(x,t) indicates the portion of particles moving with the ith

lattice velocity at lattice site x and time t, Dt is the time

step, s is the particle relaxation time, ei is the discrete

microscopic velocity, f i
eq is the local equilibrium distri-

bution function, and cs ¼ c=
ffiffiffi
3
p� �

is the speed of sound

(c = Dx/Dt). The fluid density q and velocity u can be

calculated using

q ¼
X

i

fi qu ¼
X

i

fiei: ð8Þ

The kinematic viscosity is given by

m ¼ s� 1

2

� �
c2

s Dt ð9Þ

2.2 Vesicle mechanics

Few models have been developed to simulate vesicle

interactions with fluid. Deen et al. (2009) used direct

numerical simulation (a combination of a front tracking

model and an immersed boundary model) to elucidate drop

interactions. A front tracking model was used to calculate

the curvature of a membrane, and an immersed boundary

model was used to calculate particle–fluid interactions.

Washino et al. (2011) applied a continuous surface force

(CSF) model to the interaction between fluid phases and

solid particle phases, converting surface force into body

force using a Dirac delta function. Zhang et al. (2008)

treated the membrane of the vesicle as a neo-Hookean

viscoelastic material. Similar to these approaches, we

directly calculated surface tensile force to investigate

vesicle membranes (Bagchi et al. 2005). The tension acting

on two neighboring Lagrangian grid points on the mem-

brane can be expressed as

Te ¼
Es

e3=2
e3 � 1
� �

; ð10Þ

where Es is the membrane shear modulus, and e is the

stretch ratio (original length by deformed length) (Zhang

et al. 2008). Bending stress is calculated by the membrane

curvature change as

Tb ¼
d

dl
Eb j� j0ð Þ½ �; ð11Þ

where Eb is the bending modulus, j is the instantaneous

curvature, and j0 is the initial stress-free curvature (Zhang

et al. 2008; Bagchi et al. 2005; Pozrikidis 2001). Therefore,

the total membrane stress T is calculated as

T ¼ Tetþ Tbn ð12Þ
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2.3 Lattice Boltzmann-immersed boundary method

The IBM for the interaction between fluid and vesicle is as

follows (Pozrikidis 2001; Peskin 2002; Feng and Michae-

lides 2004):

f x; tð Þ ¼
Z

D x� X s; tð Þð ÞF s; tð Þds ð13Þ

oX s; tð Þ
ot

¼ u X s; tð Þ; tð Þ ¼
Z

u x; tð ÞD x� X s; tð Þð Þdx ð14Þ

F s; tð Þ ¼ T X s; tð Þ; tð Þ ð15Þ

D x� Xðs; tÞð Þ ¼ 1

16h2
1þ cos

px

2h

	 
	 

1þ cos

py

2h

	 
	 

;

ð16Þ

when |x and y| B 2h, otherwise D(x) = 0. f, x, and u are the

force density acting on the fluid node, Eulerian coordinates,

and fluid velocity, respectively. X and F are the Lagrangian

coordinates and restoring force density of the vesicle,

respectively. D is the Dirac delta function for interpolation.

Equation (12) is the immersed boundary equation calcu-

lated by the Lagrangian form. Unknown factors are the

force per unit area, f(x,t), applied by the immersed boundary

to the fluid and the velocity of each Lagrangian node

u(X(s,t),t). Equation (13) describes the force density of

fluid, f(x,t), calculated from Lagrangian restoration of the

vesicle force density, F(s,t), via interpolation over the

immersed boundary. Equation (14) assumes that no-slip

boundary conditions are applied at the membrane since the

Lagrangian nodes move at the same velocity as the sur-

rounding fluid. Equations (13) and (14) use the two-

dimensional Dirac delta function, D(x - X(s,t)), which

relates interactions between Eulerian coordinates (fluid

nodes) and Lagrangian coordinates (vesicle boundary

nodes). We used the first-order accurate IBM scheme for

this study.

3 Results

3.1 Vesicle properties

To visualize the capillary number of a vesicle, three cases

were simulated with Ca = 0.10, 0.05, and 0.025. The

capillary number Ca represents the relative effect of vis-

cous and elastic forces and is defined as follows:

Ca ¼ l _cR=k: ð17Þ

The capillary number varies with viscous strength (lc),

vesicle size (R), and membrane elasticity (k).

