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Abstract: The inertial migration of particles in microchannel flows has been deeply investigated
in the last two decades. In spite of numerous reports on the inertial focusing patterns in a square
channel, the particle inertial focusing and longitudinal ordering processes remain unclear at high
Reynolds numbers (>200) in square microchannels smaller than 100 µm in width. Thus, in this work,
in situ visualization of particles flowing in square micro-channels at Reynolds numbers Re ranging
from 5 to 280 has been conducted and their migration behaviors have been analyzed. The obtained
results confirm that new equilibrium positions appear above a critical Re depending on the particle to
channel size ratio and the particle volume fraction. It is also shown that, for a given channel length,
an optimal Reynolds number can be identified, for which the ratio of particles located on equilibrium
positions is maximal. Moreover, the longitudinal ordering process, i.e., the formation of trains of
particles on equilibrium positions and the characterization of their length, has also been analyzed for
the different flow conditions investigated in this study.

Keywords: microfluidics; inertial migration; high Reynolds numbers; particle ordering

1. Introduction

Particle sorting, separation, and manipulation in a suspension are essential steps for a
wide range of applications in the chemical industry, pharmaceutical preparation, clinical
diagnostics, etc. To address these needs, various particle manipulation technologies have
been developed in recent years. The related methods can be mainly classified into two
types, according to the nature of the forces involved, i.e., active methods using external
force fields and passive methods only based on internally induced forces. For the active
methods, forces of different nature can be used, like electrical forces [1], acoustic radiation
forces [2], magnetic forces [3], or even optical forces [4,5]. In contrast, passive methods
such as hydrophoresis [6], deterministic lateral displacement [7,8], and inertial focusing [9]
mainly take advantage of hydrodynamic forces. Among the above methods, the inertial
focusing process has the advantage to be robust, simple, and continuous. Thus, it shows
a great potential for the development of low-cost and high-throughput microsystems for
various applications, such as separating, concentrating, counting, detecting, sorting, or
mixing of particles in suspensions [10,11].

The inertial migration of neutrally buoyant particles was first quantitatively high-
lighted by Segre and Silberberg in the 1960s [12]. Millimetric particles, flowing in a
millimeter-scale straight cylindrical tube, were observed to migrate at moderate Reynolds
numbers across the streamlines and to focus on an annulus with a radius of ~0.6 times the
tube radius. During the course of investigating this “tubular pinch effect” phenomenon,
the authors also noticed the phenomenon of particle alignment. A few decades later, thanks
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to the advances in microfabrication techniques, similar phenomena were also observed in
microscale channels.

Di Carlo et al. [13] first observed that neutrally buoyant particles flowing at moderate
Reynolds numbers focused only on four equilibrium positions located near each channel
wall along their symmetry planes. These results were confirmed by numerical simula-
tions [11,14]. However, it was also reported that the number and locations of equilibrium
positions could vary depending on the flow conditions. Abbas et al. [14] highlighted
that, in square microchannels, particles concentrate in the channel centerline at low flow
inertia (typically Reynolds number Re < 1). Miura et al. [15] experimentally observed the
presence of eight equilibrium positions simultaneously located at the centers of the channel
faces and at the corners of the cross-section in square millimetric channels for Reynolds
numbers higher than 250. More recently, Shichi et al. [16] experimentally investigated the
inertial migration of neutrally buoyant spherical particles (from 30 to 70 µm in diameter)
suspended in channel flows of sub-millimetric square cross sections (from 400 to 800 µm)
in the range of Reynolds numbers from 1 to 800. They confirmed that, at Re smaller than a
low critical value Rec1 (~100), particles are focused at four equilibrium positions, located at
the centers of channel faces. This was called the first regime of migration. At Re larger than
a higher critical value Rec2 (~450), four additional equilibrium positions are observed near
the channel corners. This was called the third regime of migration. At intermediate Re,
between the previously mentioned two critical values, eight focusing positions of particles
are observed located on a heteroclinic orbit joining the channel face and corner equilibrium
positions and called the second regime of migration. As Re increases above Rec1, the az-
imuthal angle of the intermediate equilibrium positions increases up to π/4 where they
merge with the corner equilibrium positions at Re = Rec2.

