
fluids

Article

Microparticle Inertial Focusing in an Asymmetric
Curved Microchannel

Arzu Özbey 1, Mehrdad Karimzadehkhouei 1 ID , Hossein Alijani 1 and Ali Koşar 1,2,* ID
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Abstract: Inertial Microfluidics offer a high throughput, label-free, easy to design, and cost-effective
solutions, and are a promising technique based on hydrodynamic forces (passive techniques) instead
of external ones, which can be employed in the lab-on-a-chip and micro-total-analysis-systems
for the focusing, manipulation, and separation of microparticles in chemical and biomedical
applications. The current study focuses on the focusing behavior of the microparticles in an
asymmetric curvilinear microchannel with curvature angle of 280◦. For this purpose, the focusing
behavior of the microparticles with three different diameters, representing cells with different sizes
in the microchannel, was experimentally studied at flow rates from 400 to 2700 µL/min. In this
regard, the width and position of the focusing band are carefully recorded for all of the particles in all
of the flow rates. Moreover, the distance between the binary combinations of the microparticles is
reported for each flow rate, along with the Reynolds number corresponding to the largest distances.
Furthermore, the results of this study are compared with those of the microchannel with the same
curvature angle but having a symmetric geometry. The microchannel proposed in this study can be
used or further modified for cell separation applications.
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1. Introduction

The rapid advances in Microfluidics and Nanofluidics fields have led to compact microfluidic
devices and emerging cell applications that offer potential benefits in providing lab-on-a-chip
(LOC) platforms for disease diagnosis and treatment [1–7]. Thanks to the progress in micro/nano
fabrication techniques, the microfluidic applications in various subjects, such as DNA analysis [1–3],
cytometry [4,5], micromixing [6], microreactors [7], cell cycle synchronization [8], drug delivery [9]
and extraction of blood plasma [10], have appeared over the past decades. One of the distinct
advantages of the microfluidic systems is their capability to be integrated into other systems.
In particular, the use of LOC platforms allowed the combination of several methods within a single
device [11]. For instance, the micro-total-analysis systems (µTAS) were designed by combining
different applications/components, such as cytometers, bioreactors, and the separation into a single
system [12]. Such an integrated system covering a small area requires very low amounts of fluids
from microliter (10−6 L) down to attoliter (10−18 L), depending on the application and scale during its
operation [8,10–13].

The particle separation and detection of some cells or biomolecules is one of the most studied
topics in this area. Active or passive methods are the major categories of separation techniques [14,15].
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While the former utilizes external forces [16,17], such as magnetic [18], dielectric [19] or acoustic [20]
force, the latter relies on channel geometry and internal forces. Passive separation methods
mainly exploit hydrodynamic forces in microscale, and heavily depend on surface properties of the
microchannel geometry. Furthermore, as fabricating the passive separation devices is cost effective and
less complicated than the active ones, integrating them into a lab-on-a-chip device is also much simpler.

The passive techniques for particle or cell separation/focusing include [21] inertial focusing,
pinched flow [22] and hydrodynamic spreading [23], deterministic lateral displacement [24],
hydrophoretic filtration [25], size exclusion filtration [26], cross-flow filtration [27], and hydrodynamic
filtration [28]. Specifically, the most common microchannel configurations utilizing the inertial forces
with the help of their geometry, include straight [29–37], straight with contraction and expansion
regions [10,38–43], and curvilinear channels including spiral [44–51] and serpentine [52–55] channels.
Depending on the balance of the hydrodynamic forces acting on microparticles or cells, they pass along
specific paths in the flow direction, known as the focusing (focal or equilibrium) position. In inertial
microfluidics, the acting forces are the functions of the microchannel geometry, fluid properties,
microparticles dimensions, shape, and deformability. Additionally, the particle–particle interactions
(for high particle concentration) [56,57] or fluid–particle interactions [58] should be taken into
account when interpreting the results. In the straight channels, the particle Reynolds number and
confinement ratio of the microchannel are the two major parameters determining the focal position of
the microparticles. For instance, the microparticles flowing at moderate Reynolds numbers inside a
straight microchannel with a square cross section focus at four equilibrium locations at the center of
the walls; while in the low aspect ratio rectangular cross sections, the microparticles focus along the
center of the two long edges [35].

Curved geometries induce secondary flows, especially in the regions with a fading lateral force.
Therefore, introducing curvilinearity to a microchannel with rectangular cross section yields that are in
better control of the number and position of the equilibrium positions. In other words, handling
the focal positions is easier in curved microchannels [59–61]. In the curvilinear microchannels,
the velocity of the fluid passing along the centerline differs from that of the fluid passing near the
walls. Consequently, the inertia is increased near the centerline. Thus, a pressure gradient in the radial
direction is generated; consequently, the fluid near the inner wall and the fluid near the outer wall tend
to move outward and inward, respectively (both in a transverse direction). Therefore, two symmetric
vortices, which introduce the Dean drag force (FD) to the system, form [59,61].