Also, we used a deformation index (DI) computed by

the following formula:

DI ¼ a� b

aþ b
; ð18Þ

where a and b are the major and minor axes of the vesicle,

respectively. Figure 2a shows a schematic diagram of the

simulation with vesicle shape. For each case, the capillary

number of the vesicle varied with Ca = 0.025, 0.05, and

0.10, as shown in Fig. 2b–d, respectively. All cases had a

velocity inlet boundary condition, a constant pressure

outlet boundary condition, no-slip boundary conditions,

and a low Reynolds number of Re = qUd/l = 0.11, where

q, U, d, and l are the density, mean velocity of the inlet

channel, channel diameter, and viscosity, respectively.

Figure 2b–d shows the shape change in the vesicle due to

the decrease in membrane modulus. These deformations

Fig. 2 a Schematic diagrams of vesicle deformation in a straight channel with three different capillary numbers: b Ca = 0.1, c Ca = 0.05,

d Ca = 0.025, e DI dependence on the capillary number of vesicle
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were digitized by measuring the DI using Eq. (18). Fig-

ure 2e shows the change in DI of the vesicle, which was

associated with an increase in the capillary number of the

vesicle. In this simulation, the DI was 0.35 for Ca = 0.10,

0.21 for Ca = 0.05, and 0.1 for Ca = 0.025. The case with

the lowest capillary number (Ca = 0.025) shows that the

vesicle maintained its original shape against the viscous

force. However, the membrane of the vesicle did not

withstand the hydrodynamic forces from the surrounding

fluid at the highest capillary number of the vesicle,

resulting in a high DI. As shown in Fig. 2b, the vesicle was

bullet-shaped at a higher capillary number.

3.2 Validation

The numerical model was validated qualitatively by com-

parison with the empirical results. Three different micro-

fluidic systems, two of which were used by Choi et al.

(2011), were simulated as shown in Fig. 3a, c, e. In Fig. 3a,

c, the numerical results show that the vesicle chose the

same path as in the experimental cases (Choi et al. 2011).

Figure 3e, f shows the path selection at a tertiary junction;

the simulated routing of the vesicle again matched our

empirical observation. The experiment in Fig. 3f was per-

formed following the protocol discussed in Choi et al.

(2011); surfactant-stabilized bubbles of nitrogen were

infused into PDMS-based microfluidic networks and then

carried by water. The qualitative comparison in Fig. 3

shows that discrepancies between the numerical results and

experimental results are small. The vesicle path selection is

further analyzed with the concept of resultant velocity in

the next section.

3.3 Microfluidic channel networks with tertiary

bifurcations at the inlet junction

To study the path selection of the vesicle at a junction with

tertiary downstream channels, we simulated the microflu-

idic system as shown in Fig. 4. We performed simulations

by varying the location of the inlet channel, as tabulated in

Table 1 and shown in Fig. 4, where d is the channel

diameter. As shown in Table 1, the inlet location was

varied as a function of the channel diameter d. For each

channel, three cases of vesicle capillary number were

simulated (Ca = 0.1, Ca = 0.05, and Ca = 0.025). The

inlet Reynolds number was kept sufficiently low at

Re = 0.11. The same value of the flow rate of the inlet QA

was used for all simulated cases. QB is the flow rate of the

fluid in the channel below the inlet (path B), QC is the flow

rate in the channel above the inlet (path C), and QD is the

flow rate of the fluid in the central channel (path D). We

found that the flow rate was higher in shorter channels and

lower in longer channels, as predicted using Eq. (2).

To study the path selection of the vesicle in our tertiary

microfluidic setup, the microfluidic systems in Fig. 4 were

simulated under same fluid conditions. Table 2 shows the

result of simulations shown in Fig. 4a–e. Vesicle with

Ca = 0.1 and Ca = 0.05 chose the channel with the

highest flow rate, but for Ca = 0.025 the vesicle in Cases

B, C, and D chose the channel with flow rate QD despite

flow rate QD being smaller than QB and QC (Table 2). With

the higher flow rate hypothesis, the path selection of ves-

icle in a tertiary junction system could not be completely

predicted.