Nakagawa et al. [17] showed numerically that the inertial migration to eight equilib-
rium positions still takes place in a two-stage process. In the first stage, particles move
toward the annulus and, in the second stage, they travel along the annulus toward equilib-
rium positions. According to them, both face-centered and corner equilibrium positions
are stable in this regime of migration. Thus, the corner equilibrium positions exhibit a
transition between unstable (during the first regime of migration) and stable states (in the
third regime of migration). The reason why the corner equilibrium positions exhibit this
transition from unstable to stable states is still unknown. Shear-induced and wall-induced
lift forces act predominately during the first stage of migration, while rotation-induced
lift force become predominant in the second stage of migration where the two former
forces balance each other. This transition might, thus, be linked to an evolution of the
rotational-induced lift force. Nakagawa et al. [6] suggested that the presence of two oppo-
site rotational-induced lift forces during the second stage of migration directed toward the
channel face centers for particles located in the equilibrium annulus near the face centers
and directed toward the channel corners for particles located in proximity to the corners,
might be due to the inter-particle interaction.

Pan et al. [18] and Yuan et al. [19] investigated, experimentally and numerically, the
flow field around a single focused particle in a confined microchannel. They concluded
that a focused particle in a confined flow modifies the velocity distribution and induces a
secondary flow in its vicinity. As Re increased, the velocity distribution becomes different
enough from that of a Poiseuille flow to significantly affect the inertial migration of the
particle. This modification in the flow field might also be involved in the modification of
the migration regime.

Regarding the longitudinal ordering phenomenon, Matas et al. [20] first conducted
an in-depth investigation of particle self-assembly in circular pipes and suggested that
the “reversing streamlines” are essential for the formation of particle trains. After that,
a similar particle alignment phenomenon was observed in square [13] and rectangular
microchannels [21]. Lee et al. [22] suggested a mechanism for the dynamic self-assembly
process, based on a model of interparticle force between a slow leading particle and a fast
lagging one. Pan et al. [18] experimentally investigated with a micro-PIV system the flow
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structures induced by in-line particle trains in a rectangular microchannel at moderate Re
in order to better understand the mechanisms of interaction among particles, fluid, and
channel walls. Gao et al. [23] statistically investigated the dynamics of particle ordering
in square microchannels and the influence of the particle to channel size ratio, Reynolds
number, and particle concentration on the formation of particle trains. They also explored
the particle ordering phenomenon in a bi-disperse suspension, illustrating the formation of
sequential mixed trains [24].

Some of the previously cited works have considerably enhanced the knowledge about
lateral migration of particles at high Reynolds numbers but in channels with dimensions of
several hundred micrometers that are too large for applications in typical lab-on-a-chip de-
vices (usually smaller than 100 µm). Besides, the longitudinal ordering of particles observed
by several authors [19–24] at moderate Re was rarely reported at high Reynolds numbers.

To shed light on these phenomena at high Re in microchannels with dimensions smaller
than 100 µm, we experimentally studied the transport of neutrally buoyant spherical
particles in square microchannel flows at Reynolds numbers ranging from 5 to 280. First,
the particle distributions obtained at different Reynolds numbers were investigated and
compared with the literature with a particular emphasis on the high Reynolds regime.
Second, the influence of the particle to channel size ratio and the particle volume fraction
(volume occupied by the particles over the total volume of the suspension) on the lateral
migration behavior was analyzed. Finally, the evolution of the number of particles in train
and of the composition of the trains with Re has been highlighted.

2. Materials and Methods

The spherical particles used for this study are made of polystyrene (Microparti-
cles GmbH®, Berlin, Germany) with diameters dp = 5.3, 8.44, and 15 µm and a density
ρ = 1050 kg m−3. The fluid density was matched to the particle one by using a mixture
of 23% glycerol and 77% deionized water. The particle volume fraction Φ varied from
0.02% to 1%. The suspension flowed in square borosilicate micro-channels (Vitrocom)
with 80 × 80 µm2 inner section and 10-cm and 30-cm lengths (see Figure 1). The flow
rates generated by a syringe pump (PDH 4400, Harward Apparatus, Holliston, MA, USA),
ranged from 667 nL/s to 33 µL/s corresponding to Re from 5.6 to 280 (Re = UH/ν where
U is the flow mean velocity, H is the channel height, and ν is the kinematic viscosity of
the fluid). Particle positions in the channel were observed in situ thanks to an Olympus
microscope (Tokyo, Japan) (B× 51) and images were recorded at several positions along the
channel length by a high-speed camera (Photron Fastcam SA3, Tokyo, Japan) with a focal
plane located at the midplane of the channel. Particles with clear outlines were recognized
as in-focus particles (i.e., within the focal plane), while others with blurry outlines were
regarded as out-of-focus particles. This strategy allowed a rough reconstruction of a 3D
particle distribution in the microchannel.
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For each experimental condition, at least 2000 images were captured to yield a sat-
isfactory result in terms of statistical analysis. The localization of in-focus and out-focus
particles on each image was identified by data processing using an in-house MATLAB
code including the following steps: channel walls detection, background noise removing,
binarization, and particle identification. The positions of particle centers obtained from
the 2000 recorded images were then collected on one reference image to visually show
the distribution of particles in the channel, as illustrated in Figure 2. A statistical analysis
was then performed to obtain a particle distribution function. Both the experimental setup
(as shown in Figure 1) and the image processing method have been described in detail in
previous works [14,23,24].
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3. Results
3.1. Lateral Migration Process at Moderate and High Reynolds Numbers