Spiral [51] and curved serpentine [62] microchannels are the two main categories of
curvilinearity. Particularly, the designs of curvilinear serpentine channels include symmetric [62,63]
and asymmetric [53,64,65] geometries. Recently, various studies on such geometries were conducted
in the literature. For example, Di Carlo et al. studied the inertial focusing of microparticles with a
diameter of 9 µm at particle Reynolds numbers up to 2.9 using three different geometries [62]. While the
microparticles focused along four streams in a straight microchannel with a square cross-section,
a symmetric geometry reduced the number of focusing positions to two, and an asymmetric geometry
further reduced the focusing positions to a single streak. It is worth mentioning that the curvature
angle of the symmetric and asymmetric microchannels was 180◦. In another study, an asymmetrically
curved microchannel was used to separate and filter the particles with different sizes only with
hydrodynamic forces [64]. At the flow rate of 900 µL/min, 9-µm-diameter microparticles focused
along a single stream at the outlet of the channel, while small particles of a 3.1 µm diameter remained
unfocused and distributed over the entire outlet width. The underlying physics of the particle focusing
in the curved microchannels was further investigated in a series of asymmetric curved microchannels,
under different flow conditions [65]. Accordingly, the focusing of microparticles occurred at channel
Reynolds number of 270, in a channel with a varying width.

In this study, focusing the behavior of polystyrene microparticles in an asymmetric curvilinear
microchannel with curvature angle of 280◦ was experimentally studied. To do so, particles of a
10, 15, and 20 µm diameter were pumped into the microchannel, with flow rates between 400 and
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2700 µL/min, corresponding to the Reynolds number range of 30–205. At each Reynolds number,
the focusing position and width of each particle were measured and reported in two particular regions;
the transition region, which is the inflection point of the last two curves of the microchannel, and the
outlet region. Moreover, for each binary combination of the particles, the optimum Reynolds number,
defined as the one at which the largest distance between the focal bands of two particles at the transition
region occurs, was reported. Lastly, the focusing behavior of the particles in the current asymmetric
microchannel was compared to the symmetric design with the same curvature angle, which was
previously done in our group [63]. An asymmetric microchannel configuration with such a high
curvature angle and the comparison of its performance with the corresponding symmetric design over
a wide range of Reynolds number, constitutes the significance of this study.

2. Theoretical Background

Understanding the forces acting on microparticles or cells plays an important role in accurately
predicting their focal positions. The main forces that are applied on the microparticles in the
microchannels include shear gradient lift force (FS) and wall induced lift force (FW). In curved
microchannels, additionally, FD exists because of the formation of the secondary flow. It should be
mentioned that all of these forces are in a transverse direction (Figure 1b).
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Figure 1. (a) Drawing of the asymmetric microchannel and a zoom-in view of the transition region
(X–X′, 350 µm in width) and the outlet region (Y–Y′, 500 µm in width). (b) The direction of the
secondary flow vortices and forces applying on a particle (according to its location in the cross section)
at typical positions in the curvilinear microchannel.

For a microparticle in fluid flow, because of the parabolic velocity profile of the Poiseuille flow,
its upper side has a larger relative velocity (in magnitude) than its lower side. This reduces the pressure
on the upper side of the particle and, consequently, FS is generated, by which the particle is pushed
away from the centerline, towards the channel walls, until this force is balanced by FW [66,67]. In other
words, a particle tends to follow the path along which its sides undergo a minimum difference in
relative velocity. The magnitude of FS is given as follows:



Fluids 2018, 3, 57 4 of 16

FS = CL
ρU2

maxa3

Dh
(1)

where CL is the lift coefficient, ρ is the fluid density, Umax is the maximum velocity of the fluid, a is the
diameter of the microparticle, and Dh is the channel hydraulic diameter. Accordingly, FS is strongly
affected by the position and diameter of the particle and fluid velocity, while it is independent of the
particle rotation [68,69].

In addition, there are two main reasons for FW [70,71]. When a particle moves near a wall of the
channel, the wall breaks the axisymmetry of the wake vorticity distribution, which is generated at the
particle’s surface. As a result, an induced velocity emerges, further breaks the symmetry, and generates
FW that repels the particle. Moreover, the presence of the walls makes the particle move with a velocity
somewhat smaller than that of the fluid [60,68]. Secondly, because of the particle-flow interaction,
flow streamlines are deviated towards the sides of the particle, and the relative fluid velocity is
accelerated on the upper part of the particle, thereby creating a low pressure on this side. Therefore,
the particle is repelled away from the wall by FW . It is worth mentioning that the magnitude of this
force increases as the distance between the particle and the wall decreases. FW is expressed as follows:

FW = CW
ρU2

maxa6

D4
h

(2)

where CW is the lift coefficient, which depends on the position of the particle in the channel and
the Reynolds number of the fluid [68,69]. Notably, the two aforementioned lift forces have opposite
directions when applying on a microparticle.