To understand the physics that governs the path chosen

in a tertiary junction system, the average velocities of each

channel and the resultant velocity at the junction were

Fig. 3 Simulation and experimental results of microfluidic systems

for vesicle path selection. Scale bars represent 200 lm. a Vesicle in a

T-shaped junction system with downstream channels of equal width

chose path A, which had a higher flow rate. b Experimental result

(Choi et al. 2011) of a T-shaped junction channel to validate the

simulation result in a. c Simulation result of vesicle path selection in a

T-shaped junction system with downstream channels of unequal

width. d Experimental result (Choi et al. 2011) of a T-shaped junction

channel to validate the simulation result in c. e, f Simulated and

observed path selections by a vesicle and bubble at a tertiary junction,

respectively. The central channel was designed to be much longer

than the peripheral channels, so the flow rate along the middle

channel was the lowest. Numerical simulation predicted the relative

flow rates along the three channels
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calculated. The resultant velocity at the junction was

defined as a vector summation of the average velocities of

the fluid in the downstream channel in each direction

without a vesicle. For example, the vertical resultant

velocity of the downstream channel was the difference of

average velocities in channels B and C; the horizontal

resultant velocity of the downstream channel was the

average flow velocity in channel D due to the presence of

only a single channel in the horizontal direction. For Cases

A–E with Ca = 0.025, the vesicle chose the path with the

highest resultant velocity (Fig. 4). Table 2 shows the dif-

ferences between flow rates in the downstream channels B

and C (indicated as QB - QC). Difference between the

flow rates was proportional to the resultant velocity

because the downstream channels had equal width.

The concept of resultant velocity was also applied to the

microfluidic systems in Fig. 3a, c. The resultant velocity in

Fig. 3a was positive into channel A; thus, the vesicle

accessed into channel A. In the microfluidic system shown

in Fig. 3c, despite having the same flow rates in both

channels, the vesicle chose path B because the resultant

velocity into channel B was higher than that into channel

A. Thus, the experimental results shown in Fig. 3b, d and

the numerical simulation results shown in Fig. 3a, c indi-

cate that the vesicle tended to choose channels with a high

resultant velocity.

3.4 Path selection and vesicle deformation

Path selection has previously been discussed in terms of

resultant velocity. To analyze path selection based on

physical evidence, we observed the deformation of the

vesicle and the change in flow caused by the vesicle. Case

C with three capillary numbers of the vesicle (Ca = 0.1,

Ca = 0.05, and Ca = 0.25) was used for this analysis. To

digitize the deformation of the vesicle, the longest distance

inside the vesicle (ds) was calculated as shown in Fig. 5a.

Also, the stretched angle of the vesicle (h) is plotted in

Fig. 5b.

As shown in Fig. 5a, the deformation of the vesicle in

channel A was the largest in the case of Ca = 0.1. This

was due to the influence of shear force on the vesicle close

to the wall. As the capillary number decreased, the defor-

mation also decreased in order to maintain equilibrium

between elasticity and the effect of the viscous force,

resulting in film thinning. In other words, when the vesicle

passes through channel A, the higher capillary number

corresponds to a greater distance between the vesicle and

the wall as the viscous force becomes dominant over the

elasticity.

As shown in Fig. 5b, when the vesicle reached the ter-

tiary junction, the vesicle with Ca = 0.1 greatly stretched

in the vertical direction, where the shear was maximized by

the high flow rate. Once deformed, the vesicle could not

recover to its original shape, and the viscous force acted on

the vesicle surface in the vertical direction. As a result,

channel C was selected due to it maximal flow rate.

However, for Ca = 0.025, the elasticity of the vesicle

Fig. 4 Path chosen by the vesicle in the microfluidic systems of cases

A–E when Ca = 0.025. Resultant fluid velocity in each direction in

the downstream channels is indicated. a Velocity field of Stokes flow

microfluidic channel with an 11.5d inlet location. b Velocity field of

Stokes flow microfluidic channel with an 8.25d inlet location.

c Velocity field of Stokes flow microfluidic channel with a

6.75d inlet location. d Velocity field of Stokes flow microfluidic

channel with a 5.25d inlet location. e Velocity field of Stokes flow

microfluidic channel with a d inlet location. f Electric circuit for

representing the microfluidic channel

Table 1 Inlet channel location in each simulation case

Case A Case B Case C Case D Case E

Location of inlet 11.5d 8.25d 6.75d 5.25d 2d
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resisted the viscous force, resulting in movement down

channel D, which had the higher resultant velocity. Our

results suggest that, in the condition of low capillary

numbers (Ca B 0.025), instead of being affected by the

viscous force from the high flow rate, the vesicle in the

tertiary junction tends to follow the resultant velocity

hypothesis.