Figure 2 displays the overall particle distributions in the midplane of the channel
at Re = 14, 28, 112, and 280, observed at z/H = 1000. These distributions were obtained
by superposing in the same image the centers of particles identified in the 2000 acquired
images. At Re = 14, particles are randomly distributed over the image, indicating a relatively
uniform distribution in the cross-section. As the Reynolds number increases from 14 to
112, particles were seen to concentrate in lines located near the front and back walls and
on the centerline of the channel: particles are migrating toward the four face-centered
equilibrium positions. At Re = 112, the focalization seems to be nearly fully developed.
Since these images have been taken at a fixed distance from the channel inlet (z/H = 1000),
total migration was not completed at Re < 112. At Re = 280, the particles were no longer
concentrated in lines, but were distributed more widely in the channel cross-section,
confirming that the well-known migration regime at four spots located near the centers of
the channel faces at moderate Reynolds numbers is no more valid for Re = 280.

A parameter called “focusing degree” (denoted as η) is introduced to quantify the
development of the face-centered focalization. It is defined as the ratio of particles fo-
cused at the four face-centered equilibrium positions over the total number of particles
in the microchannel [23]. Figure 3a illustrates the focusing degree η for various Re at
a distance from the channel inlet z/H = 1000. For dp/H = 0.11 (particles of diameter
dp = 8.44 µm), η increases with increasing Re, reaches a maximum at a critical Reynolds
number Rec ~ 120 in the present conditions, and then decreases. This confirms that, at a
fixed distance from the channel inlet, the focalization is first enhanced by increasing the
Reynolds number up to a maximum where the focalization becomes fully-developed. For
Re > Rec, η decreases, indicating that the particles are no longer concentrated on the four
face-centered equilibrium positions.
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Figure 3b shows the focusing degree of 8.44-µm particles flowing at Re = 11.2, 28, 56,
and 112 at normalized distances z/H from the channel inlet ranging from 375 to 3375. The
focusing degree first increases acutely with an increasing measurement position, indicating
that the lateral migration progresses along the channel length, before reaching a constant
value corresponding to the fully developed focalization state. It can also be seen that,
for Reynolds numbers lower than 112, the fully developed focusing degree increases
and the distance needed to reach the fully developed focalization state decreases with
increasing Re.

The pictures of the particle distributions presented in Figure 2 are statistically analyzed
and redrawn in Figure 4. Particles in the midplane (identified by their specific appearance
in the focal plane as detailed in Reference [23]) are colored in blue, while the distribution
of all the particles (in and out of the focal plane) is represented in grey. For Re = 10, the
two blue peaks observed near the walls and the uniform distribution of particles in grey
indicate that the particles have migrated toward the channel walls and form a square
annulus. Abbas at al. [14] showed that the face-centered focalization at moderate Re takes
place in a two-stage process: a first stage of lateral migration where particles move laterally
toward an annulus (also called a ring) located near the perimeter of the cross-section, which
is followed by a second stage of cross-lateral migration where they travel along the annulus
toward the face-centered equilibrium positions. At Re = 10, the first stage of migration
seems fully developed. At Re = 112, the particles are accumulated near the centers of the
channel walls, indicating that the cross-lateral migration is finished. At Re = 154 and 210,
the peaks are wider. Particles are more widely distributed and the four face-centered spots
are no longer the only equilibrium positions. At Re = 280, four new peaks arise in the
distribution corresponding to new equilibrium positions.
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These distributions and the location of the peaks at Re = 280 corresponding to other
equilibrium positions are consistent with the experimental and numerical results of Shichi
et al. [16] obtained at Re = 280.