Moreover, the net inertial lift force (FL) is calculated by the following formula:

FL = CL
4ρU2

f a4

D2
h

(3)

where U f is the mean flow velocity. The lift coefficient (CL) depends on the channel Reynolds number
(Rec) and the location of the particle in the channel. For the case of Rec lower than one hundred,
CL is approximated to 0.5 [47,72]. In addition, the FL has an inverse relationship with the Reynolds
number [61].

When FS and FW are in balance, according to the tubular pinch effect, the particles may focus along
an equilibrium position. The successful focusing of the particles occurs when the magnitude of the
particle diameter over the channel hydraulic diameter (λ = a/Dh) is greater than 0.07 for Rep > 1 [62],
where Rep (the particle Reynolds number) is calculated by the following formula:

Rep = Rec

(
a

Dh

)2
(4)

The particle focusing positions can be further controlled by using curved geometries [59,61].
As mentioned previously, in curved microchannels, the inertia force is higher in magnitude in the
centerline. On one hand, the fluid passing along the centerline generates a pressure gradient by
flowing outwards. The resultant centrifugal pressure gradient, on the other hand, makes the fluid in
the proximity of the outer wall flow inwards. This results in the formation of two symmetric vortices in
a curved microchannel, the so-called secondary flow that exerts FD on the particle, whose magnitude
is calculated through the following formula [50]:

FD = 3πµUDea (5)

where the viscosity of the fluid is denoted by µ, and UDe is the average Dean velocity, defined
as follows:

UDe = 1.8× 10−4De1.63 (6)
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In this formula, De is the dimensionless Dean number, given as follows:

De =
ρU f Dh

µ

√
Dh
2R

= Rec

√
Dh
2R

(7)

where R is channel curvature radius [61].
Overall, in the curved microchannels, the particles focus in a location, where all of the

above-mentioned forces constitute an equilibrium.

3. Materials and Methods

3.1. Microchannel Fabrication

The microchannel was made of polydimethylsiloxane (PDMS) using the standard soft lithography
fabrication techniques. The following steps were followed to fabricate the chip: (a) spinning SU-8 3050
photoresist (Microchem Corp., Westborough, MA, USA) on the polished side of a 3” silicon wafer,
using a spinner (SPS Europe, SPS-Europe GmbH, Ingolstadt, Germany); (b) soft baking the photoresist
layer, followed by the UV exposure of the photoresist with a Mask Aligner UV-lithography device
(MDA-60MS, Midas System Co., Ltd., Daejeon, South Korea) through an image reversal acetate mask
containing printed geometry of the microchannel printed with 10,000 DPI (Dots Per Inch) resolution
(by CAD/Art Services, Inc., Bandon, OR, USA); (c) after hard bake, developing unexposed parts of the
photoresist by SU-8 Developer (Microchem Corp., Westborough, MA, USA); (d) pouring a well-mixed
mixture of 10 to 1 (weight to weight) ratio of PDMS prepolymer (Sylgard 184 silicone elastomer kit,
Dow Corning, Midland, MI, USA) to curing agent (Sylgard 184 silicone elastomer kit, Dow Corning,
Midland, MI, USA) over the silicon master contained in a glass petri dish; (e) 1-h degassing of PDMS
in a vacuum oven (Cole-Parmer, Lake Forest, IL, USA) under low pressure (76 mmTorr) to eliminate
the trapped air bubbles, followed by curing for 12 h at 75 ◦C; (f) peeling off the PDMS from the silicon
master and cutting it using a bladed instrument; (g) punching holes for the inlet and outlets by a
21-gauge needle; (h) cleaning both pieces with Isopropyl alcohol (IPA) and deionized (DI) water and
drying by Nitrogen blow, bonding the PDMS to a microscopic glass slide by an oxygen plasma bonding
device (Harrick Plasma Cleaner, Ithaca, NY, USA), activating for 60 s; and (i) resting the PDMS chip on
a hotplate (Dorutek, Ankara, Turkey) at 75 ◦C for 15 min to make the bond stronger.

3.2. Particle Suspensions

Neutrally buoyant fluorescent polystyrene microparticles with diameters of 20 µm (Phosphorex,
Holliston, MA, USA), 15 µm (Invitrogen, Carlsbad, CA, USA), and 10 µm (Invitrogen, Carlsbad,
CA, USA) were employed in the focusing experiments. In this context, they are called ‘small’,
‘medium’, and ‘large’ particles, respectively. To decrease the particle–particle interaction, a low
particle concentration was used. For this purpose, weight fraction of the microparticles was fixed at
0.01%, and the solution (with an initial 1% weight concentration) was diluted with DI water.