3.5 Quantification of the hydrodynamic resistance

and effect of capillary number

To further understand the effect of resultant velocity on the

path selection of the vesicle, we investigate the hydrody-

namic resistance due to the moving vesicle. Flow rates of

each channel were measured to quantify the hydrodynamic

resistance due to a single moving vesicle. The microfluidic

channel systems of Cases A–E are expressed as an electric

circuit system in Fig. 4f. In the circuit system, RA is the

hydrodynamic resistance of the channel generated from the

initial point of the inlet channel to the first tertiary junction.

RB is the hydrodynamic resistance of the channel between

the initial point of the bottom downstream channel at the

first tertiary junction and the initial point of the second

tertiary junction. RC is the hydrodynamic resistance of the

channel between the initial point of the upper downstream

channel at the first tertiary junction and the initial point of

the outlet channel. RD is the hydrodynamic resistance of the

channel between the initial point of the middle downstream

channel at the first tertiary junction and the initial point of

the second tertiary junction. RE is the hydrodynamic

resistance of the channel between the second tertiary

junction and the initial point of the outlet channel. The

hydrodynamic resistance difference due to the presence of

the moving vesicle is DR = R-R0, where R and R0 are the

hydrodynamic resistances in each channel with and without

a vesicle, respectively. This microfluidic system can be

calculated using Ohm’s law as an electric circuit, which

can be expressed as

QC

QB þ QD

¼ RBRD þ RBRE þ RDRE

RBRC þ RCRD

� �
: ð19Þ

We neglect the change in hydrodynamic resistance DRE

at channel E due to the small magnitude. To calculate the

hydrodynamic resistance at each channel, the flow rates

QB, QC, and QD were acquired from simulation results by

integrating the fluid velocity at the point where the distance

from the first junction is 2d. The normalized hydrodynamic

resistance (R/RA) was adopted in the analysis procedure.

Table 2 Flow rates along

channels calculated by the LBM

Channels selected by the vesicle

at the inlet junction are listed

QB QC QD QB–QC Selected path

Ca = 0.1

Selected path

Ca = 0.05

Selected path

Ca = 0.025

Case A 0.33 QA 0.52 QA 0.15 QA -0.18 QA Path C Path C Path C

Case B 0.39 QA 0.46 QA 0.15 QA -0.07 QA Path C Path C Path D

Case C 0.42 QA 0.44 QA 0.14 QA -0.02 QA Path C Path C Path D

Case D 0.45 QA 0.41 QA 0.14 QA 0.04 QA Path B Path B Path D

Case E 0.51 QA 0.36 QA 0.13 QA 0.15 QA Path B Path B Path B

Fig. 5 Deformation of vesicles

with three capillary numbers

(Ca = 0.1, Ca = 0.05, and

Ca = 0.25) in Case C.

a Digitized deformation of

vesicle. b Stretched angle of

vesicle
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Figure 6 shows the normalized hydrodynamic resistance

and flow rate for Case C with three different capillary

numbers at the first junction. Circle, triangle, and square

data points represent the normalized hydrodynamic resis-

tance of RB/RA, RB/RA, and RB/RA, respectively. As shown

in the result of Case C in Table 2 (which is used for the

analysis), the vesicle chose path B when Ca = 0.1 and

Ca = 0.05. On the other hand, when the capillary number

was lowest (Ca = 0.025), the vesicle chose path D. We

found that, from Ca = 0.1 to Ca = 0.025, the gradient of

normalized hydrodynamic resistance decreased with Ca

regardless of the path chosen by the vesicle. The change in

hydrodynamic resistance by the movement of the vesicle

was small when the capillary number was high. This was

observed previously by Fuerstman et al. (2007). As the

capillary number decreased, however, the resistance at the

junction changed dramatically. If the capillary number of

the vesicle was large, it could not resist the viscous force

and thus deformed, which had little impact on the value of

hydrodynamic resistance at the moment when the vesicle

selected its path at the junction. On the contrary, the vesicle

with the low capillary number (Ca B 0.025) resisted the

viscous force and the hydrodynamic force from the inlet

and moved to path D, which increased the flow rate at

channel D and consequently decreased hydrodynamic

resistance.