From Re = 112 to Re = 280, a transition of focusing positions from face-centered spots
toward the corner area can be easily observed in Figure 4. The underlying mechanism for
explaining this transition is still unclear, but it can be related to the flow field change at
high Re, as suggested by Pan et al. [18] and Yuan et al. [19].

3.2. Effect of Particle Size on the Lateral Migration Process

The evolution of the focusing degree with Re is presented in Figure 3a for three particle
to channel size ratios: dp/H = 0.11 for particles of diameter dp = 8.44 µm, dp/H = 0.066
for particles of diameter dp = 5 µm, and dp/H = 0.19 for particles of diameter dp = 15 µm.
Three different particle volume fractions Φ were chosen for the different particle sizes
in order to ensure the same number of particles in a given volume. The evolutions are
similar for the three suspensions: the focusing degree first increases with increasing Re,
reaches a maximum for a given critical Reynolds number Rec1, and then decreases. This
confirms that, at a fixed distance from the channel inlet, the focalization is first enhanced
by increasing the Reynolds number up to a maximum where the focalization becomes fully
developed. The decrease of η observed for Re higher than Rec1 is due to a switch in the
migration regime and, thus, the emergence of other equilibrium positions, as explained in
the previous section. However, increasing the particle to channel size ratio dp/H increases
the maximum focusing degree η. In other words, larger particles are more concentrated
on the four face-centered equilibrium positions than smaller ones. This can be explained
by the fact that larger particles experience larger inertial lift forces, as highlighted in the
work of Di Carlo et al. [11] who found an inertial scaling for the shear-induced lift force
involving the particle diameter at the power of 3. Thus, at the same observing position
from the channel inlet, larger particles migrate faster than smaller ones, which leads to a
higher focusing degree.

Furthermore, it can be observed that the shapes of the three curves are very different.
Small particles have a focusing degree curve rather sharp whereas large particles present a
focusing degree curve to be rather flat. In other words, at a given distance from the channel
inlet, the range of Reynolds numbers where most of the small particles are focused is small.
They need a high Reynolds number to reach the fully-developed focalization and they
rapidly leave the face-centered equilibrium positions toward new equilibrium positions
when Re increases. The range of Reynolds numbers where most of the larger particles are
focused at the four face-centered equilibrium positions is, in contrast, very large. At a given
distance from the channel inlet, most of the large particles reach their equilibrium position
even for low Re, indicating that they suffer larger shear-induced lift force and they stay on
these four face-centered equilibrium positions for larger Reynolds numbers before to move
toward new equilibrium positions. In other words, the critical Reynolds number Rec1 at
which the intermediate equilibrium positions emerge, increases with increasing dp/H. This
finding is consistent with the results of Shichi et al. [16]. They showed that the values of
Rec1 and Rec2 depend considerably on the size ratio: an increase in dp/H from 0.075 to 0.175
increases Rec1 whereas it decreases Rec2, i.e., the Re value at which the corner equilibrium
positions appear. They showed that the range of Re for the second regime where particles
are focalized on the intermediate equilibrium positions varies significantly depending on
dp/H. For dp/H = 0.075, the range is rather large (Rec1 = 180 and Rec2 = 600), whereas
for dp/H = 0.175, the range is rather small (Rec1 = 290 and Rec2 = 350). Larger particles,
thus, rapidly transit from the face-centered migration regime to both the face-centered
and corner migration regimes. These observations are also consistent with the results
that we obtained in bi-disperse suspensions with a high particle to particle size ratio [24]
where small particles did not focus toward the face-centered equilibrium positions already
occupied by the large particles.
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Figure 5 presents the face-centered equilibrium position with respect to Re for different
particle to channel size ratios. The equilibrium position is here defined as the distance
between the center of a particle focalized at a face-centered equilibrium position and its
nearest channel wall. Results from Kim et al. [25], Choi et al. [26], Nakagawa et al. [17], and
Shichi et al. [16] are also shown in this figure for comparison.
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It can be seen that, as Re increases, the equilibrium position moves outward to the chan-
nel wall first (Re < 100) and then inward to the channel centerline for higher Re (Re > 200).
This evolution is in good agreement with previous numerical results of Nakagawa [17] and
experimental ones of Shichi [16], obtained with particles and channels ten times greater and
also with previous experimental analyses of Kim [25] and Choi [26] conducted at lower Re
ranges, respectively, below 60 and below 120. Pan et al. [18] and Yuan et al. [19] proposed
a theoretical analysis to understand the outward shift of the face-centered equilibrium
positions. Two lift forces are dominant in the first stage of migration: the shear-induced
lift force that pushes the particle toward the channel wall, and the wall-induced lift force
that prevents the particle from touching the wall. The balance of these two forces deter-
mines the equilibrium position. Since the shear-induced lift force increases more than the
wall-induced lift force when increasing Re, the face-centered equilibrium positions, thus,
move toward the wall. To understand the inward shift at higher Re, Pan et al. [18] and
Yuan et al. [19] analyzed experimentally and numerically the confined flow induced by a
focused particle in a microchannel. They highlighted that the streamline structure in the
vicinity of the particle could be very different from Poiseuille flow at higher Re. At low Re
(~21), a vortex-like flow and a reverse flow are present upstream and downstream from
the particle, respectively. As Re increases, a small vortex is formed near the particle on the
downstream side (at Re = 63), growing gradually and finally replacing the reverse flow
regime with a vortex flow regime (Re > 105). Meanwhile, the upstream vortex becomes
stronger and occupies a greater volume with increasing Re. At low Re (<100), Poiseuille
flow is dominant since the particle-induced secondary flow is relatively weak. However,
for higher Re (>105), the particle-induced upstream vortex is strong enough to push the
particle away from the wall. As a result, the distance between the focused particle and the
channel wall increases once Re exceeds a critical value, which is in the range of 100–200 and
depends on the particle to channel size ratio. According to Yuan et al. [19], the secondary
flow induced by the larger particle is much stronger and occupies larger space in the chan-
nel when compared with that of a smaller particle, producing a stronger hydrodynamic
resistance force on the particle and inducing a lower critical Rec2.
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3.3. Effect of Particle Volume Fraction on the Lateral Migration Process