3.3. Experimentation

The suspension of each particle was loaded to a 50 mL plastic syringe and pumped into the
microchannel by a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA, USA) with flow rates
varying from 400 µL/min to 2700 µL/min with 100 µL/min increments. Each test corresponding to a
flow rate lasted for 90 s. TYGON tubing (LMT-55, IDEX Corp., Harbor, WA, USA, internal diameter:
250 µm, length: 150 mm) and the appropriate fittings (IDEX Corp., Harbor, WA, USA) were used for
connecting the tip of the syringe to the inlet of the chip and the outlet of the chip to the outlet reservoir.
Each experiment was performed three times. The results were consistent in all of the three times.
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3.4. Fluorescent Imaging and Data Analysis

An inverted phase contrast microscope (IX72, Olympus, Tokyo, Japan), having a (12-bit) charge
coupled camera (DP 72, Olympus, Tokyo, Japan) and mercury lamp (U-LH100HG, Olympus, Tokyo,
Japan) with a 600 ms exposure time was used to take videos of the particles’ flow at the transition
and outlet regions. For all of the particles, the video of each flow rate was processed as follows:
(a) separation of videos to approximately 60 stacks using ImageJ software; (b) overlaying all of the
stacked images to have the complete and smooth fluorescent streams; (c) drawing two lines on X–X′

(transition) and Y–Y′ (outlet) sections and exporting the fluorescent intensity along them, with the line
intensity module of the ImageJ software; (d) using the ImageJ plotting line profile module to measure
the focusing position and focusing width of the particles streams; (e) implementing each line scan data
in the OriginPro-2015 Software to achieve a representative column of pixels in the Reynolds maps.
ImageJ software was used for coloring the superimposed images. Further details can be found in the
literature [73].

4. Results and Discussion

The geometry of the asymmetric curvilinear microchannel is depicted in Figure 1a. It is a repeated
pattern of two different curves, namely: (1) 280-degree curves of a uniform width of 350 µm followed
by (2) 280-degree curves with varying width from 350 µm to 500 µm. There are 11 inflection points in
total. The height of the microchannel is 90 µm. Although originally two inlets were considered for the
microchannel, and in current work the particles flow through one inlet only. Moreover, the Reynolds
numbers reported in this study were calculated at the beginning of the inlet, where the microchannel
has uniform width of 350 µm.

As a secondary flow in the curvilinear microchannel exists, the particles move in a transverse
direction (relative to the main fluid flow). To appropriately investigate the particle motion, it is
preferred to consider the particles’ position in two specific cross sections, transition region and outlet
region, as depicted in Figure 1a. Because of the presence of an inflection point at the transition region,
and in order to avoid further confusion, the wall between X and Y is labelled as W2, and the one
between X′ and Y′ is labelled as W1.

The mean velocity profile has a major effect on the movement of microparticles in microchannels.
It is noteworthy that in straight microchannels, the fluid flow has a three-dimensional (3D) parabolic
velocity profile. Its maximum is located at the center point of the channel cross section and its
zero values are present on the walls. Accordingly, at each cross section, FS acts on the particles
from the center point towards the walls. The magnitude of this force at the centerline is zero.
For the case of curved channels, the maximum of the velocity does not occur at the centerline of the
microchannel because of the presence of secondary flow (Dean flow) [61]. The Dean flow consists of
two counter-rotating vortices in transverse direction. At the mid-height of the channel, the secondary
flow directs towards the outer wall. In addition, two zero Dean velocity lines exist between the
centerline and the upper and lower walls of the microchannel (closer to the walls). Between each of
these lines and their corresponding wall, the secondary flow directs towards the inner wall. Between
the two zero Dean velocity lines, its direction is the other way around (Figure 1b). Additionally, in the
microfluidics studies involving particle or cell separation in a spiral geometry, this pattern is preserved
up to a specific Dean number [47]. According to some numerical studies, the main flow velocity has a
maximum somewhere between the centerline and the inner wall [63,74]. FL is always directed from
the velocity maxima towards the channel walls, regardless of the particle vertical position. When the
particles are near the outer wall, the direction of FL is the same as that of FD towards the outer wall.
Thus, the particles migrate transversally along the rotational direction of the secondary vortices.
When the particles are near the inner wall, FL balances FD. Hence, in spiral microchannels, the particle
stream focuses near the inner wall.

For an alternating curvilinear geometry, any change in the curvature yields in a change in
the directions of the secondary flow and the case becomes more sophisticated compared to spiral
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microchannels. Therefore, it is a challenging task to accurately anticipate the steady state condition of
the Dean vortices. It has been demonstrated in our previous work, that in a symmetric curvilinear
microchannel with a uniform width of 350 µm and a curvature angle of 280◦, when the fluid flow
approaches the transition region, a shift in the velocity maxima is observed near the centerline of
the channel [63]. Thereafter, the outer wall becomes the inner wall and the velocity maxima occurs
closer to the inner wall, rather than to the centerline. This is in a general agreement with a similar
study on asymmetric curvilinear microchannels [62]. Hence, FS changes in both horizontal and vertical
directions because of these continuous shifts in the velocity maxima in the cross section. The particles’
focal positions and widths are plotted in Figure 2 as a function of the Reynolds numbers.
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Figure 2. Focusing position against the Reynolds numbers (Re) at the transition region for the particles
of (a) 20 µm, (b) 15 µm, and (c) 10 µm diameter as well as at the outlet region for the particles of (d) 20
µm, (e) 15 µm, and (f) 10 µm diameter. The width of the focusing bands is shown by error bars. The
focal positions of 0 and 350 µm in (a–c) correspond to walls W2 and W1, and 0 and 500 µm in (d–f)
represent inner and outer walls, respectively.