3.6 Residence time

Furthermore, we observed the relationship between resul-

tant velocity and residence time. The residence time of the

vesicle was defined as the time spent at a junction before

passing into a downstream channel. Figure 7a shows the

residence time of the vesicle. The residence time was

measured from when the front part of the vesicle entered

the junction to when the back membrane of the vesicle left

the junction. The inset of Fig. 7a shows the movement of

the vesicle along the junction. The time at which the front

part of the vesicle entered the junction was set as 0 s for all

cases. The total time taken by the vesicle to travel through

the junction was measured based on this value.

To understand the relationship between resultant

velocity and residence time of the vesicle, we performed

simulations on six microfluidic systems at Ca = 0.025

(which follows the resultant velocity), with inlet location

gradually decreasing from the mid-point symmetry to the

bottom (Cases C–E and F–H). In all cases except E, the

vesicle moves into channel D (Fig. 7). Velocities, resultant

velocities, and residence time for each case are tabulated in

Table 3. The resultant velocity in the vertical direction

increases as the inlet channel location decreases due to the

increase in flow rate in the direction of channel B. This

result shows that the vesicle selected the path with the

Fig. 6 a–c Measured normalized hydrodynamic resistance for Case

C with three different capillary numbers at the first junction. Circle,

triangle, and square data points represent normalized hydrodynamic

resistance in channels B, C, and D, respectively. a Ca = 0.1,

b Ca = 0.05, c Ca = 0.025. d–f Normalized flow rate for Case C

with three different capillary numbers at the first junction. Circle,

triangle, and square data points represent flow rate at channels B, C,

and D, respectively. d Ca = 0.1, e Ca = 0.05, f Ca = 0.025

1068 Microfluid Nanofluid (2014) 17:1061–1070

123



higher resultant velocity for all cases. In Cases C, D, and

F–H, the resultant velocity in the bottom channel increased,

and the residence time of the vesicle also increased. Cases

C, D, and F–H show slower resultant velocities in the

bottom direction.

The motion of the vesicle into channel D caused the

vesicle to reside longer at the junction. However, the ves-

icle residence time in Case E is much less than in other

cases. Case E shows that the resultant velocity was not a

factor in determining the residence time of the vesicle. The

average velocities of each channel (VB, VC, and VD) and

VB–VC explain why Case E had a short residence time. All

cases show that a higher average velocity of the selected

channel corresponds to a smaller residence time. The

resultant velocity was important only for the path selection

of a vesicle. After the path selection, the residence time of

the vesicle was influenced by the average velocity of each

channel rather than the resultant velocity. These results

suggest that the resultant velocity is a dominant factor in

the path selection of a vesicle (Ca = 0.025) in a complex

microfluidic system, and the average velocity of each

channel is the dominant factor for residence time.

4 Conclusion

This study investigated the path selection of a vesicle in

complex microfluidic systems. Simulations of microfluidic

systems with inlet junctions with tertiary downstream

channels were performed using an LB–IBM numerical

model using LBM to study fluid dynamics and IBM to

determine vesicle dynamics. The assumption that the ves-

icle selects the channel with the higher flow rate, which

was observed for binary downstream channels, did not

apply for all cases.

When the elasticity of the vesicle could withstand vis-

cous forces, the resultant velocity, rather than the flow rate,

was the critical factor for path selection. The resultant

velocity predicted the path selection of a vesicle with a

lower capillary number. This hypothesis of resultant

velocity also explains the vesicle movement in microfluidic

systems with binary T-shaped junctions. The residence

time of a vesicle at a junction was also studied for different

cases, and the relationship with the average velocity of

each channel was observed. The simulation data showed

that the residence time of the vesicle was influenced by the

Fig. 7 Residence of a vesicle during path selection with Ca = 0.025.