Figure 6 presents the focusing degree at z/H = 1 000 (a) and the equilibrium position
(b) with respect to Re for a particle to channel size ratio dp/H = 0.11 and for six different
particle volume fractions ranging from 0.02% to 1%.
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The different focusing degree curves are very similar. The focusing degree first
increases with increasing Re, reaches a maximum at a given critical Reynolds number Rec1,
and then decreases due to a switch in the migration regime and, thus, the arising of other
equilibrium positions. However, increasing the particle volume fraction decreases the
maximum focusing degree η and decreases the critical Reynolds number Rec1: Rec1 ~ 150
and η ~ 90% at Φ = 0.02% whereas Rec1 ~ 56 and η ~ 60% at Φ = 1%. This phenomenon
may be explained by the “space constraint” effect. For a given length of channel, only a
certain number of particles can occupy the four face-centered equilibrium positions with a
corresponding interparticle spacing in the streamwise direction regulated by interparticle
forces. Further increase of the particle volume fraction (and, thus, of the particle number
in the given volume of the channel) leads to stronger particle-particle interactions, which
prevent the extra particles to reach the face-centered equilibrium positions. These particles,
thus, stay, after the first stage of migration, in regions where the net inertial lift force is
smaller, such as the unstable equilibrium positions or the annulus along the perimeter of
the channel. This can be observed on the particle distributions corresponding to higher
particle volume fractions for which the particles laterally migrate and concentrate on an
annulus close to the channel perimeter, as is the case at lower particle volume fractions.
However, their cross-lateral migration inside the annulus toward the face centers is limited.

As shown in Figure 6b, the different equilibrium position curves are very similar as
well. However, the face-centered equilibrium positions are shifted toward the channel
walls with an increasing particle volume fraction. The underlying mechanism of this
phenomenon, which supposes a decrease of the wall-induced lift force or an increase of the
shear-induced lift force in this range of Re, is still unclear. A dependence of these lift forces
to the particle volume fraction has not yet been mentioned in the literature.

3.4. Longitudinal Ordering Process

It is well known that inertial migration at moderate Reynolds numbers simultaneously
drives lateral migration toward four equilibrium positions located near the centers of the
channel faces and longitudinal ordering of particles [18,22]. According to Gao et al. [23],
a different regime of migration occurs at small Reynolds numbers (Re < 5) in square
microchannels where particles focus on the channel centerline. No trains have been
observed during this regime of migration. As seen in the previous section, a third and
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even a fourth migration regime have been highlighted at high Reynolds numbers. The
longitudinal ordering of spherical particles when Re varied from 10 to 280 is, thus, analyzed
in this section.