4.1. Large Particles

At low Reynolds numbers ( Re ∼ 30) and in the transition region, the focusing position of large
particles (a = 20 µm, λ1 = 0.139, and λ2 = 0.129) is deviated from the centerline slightly towards W1,
spreading over a band, which has a width of approximately seven times as big as the diameter of a
single particle (Figures 2a and 3a). This is because of the insignificant magnitudes of the flow velocity
as well as FL and FD. As the particles pass along the outlet region, the band is widened by a factor
of around 1.5 (Figures 2d and 3d), as FD increases and FS decreases. When Re is approximately 53,
a particle streak, with a width twice as big as a single particle’s diameter, forms in the transition
region. Similar to the lower Re, the streak is deviated from the centerline slightly towards W1. At this
Re, the particle focusing width in the outlet region is larger. Although the focusing width becomes
smaller compared to the lower Re values, it is still about five times bigger than the diameter of a single
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particle. This wide stream is still closer to W1 at the transition region and to the outer wall in the
outlet region. It can be claimed that the ratio of FL/FD is higher in the transition region, because the
channel hydraulic diameter Dh is smaller in this region (143 µm versus 152 µm for the outlet region).
In the outlet region FS acts on the particle towards the outer wall, whilst FD has an opposite direction.
This is because of the assumption for the particles to be between zero Dean velocity lines and their
corresponding wall. When a particle approaches the transition region, FS increases and FD decreases,
leading to a tighter particle focusing stream. On the other hand, when a particle approaches to the
outlet region, FS decreases and FD increases. Because of the mixing effect of Dean vortices, the single
particle stream at the transition region widens when reaching the outlet region. However, both FS
and FD increase with main flow velocity (FL ∝ U2

f , FD ∝ U1.63
f ). Therefore, at Re ∼ 53, large particles

focus as a relatively tight stream in both the transition and outlet regions. Although the lift coefficient
(CL) decreases with the flow velocity, the increase in FS is still greater than that in FD (FS ∝ a3, FD ∝ a).
Consequently, the particle stream is closer to W2 in the transition region and moves towards the inner
wall in the outlet region. When Re > 172, the particles’ stream approaches W2 in the transition region
and is repelled by the FW of this wall. At the same time, the particles are pushed away from the
velocity maxima towards W2. It is worth mentioning that, as a result of the curvilinear geometry
and aforementioned lift and drag forces, the particles do not follow the essential flow streamlines,
and rather, they migrate perpendicular to them as they approach the outer wall or W2. Moreover,
the focusing width remains unchanged for 53 ≤ Re ≤ 205 and 68 ≤ Re ≤ 189 in the transition
(Figure 2a,d) and outlet regions (Figure 3a,d), respectively.
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Figure 3. Re maps of the asymmetric curvilinear microchannel in the transition region for microparticles
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(d) 20 µm, (e) 15 µm, and (f) 10 µm diameter. (i–v) Real images of the particles flow at the five rates
indicated (main flow direction is downward in all the images).
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4.2. Medium Particles

At low Reynolds numbers ( Re ∼ 30) and in the outlet region, medium particles (a = 15 µm,
λ1 = 0.1, λ2 = 0.09) cover half of the width of the microchannel at the centerline, while they do not
focus at the transition region. This is because at low flow velocities, the magnitudes of FS and FD are
not high enough to influence the particles. With increasing Re to 45, the particles focus in a band with a
width of approximately two times the size of a single particle’s diameter in the middle of the distance
between the centerline and wall W1 in the transition region (Figures 2b and 3b). However, such a
tight stream is not observed in the outlet region for the same Re (Figures 2e and 3e). The focusing
behavior of the medium particles is similar to that of the large particles; as they approach the outlet
region, FD increases and FS decreases as a result of increasing Dh. By increasing the Reynolds number,
the single particle stream gradually moves away from W1. Because both the horizontal and vertical
components of the FS scale with a3 and FD with a, large particles are pushed towards the top and
bottom channel walls less than medium size particles at the same flow rate, and they tend to focus
near the zero Dean velocity lines. The vertical position of medium particles seems to be between
the upper and lower zero Dean velocity lines when they start the transverse motion. In this case,
although the direction of FS remains the same (towards W2), the direction of FD becomes from W2

towards the centerline in the transition region. Since a strong reciprocal relationship exists between
the lift coefficient and the main flow velocity [72], as the flow velocity increases, the FL declines in both
horizontal and vertical directions. Consequently, the medium particles tend to move to half-height
of the microchannel, where the Dean flow directs towards the outer wall. Here, the directions of FS
and FD are towards the outer wall in the outlet region. Therefore, moving from the transition region
to the outlet region, the stream of particles gradually migrates from W2 to the centerline. Moreover,
above Re ∼ 144, the particles start to lose their focusing trend in the transition region.