a Velocity field of a microfluidic channel for Case C at the moment of

vesicle residence after path selection. Enlarged pictures (bottom) show

movement of a vesicle at the junction with time. Inlet location is

6.75d. b Moment of vesicle residence for choosing the middle channel

in Case F, which took 471 ms. Inlet location is 6.0d. c Moment of

vesicle residence in Case D for choosing the middle channel, which

took 488 ms residence time. Inlet location is 5.25d. d Moment of

vesicle residence in Case G for choosing the middle channel, which

took 504 ms residence time. Inlet location is 4.5d. e Moment of vesicle

residence in Case H for choosing the middle channel, which took

690 ms residence time. Inlet location is 3.75d. f Moment of vesicle

residence in Case E for choosing the bottom channel, which took

186 ms residence time. Inlet location is 2.0d

Table 3 Resultant velocity of

microfluidic system junctions

for cases C–E and F–H with

path chosen by vesicle and

residence time at junction

VB VC VD VB–VC Path selection Residence

time

Case C 0.417 VA 0.437 VA 0.141 VA 0.020 VA Path D 464 ms

Case F 0.432 VA 0.427 VA 0.139 VA 0.005 VA Path D 471 ms

Case D 0.446 VA 0.415 VA 0.137 VA 0.031 VA Path D 488 ms

Case G 0.460 VA 0.326 VA 0.134 VA 0.057 VA Path D 504 ms

Case H 0.475 VA 0.396 VA 0.131 VA 0.079 VA Path D 690 ms

Case E 0.511 VA 0.363 VA 0.124 VA 0.148 VA Path B 186 ms
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average velocity of the channel. This study therefore

demonstrates a fundamental understanding of path selec-

tion of vesicle in microchannel, which is significant for the

design of logic gate channel (Prakash and Gershenfeld

2007) and microdevice for sorting vesicle-like object

(Cupelli et al. 2013).

Acknowledgments This work was supported by the Mid-career

Researcher Program through an NRF Grant funded by the MSIP

(NRF-2013R1A2A2A01015333) and the Strategy Technology

Development Program (10030037) of the Ministry of Trade, Industry

and Energy.

References

Bagchi P, Johnson PC, Popel AS (2005) Computational fluid dynamic

simulation of aggregation of deformable cells in a shear flow.

J Biomech Eng 127:1070

Bhagat AA, Hou HW, Li LD, Lim CT, Han J (2011) Pinched flow

coupled shear-modulated inertial microfluidics for high-through-

put rare blood cell separation. Lab Chip 11:1870–1878

Chen S, Doolen GD (1998) Lattice boltzmann method for fluid flows.

Ann Rev Fluid Mech 30:329–364

Choi W, Hashimoto M, Ellerbee AK, Chen X, Bishop KJ, Garstecki

P, Stone HA, Whitesides GM (2011) Bubbles navigating through

networks of microchannels. Lab Chip 11:3970–3978

Cupelli C, Borchardt T, Steiner T, Paust N, Zengerle R, Santer M

(2013) Leukocyte enrichment based on a modified pinched flow

fractionation approach. Microfluidics Nanofluidics 14:551–563

Deen NG, Annaland MS, Kuipers JAM (2009) Direct numerical

simulation of complex multi-fluid flows using a combined front

tracking and immersed boundary method. Chem Eng Sci

64:2186–2201

Farhat H, Lee JS, Lee JS (2011) A multi-component lattice boltzmann

model with non-uniform interfacial tension module for the study

of blood flow in the microvasculature. Int J Numer Methods

Fluids 67:93–108

Feng Z-G, Michaelides EE (2004) The immersed boundary-lattice

boltzmann method for solving fluid–particles interaction prob-

lems. J Comput Phys 195:602–628

Fox RW, McDonald AT, Pritchard PJ (2006) Introduction to fluid

mechanics. Wiley, Hoboken

Fuerstman MJ, Lai A, Thurlow ME, Shevkoplyas SS, Stone HA,

Whitesides GM (2007) The pressure drop along rectangular

microchannels containing bubbles. Lab Chip 7:1479–1489

Gossett DR, Weaver WM, Mach AJ, Hur SC, Tse HT, Lee W, Amini

H, Di Carlo D (2010) Label-free cell separation and sorting in

microfluidic systems. Anal Bioanal Chem 397:3249–3267

Guido S, Tomaiuolo G (2009) Microconfined flow behavior of red

blood cells in vitro. Comptes Rendus Phys 10:751–763

Guo Z, Zheng C, Shi B (2002) Discrete lattice effects on the forcing

term in the lattice Boltzmann method. Phys Rev E 65:046308

Hou HW, Bhagat AA, Chong AG, Mao P, Tan KS, Han J, Lim CT (2010)