Trains are identified when three or more particles are aligned with a regular inter-
particle spacing. In our previous work [23], it was observed that the fraction of particles
in trains first increases with increasing Reynolds number, reaches a maximum and de-
creases for higher Reynolds numbers. This evolution was shown to be similar to that of the
corresponding focusing degree. We even highlighted in Reference [23] that the Reynolds
numbers at which the focusing degree and the fraction of particles in trains found their
maximum are identical. This means that, at Reynolds numbers higher than the critical
Reynolds number (Rec1 ~ 120 in the present conditions), when particles migrate toward
either the four face-centered equilibrium positions or the eight positions located on the
heteroclinic orbit, the fraction of particles in trains decreases. To better understand the
link between lateral migration and train formation, train positions were extracted from the
particle distributions. Figure 7 shows the probability density functions of all the 8.44-µm
particles in grey and solely the particles in trains in green in the mid-plane of the channel
at Re = 280. Trains are observed both on the four face-centered equilibrium positions (green
peaks near the walls) and on the intermediate equilibrium positions (green hills near the
center). This observation was confirmed by the pictures in Figure 8b where trains were
identified on both types of equilibrium positions.
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Particle longitudinal ordering is, thus, reduced at Reynolds number higher than Rec1
but, nevertheless, still exists. The reduction of the number of trains above Rec1 is certainly
linked to the higher number of equilibrium positions. Since particles are distributed on
more equilibrium positions, they are less concentrated on each equilibrium streamline and
are, thus, less likely to interact with each other to form trains.

Figure 8 presents the composition of the trains for different Reynolds numbers ranging
from 5 to 210.

Regardless of the Reynolds number and the particle volume fraction, the vast majority
of the trains observed in a given distribution was formed by three particles. Trains of
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four particles are less likely encountered. Trains composed of more than five particles
are rare. A similar phenomenon was observed by Matas et al. [20] in a circular channel,
where the percentage of particles in trains showed an overall decreasing tendency with
the size of the train. Depending on the particle to channel size ratio, the most frequently
encountered trains, according to Matas, are composed of five (dp/D = 1/17) or three
particles (dp/D = 1/19). This observation is also consistent with the numerical results of
Gupta et al. [27] who highlighted that the maximum number of stable aligned particles
per train is equal to three in similar confined conditions. The percentage of three-particle
trains, even if these trains were still in the majority, was decreased at higher particle volume
fractions, where longer trains were more frequently encountered. Finally, the most probable
length of the trains seems to be similar for all the studied Reynolds numbers, indicating
that its dependence on Re is weak.

4. Conclusions

In this work, we have conducted a systematic investigation on the inertial behavior of
spherical particles of different sizes (5.3, 8.44, and 15 µm) at Re ranging from 5 to 280 in an
80-µm sized micro-channel.

First, it has been confirmed that, at a fixed distance from the channel inlet, a specific
Reynolds number exists, at which the focalization is optimal, i.e., at which the ratio of
particles located on the four equilibrium positions is the highest. Under this value, the
migration is not fully-developed and, over this value, new additional equilibrium positions
near the channel corners arise. Smaller particles were demonstrated to be more prone to
locate at these unstable equilibrium positions than larger ones. It has been shown that
this “optimal” Reynolds number depends on the particle to channel size ratio and on the
particle volume fraction. Higher particle concentration can lead to a lower focusing degree
and to the shift of the equilibrium positions toward walls.

Second, particle ordering phenomenon was observed not only on the face-centered
equilibrium positions, but also on the equilibrium position near the corners. Longer trains
were more frequent at higher particle volume fractions.

Our investigations at high Re have brought new insights on the inertial behavior of
particles in suspension in square microchannels, which will be helpful for an effective
design of high-throughput microsystems for particle concentration or separation in lab-on-
a-chip applications.

Author Contributions: Conceptualization, Y.G., P.M., and L.B. Methodology, Y.G., P.M., and L.B.
Validation, Y.G. Formal analysis, Y.G., Y.W., and P.M. Investigation, Y.G. and P.M. Writing—original
draft preparation, P.M. Writing—review and editing, Y.G., Y.W., P.M., and L.B. Visualization, Y.G.,
Y.W., and P.M. Supervision, P.M. and L.B. Project administration, P.M. and L.B. Funding acquisition,
L.B. All authors have read and agreed to the published version of the manuscript. All the reported
work, except a few data treatments and the writing of the paper, have been performed at Institut
Clément Ader (ICA), Toulouse.