4.3. Small Particles

For the Reynolds numbers below 50, the small particles (a = 10 µm, λ1 = 0.069, λ2 = 0.064)
focus neither in the transition region (Figures 2c and 3c) nor in the outlet region (Figures 2f and 3f).
For 53 ≤ Re ≤ 106, they tend to focus in the transition region as a wide band (compared to the
diameter of single particles) closer to W1 in the transition region, and the outer wall in the outlet region,
similar to large and medium particles. At this Reynolds number range, the particle vertical position is
assumed to be between the zero Dean velocity lines and their corresponding walls, closer to the zero
Dean velocity line compared to the large and medium size particles. At the upstream location of the
transition section, FS acts on the particles towards the outer wall, as a balancing force of FD. Because of
the higher hydraulic diameter, FS is smaller and FD is larger in this region. Therefore, the focused
particle stream is seen near W1 at the transition region. Similarly, in the downstream location of the
transition region, FD increases so that mixing effect of the FD results in a wider focusing band in the
outlet region. However, the focusing band migrates towards the centerline with an increase in the flow
velocity, which is a stronger function of FS compared to FD (FS ∝ U2

f , FD ∝ U1.63
f ). In the transition

region, increasing Re beyond 106 results in a sudden defocusing behavior, which is probably because
the vertical position of small particles approaches the half-height of the channel, where the direction of
FD is reversed. FD and FS have identical directions (towards W2 in the transition and the outer wall in
the outlet region). Therefore, in the transition region, the particles approach W2 by increasing Re to
129. Increasing the flow rate causes a mixing effect on the microparticles because, as mentioned before,
the lift coefficient decreases with the flow velocity and, at some point, FS becomes smaller than FD.
Furthermore, although the previous studies claimed that the lowest limit of the particle diameter to
channel hydraulic ratio (λ = a/Dh) is 0.07 for successful particle focusing, the small particles still focus
in a relatively wide band (width of four times a single particle diameter) while their λ is about 0.064.
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4.4. Discussion

Our experimental observations and results highlight a shift in particle focusing behavior between
the transition and outlet regions. Accordingly, it is recommended to carefully locate the outlets at
the transition region in alternating the curved microchannels, which suggests the potential use of the
proposed geometry to separate particles of 15 and 20 µm diameter. Figure 4 illustrates the fluorescent
images of the particles’ focusing positions in the asymmetric curved microchannel in the transition
region. In the current design, the optimum separation of 20 µm from 15 µm particles occurs at
Re ∼ 144. The focusing band of the large particles is apart from that of the medium ones with a
distance of approximately 40 µm, which is about twice the diameter of large particles (Figure 4a).
As illustrated in Figure 4b, the enrichment of particles with a 20 µm and 10 µm diameter is achieved at
Re ∼121 since large particles pass near the centerline while most of the small particles travel between
the centerline and W2. Similarly, the enrichment of 15 µm and 10 µm particles is obtained at Re ∼ 121.
According to Figure 4c, the stream of medium particles is seen near the centerline while most of the
small particles travel between the centerline and W2.

Fluids 2018, 3, x FOR PEER REVIEW  10 of 16 

at some point, 𝐹𝐹𝑆𝑆 becomes smaller than 𝐹𝐹𝐷𝐷. Furthermore, although the previous studies claimed that 
the lowest limit of the particle diameter to channel hydraulic ratio (𝜆𝜆 = 𝑎𝑎 𝐷𝐷ℎ⁄ ) is 0.07 for successful 
particle focusing, the small particles still focus in a relatively wide band (width of four times a single 
particle diameter) while their 𝜆𝜆 is about 0.064. 

4.4. Discussion 

Our experimental observations and results highlight a shift in particle focusing behavior 
between the transition and outlet regions. Accordingly, it is recommended to carefully locate the 
outlets at the transition region in alternating the curved microchannels, which suggests the potential 
use of the proposed geometry to separate particles of 15 and 20 µm diameter. Figure 4 illustrates the 
fluorescent images of the particles’ focusing positions in the asymmetric curved microchannel in the 
transition region. In the current design, the optimum separation of 20 µm from 15 µm particles occurs 
at 𝑅𝑅𝑅𝑅~ 144. The focusing band of the large particles is apart from that of the medium ones with a 
distance of approximately 40 µm, which is about twice the diameter of large particles (Figure 4a). As 
illustrated in Figure 4b, the enrichment of particles with a 20 µm and 10 µm diameter is achieved at 
𝑅𝑅𝑅𝑅~121 since large particles pass near the centerline while most of the small particles travel between 
the centerline and W2. Similarly, the enrichment of 15 µm and 10 µm particles is obtained at 𝑅𝑅𝑅𝑅~ 121. 
According to Figure 4c, the stream of medium particles is seen near the centerline while most of the 
small particles travel between the centerline and W2.  

 
Figure 4. Focusing position of combinations of microparticles of diameter (a) 20 µm and 15 µm, (b) 
20 µm and 10 µm, and (c) 15 µm and 10 µm at the transition region versus Reynolds number (left 
column), and particle streams for optimum separation or enrichment potential at Reynolds numbers 
of 144, 121 and 121, respectively (right column). Error bars indicate the width of the focusing streak. 