Deformability based cell margination—a simple microfluidic

design for malaria-infected erythrocyte separation. Lab Chip

10:2605–2613

Ismagilov RF, Rosmarin D, Kenis PJ, Chiu DT, Zhang W, Stone HA,

Whitesides GM (2001) Pressure-driven laminar flow in tangen-

tial microchannels: an elastomeric microfluidic switch. Anal

Chem 73:4682–4687

Jousse F, Farr R, Link D, Fuerstman M, Garstecki P (2006) Bifurcation

of droplet flows within capillaries. Phys Rev E 74:036311

Kim YH, Xu X, Lee JS (2010) The effect of stent porosity and strut

shape on saccular aneurysm and its numerical analysis with

lattice Boltzmann method. Ann Biomed Eng 38:2274–2292

Kondaraju S, Farhat H, Lee JS (2012) Study of aggregational

characteristics of emulsions on their rheological properties using

the lattice Boltzmann approach. Soft Matter 8:1374

Link D, Anna S, Weitz D, Stone H (2004) Geometrically mediated

breakup of drops in microfluidic devices. Phys Rev Lett 92:054503

McFaul SM, Lin BK, Ma H (2012) Cell separation based on size and

deformability using microfluidic funnel ratchets. Lab Chip

12:2369–2376

Park J-S, Jung H-I (2009) Multiorifice flow fractionation: continuous

size-based separation of microspheres using a series of contrac-

tion/expansion microchannels. Anal Chem 81:8280–8288

Peskin CS (2002) The immersed boundary method. Acta Numeri

11:479–517

Pozrikidis C (2001) Effect of membrane bending stiffness on the

deformation of capsules in simple shear flow. J Fluid Mech

440:269–291

Prakash M, Gershenfeld N (2007) Microfluidic bubble logic. Science

315:832–835

Purwosunu Y, Sekizawa A, Farina A, Okai T, Takabayashi H, Wen P,

Yura H, Kitagawa M (2006) Enrichment of NRBC in maternal

blood: a more feasible method for noninvasive prenatal diagno-

sis. Prenat Diagn 26:545–547

Stott SL, Hsu C-H, Tsukrov DI, Yu M, Miyamoto DT, Waltman BA,

Rothenberg SM, Shah AM, Smas ME, Korir GK (2010) Isolation

of circulating tumor cells using a microvortex-generating

herringbone-chip. Proc Natl Acad Sci 107:18392–18397

Tanaka T, Ishikawa T, Numayama-Tsuruta K, Imai Y, Ueno H, Matsuki

N, Yamaguchi T (2012) Separation of cancer cells from a red blood

cell suspension using inertial force. Lab Chip 12:4336–4343

Tsutsui H, Ho CM (2009) Cell separation by non-inertial force fields

in microfluidic systems. Mech Res Commun 36:92–103

Vanapalli SA, Banpurkar AG, van den Ende D, Duits MH, Mugele F

(2009) Hydrodynamic resistance of single confined moving

drops in rectangular microchannels. Lab Chip 9:982–990

Vladisavljević GT, Kobayashi I, Nakajima M (2012) Production of

uniform droplets using membrane, microchannel and microfluidic

emulsification devices. Microfluidics Nanofluidics 13:151–178

Washino K, Tan HS, Salman AD, Hounslow MJ (2011) Direct

numerical simulation of solid–liquid–gas three-phase flow:

fluid–solid interaction. Powder Technol 206:161–169

Yamada M, Kano K, Tsuda Y, Kobayashi J, Yamato M, Seki M,

Okano T (2007) Microfluidic devices for size-dependent sepa-

ration of liver cells. Biomed Microdevices 9:637–645

Zhang J, Johnson PC, Popel AS (2008) Red blood cell aggregation

and dissociation in shear flows simulated by lattice Boltzmann

method. J Biomech 41:47–55

1070 Microfluid Nanofluid (2014) 17:1061–1070

123


	Lattice Boltzmann-immersed boundary approach for vesicle navigation in microfluidic channel networks
	Abstract
	Introduction
	Abstraction of microfluidic systems
	High flow rate hypothesis

	Numerical methods
	Lattice Boltzmann method (LBM)
	Vesicle mechanics
	Lattice Boltzmann-immersed boundary method

	Results
	Vesicle properties
	Validation
	Microfluidic channel networks with tertiary bifurcations at the inlet junction
	Path selection and vesicle deformation
	Quantification of the hydrodynamic resistance and effect of capillary number
	Residence time

	Conclusion
	Acknowledgments
	References