Funding: This research received funding from by the Natural Science Foundation of Jiangsu Province
(BK20200336) and the Fédération de Recherche FERMaT FR3089.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, J.; Tzeng, T.R.J.; Xuan, X. Continuous dielectrophoretic separation of particles in a spiral microchannel. Electrophoresis 2010,

31, 1382–1388. [CrossRef] [PubMed]
2. Petersson, F.; Åberg, L.; Swärd-Nilsson, A.-M.; Laurell, T. Free flow acoustophoresis: Microfluidic-based mode of particle and cell

separation. Anal. Chem. 2007, 79, 5117–5123. [CrossRef] [PubMed]
3. Liu, C.; Stakenborg, T.; Peeters, S.; Lagae, L. Cell manipulation with magnetic particles toward microfluidic cytometry. J. Appl.

Phys. 2009, 105, 102014. [CrossRef]

http://doi.org/10.1002/elps.200900736
http://www.ncbi.nlm.nih.gov/pubmed/20301126
http://doi.org/10.1021/ac070444e
http://www.ncbi.nlm.nih.gov/pubmed/17569501
http://doi.org/10.1063/1.3116091


Micromachines 2021, 12, 198 11 of 11

4. Zhu, T.; Shi, Y.; Ding, W.; Tsai, D.P.; Cao, T.; Liu, A.Q.; Nieto-Vesperinas, M.; Sáenz, J.J.; Wu, P.C.; Qiu, C.-W. Extraordinary
multipole modes and ultra-enhanced optical lateral force by chirality. Phys. Rev. Lett. 2020, 125, 043901. [CrossRef] [PubMed]

5. Shi, Y.; Zhu, T.; Zhang, T.; Mazzulla, A.; Tsai, D.P.; Ding, W.; Liu, A.Q.; Cipparrone, G.; Sáenz, J.J.; Qiu, C.-W. Chirality-assisted
lateral momentum transfer for bidirectional enantioselective separation. Light Sci. Appl. 2020, 9, 1–12. [CrossRef]

6. Choi, S.; Park, J.-K. Sheathless hydrophoretic particle focusing in a microchannel with exponentially increasing obstacle arrays.
Anal. Chem. 2008, 80, 3035–3039. [CrossRef]

7. Feng, S.; Skelley, A.M.; Anwer, A.G.; Liu, G.; Inglis, D.W. Maximizing particle concentration in deterministic lateral displacement
arrays. Biomicrofluidics 2017, 11, 024121. [CrossRef]

8. Inglis, D.; Vernekar, R.; Krüger, T.; Feng, S. The fluidic resistance of an array of obstacles and a method for improving boundaries
in deterministic lateral displacement arrays. Microfluid. Nanofluid. 2020, 24, 18. [CrossRef]

9. Zhang, J.; Yan, S.; Yuan, D.; Alici, G.; Nguyen, N.-T.; Warkiani, M.E.; Li, W. Fundamentals and applications of inertial microfluidics:
A review. Lab A Chip 2016, 16, 10–34. [CrossRef]

10. Di Carlo, D. Inertial microfluidics. Lab A Chip 2009, 9, 3038–3046. [CrossRef]
11. 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]
12. Segre, G.; Silberberg, A. Radial particle displacements in Poiseuille flow of suspensions. Nature 1961, 189, 209–210. [CrossRef]
13. Di Carlo, D.; Irimia, D.; Tompkins, R.G.; Toner, M. Continuous inertial focusing, ordering, and separation of particles in

microchannels. Proc. Natl. Acad. Sci. USA 2007, 104, 18892–18897. [CrossRef] [PubMed]
14. Abbas, M.; Magaud, P.; Gao, Y.; Geoffroy, S. Migration of finite sized particles in a laminar square channel flow from low to high

Reynolds numbers. Phys. Fluids 2014, 26, 123301. [CrossRef]
15. Miura, K.; Itano, T.; Sugihara-Seki, M. Inertial migration of neutrally buoyant spheres in a pressure-driven flow through square

channels. J. Fluid Mech. 2014, 749, 320. [CrossRef]
16. Shichi, H.; Yamashita, H.; Seki, J.; Itano, T.; Sugihara-Seki, M. Inertial migration regimes of spherical particles suspended in

square tube flows. Phys. Rev. Fluids 2017, 2, 044201. [CrossRef]
17. Nakagawa, N.; Yabu, T.; Otomo, R.; Kase, A.; Makino, M.; Itano, T.; Sugihara-Seki, M. Inertial migration of a spherical particle in

laminar square channel flows from low to high Reynolds numbers. J. Fluid Mech. 2015, 779, 776. [CrossRef]
18. Pan, Z.; Zhang, R.; Yuan, C.; Wu, H. Direct measurement of microscale flow structures induced by inertial focusing of single

particle and particle trains in a confined microchannel. Phys. Fluids 2018, 30, 102005. [CrossRef]
19. Yuan, C.; Pan, Z.; Wu, H. Inertial migration of single particle in a square microchannel over wide ranges of Re and particle sizes.