Figure 4. Focusing position of combinations of microparticles of diameter (a) 20 µm and 15 µm,
(b) 20 µm and 10 µm, and (c) 15 µm and 10 µm at the transition region versus Reynolds number
(left column), and particle streams for optimum separation or enrichment potential at Reynolds
numbers of 144, 121 and 121, respectively (right column). Error bars indicate the width of the
focusing streak.

Inertial focusing in a symmetric microchannel with the same curvature angle of 280◦ was
previously studied in our group [63]. The focusing behavior of microparticles of the same diameters
in an asymmetric microchannel is also compared to that in our previous study. Figure 5 illustrates
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the focusing position and width of the microparticles in symmetric and asymmetric microchannels.
According to Figure 5a, the 20 µm particles focus as narrower bands closer to W1 for Reynolds numbers
between 53 and 98 in the transition region of the asymmetric microchannel. Although the dimensions
of the channel cross section are the same at the transition region of the symmetric and asymmetric
channels, the particle focusing band of both the medium and large particles are closer to W1 at Reynolds
numbers between 53 and 98 in the asymmetric microchannel. The force analysis before the transition
region assists in explaining this difference. The particle vertical position is assumed to be between the
upper zero Dean velocity line and the upper wall, or between the lower zero Dean velocity line and
the bottom wall. Hence, at this region, FS acts on the particle towards the outer wall, while FD has the
opposite direction. Considering a particle traveling along the asymmetric microchannel, FS is smaller
and FD is larger in the widened regions, as Dh increases and U f decreases. When the particles are
at the upstream location of the transition region, FS is smaller in the asymmetric channel, compared
to the symmetric one. Therefore, it cannot push the particles to the outer wall as much as it does in
the symmetric channel. On the other hand, FD is larger in the asymmetric channel and pushes the
particles toward the inner wall stronger than it does in the symmetric channel. Therefore, when the
particles reach the transition region, they become closer to W1 in the asymmetric channel compared to
the symmetric one.Fluids 2018, 3, x FOR PEER REVIEW  12 of 16 
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width of the focusing streak.
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For the Reynolds numbers higher than 136, they focus closer to W2 in the asymmetric
microchannel, while their width is almost identical to that in the symmetric microchannel. Figure 5b
corresponds to the 15 µm particles; accordingly, they tend to focus closer to W1 in the asymmetric
microchannel for the Reynolds numbers up to approximately 114. Beyond this Re, there is no consistent
pattern in the width and position of the particles’ streams. However, the largest distance between the
focusing bands of these particles in the symmetric channel is three times that in the asymmetric channel.
In other words, the symmetric microchannel exhibits a higher separation potential for the current
particles sizes. According to Figure 5c, for all of the Reynolds numbers greater than 53, the focusing
band of the small particles is smaller in the asymmetric microchannel than that in the symmetric one.
This difference is more noticeable for the range of 83–129 of Re, for which it becomes narrower by a
factor of at least two. When the vertical position of the particles is between the two zero Dean velocity
lines, both FS and FD act on particles towards the outer wall. As a result of the lack of a balancing
force, the particles are defocused in this region. Therefore, they approach the centerline in the vertical
direction because of the reduced vertical component of FS. This is because an increase in the flow
velocity leads to a smaller CL. This effect is amplified by reducing the particle size. When the small
particles are at the upstream of the transition section, Dh is larger and U f is smaller in the asymmetric
channel than they are in the symmetric one. Hence, up to a certain point, the vertical position of the
small particles is assumed to be between the upper zero Dean velocity line and the upper wall or
between the lower zero Dean velocity line and the bottom wall in the asymmetric channel, where FS
and FD balance each other and preserve the particle focusing. If the vertical position of the small
particles is assumed to be between zero dean velocity lines, where the directions of both FS and FD are
towards the outer wall, defocusing occurs. Furthermore, there is an approximately 50 µm distance
between the focusing band and the wall of the asymmetric channel, which is not observed in the
symmetric geometry, and contrasts with the previous lower limit of 0.07 for λ/Dh for successful
focusing to occur.

5. Conclusions

In this study, the focusing behavior of microparticles of 10, 15, and 20 µm diameter in an
asymmetric curvilinear microchannel was experimentally investigated. The major conclusions are
as follows:

• The focusing of large particles occurred in the transition region over a band having a width of
approximately 1.5 times the diameter of a single particle for the Reynolds numbers between 106
and 205, while the focusing width was at least six times that value in the outlet region over the
same Re range.

• Medium particles covered a band having a width of 1.5 times the diameter of a single particle in
the transition region for Re range of 61–136. They focused in a line as wide as the diameter of a
single particle for Re values between 76 and 167 in the outlet region.

• The minimum width of the focusing band of the small particles in the transition region was
3.6 times the diameter of a single particle at Re of 98. This value for the outlet region was at least
ten times the diameter of a single particle.

• The focusing behavior of the small particles in the proposed asymmetric microchannel significantly
differs from that in the symmetric channel. The dissimilarities include narrower focusing band
and noticeable distance from the wall W2 in the asymmetric microchannel.

• Placing the outlets at the transition region implies the potential use of the proposed geometry in
particle or cell separation applications. At Re of 121, the streams of the large and small particles
were separated by the largest distance, similar to the medium and small particles. The separation
of the large and medium particles was obtained at Re of 144, with a distance of around two times
the diameter of large particles.
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in Curvilinear Microchannels. Sci. Rep. 2016, 6, 38809. [CrossRef] [PubMed]
64. Di Carlo, D.; Edd, J.F.; Irimia, D.; Tompkins, R.G.A.; Toner, M. Equilibrium Separation and Filtration of

Particles Using Differential Inertial Focusing. Anal. Chem. 2008, 80, 2204–2211. [CrossRef] [PubMed]
65. Gossett, D.R.; Di Carlo, D. Particle Focusing Mechanisms in Curving Confined Flows. Anal. Chem. 2009, 81,

8459–8465. [CrossRef] [PubMed]
66. Vasseur, P.; Cox, R.G.; Feng, J.; Joseph, D.D. The lateral migration of spherical particles sedimenting in a

stagnant bounded fluid. J. Fluid Mech. 1977, 80, 561. [CrossRef]
67. Matas, J.; Morris, J.; Guazzelli, E. Lateral Forces on a Sphere. Oil Gas Sci. Technol. 2004, 59, 59–70. [CrossRef]
68. Martel, J.M.; Toner, M. Inertial Focusing in Microfluidics. Annu. Rev. Biomed. Eng. 2014, 16, 371–396.

[CrossRef] [PubMed]

http://dx.doi.org/10.1039/B813952K
http://www.ncbi.nlm.nih.gov/pubmed/19294305
http://dx.doi.org/10.1117/12.767350
http://dx.doi.org/10.1063/1.3681228
http://www.ncbi.nlm.nih.gov/pubmed/22454556
http://dx.doi.org/10.1038/srep01475
http://www.ncbi.nlm.nih.gov/pubmed/23502529
http://dx.doi.org/10.1039/b807107a
http://www.ncbi.nlm.nih.gov/pubmed/18941692
http://dx.doi.org/10.1039/C3LC50617G
http://www.ncbi.nlm.nih.gov/pubmed/23949794
http://dx.doi.org/10.1039/C4AN00355A
http://www.ncbi.nlm.nih.gov/pubmed/24840240
http://dx.doi.org/10.1039/b908271a
http://www.ncbi.nlm.nih.gov/pubmed/19789752
http://dx.doi.org/10.1007/s10544-009-9374-9
http://www.ncbi.nlm.nih.gov/pubmed/19946752
http://dx.doi.org/10.1039/C4RA06513A
http://dx.doi.org/10.1007/s10404-013-1306-6
http://dx.doi.org/10.1007/s10404-011-0839-9
http://dx.doi.org/10.1017/S0022112087002155
http://dx.doi.org/10.1122/1.551019
http://dx.doi.org/10.1039/C6RA08374A
http://dx.doi.org/10.1039/c4lc00128a
http://www.ncbi.nlm.nih.gov/pubmed/24914632
http://dx.doi.org/10.1039/C5LC01159K
http://www.ncbi.nlm.nih.gov/pubmed/26584257
http://dx.doi.org/10.1039/b912547g
http://www.ncbi.nlm.nih.gov/pubmed/19823716
http://dx.doi.org/10.1073/pnas.0704958104
http://www.ncbi.nlm.nih.gov/pubmed/18025477
http://dx.doi.org/10.1038/srep38809
http://www.ncbi.nlm.nih.gov/pubmed/27991494
http://dx.doi.org/10.1021/ac702283m
http://www.ncbi.nlm.nih.gov/pubmed/18275222
http://dx.doi.org/10.1021/ac901306y
http://www.ncbi.nlm.nih.gov/pubmed/19761190
http://dx.doi.org/10.1017/S0022112077001840
http://dx.doi.org/10.2516/ogst:2004006
http://dx.doi.org/10.1146/annurev-bioeng-121813-120704
http://www.ncbi.nlm.nih.gov/pubmed/24905880


Fluids 2018, 3, 57 16 of 16

69. Di Carlo, D.; Edd, J.F.; Humphry, K.J.; Stone, H.A.; Toner, M. Particle Segregation and Dynamics in Confined
Flows. Phys. Rev. Lett. 2009, 102, 094503. [CrossRef] [PubMed]

70. Zeng, L.; Balachandar, S. Wall-induced forces on a rigid sphere at finite Reynolds number. J. Fluid Mech.
2005, 536, 1–25. [CrossRef]

71. Takemura, F.; Magnaudet, J. The transverse force on clean and contaminated bubbles rising near a vertical
wall at moderate Reynolds number. J. Fluid Mech. 2003, 495, 235–253. [CrossRef]

72. Asmolov, E. The inertial lift on a spherical particle in a plane Poiseuille flow at large channel Reynolds
number. J. Fluid Mech. 1999, 381, 63–87. [CrossRef]
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