Microfluid. Nanofluid. 2018, 22, 102. [CrossRef]
20. Matas, J.-P.; Glezer, V.; Guazzelli, É.; Morris, J. Trains of particles in finite-Reynolds-number pipe flow. Phys. Fluids 2004, 16,

4192–4195. [CrossRef]
21. Humphry, K.J.; Kulkarni, P.M.; Weitz, D.A.; Morris, J.F.; Stone, H.A. Axial and lateral particle ordering in finite Reynolds number

channel flows. Phys. Fluids 2010, 22, 081703. [CrossRef]
22. Lee, W.; Amini, H.; Stone, H.A.; Di Carlo, D. Dynamic self-assembly and control of microfluidic particle crystals. Proc. Natl. Acad.

Sci. USA 2010, 107, 22413–22418. [CrossRef]
23. Gao, Y.; Magaud, P.; Baldas, L.; Lafforgue, C.; Abbas, M.; Colin, S. Self-ordered particle trains in inertial microchannel flows.

Microfluid. Nanofluid. 2017, 21, 154. [CrossRef]
24. Gao, Y.; Magaud, P.; Lafforgue, C.; Colin, S.; Baldas, L. Inertial lateral migration and self-assembly of particles in bidisperse

suspensions in microchannel flows. Microfluid. Nanofluid. 2019, 23, 93. [CrossRef]
25. Kim, Y.W.; Yoo, J.Y. The lateral migration of neutrally-buoyant spheres transported through square microchannels. J. Micromech.

Microeng. 2008, 18, 065015. [CrossRef]
26. Choi, Y.-S.; Seo, K.-W.; Lee, S.-J. Lateral and cross-lateral focusing of spherical particles in a square microchannel. Lab A Chip 2011,

11, 460–465. [CrossRef] [PubMed]
27. Gupta, A.; Magaud, P.; Lafforgue, C.; Abbas, M. Conditional stability of particle alignment in finite-Reynolds-number channel

flow. Phys. Rev. Fluids 2018, 3, 114302. [CrossRef]

http://doi.org/10.1103/PhysRevLett.125.043901
http://www.ncbi.nlm.nih.gov/pubmed/32794795
http://doi.org/10.1038/s41377-020-0293-0
http://doi.org/10.1021/ac8001319
http://doi.org/10.1063/1.4981014
http://doi.org/10.1007/s10404-020-2323-x
http://doi.org/10.1039/C5LC01159K
http://doi.org/10.1039/b912547g
http://doi.org/10.1103/PhysRevLett.102.094503
http://doi.org/10.1038/189209a0
http://doi.org/10.1073/pnas.0704958104
http://www.ncbi.nlm.nih.gov/pubmed/18025477
http://doi.org/10.1063/1.4902952
http://doi.org/10.1017/jfm.2014.232
http://doi.org/10.1103/PhysRevFluids.2.044201
http://doi.org/10.1017/jfm.2015.456
http://doi.org/10.1063/1.5048478
http://doi.org/10.1007/s10404-018-2120-y
http://doi.org/10.1063/1.1791460
http://doi.org/10.1063/1.3478311
http://doi.org/10.1073/pnas.1010297107
http://doi.org/10.1007/s10404-017-1993-5
http://doi.org/10.1007/s10404-019-2262-6
http://doi.org/10.1088/0960-1317/18/6/065015
http://doi.org/10.1039/C0LC00212G
http://www.ncbi.nlm.nih.gov/pubmed/21072415
http://doi.org/10.1103/PhysRevFluids.3.114302

	Introduction 
	Materials and Methods 
	Results 
	Lateral Migration Process at Moderate and High Reynolds Numbers 
	Effect of Particle Size on the Lateral Migration Process 
	Effect of Particle Volume Fraction on the Lateral Migration Process 
	Longitudinal Ordering Process 

	Conclusions 
	References

