
Phys. Fluids 34, 082021 (2022); https://doi.org/10.1063/5.0100963 34, 082021

© 2022 Author(s).

Computational study of inertial migration
of prolate particles in a straight rectangular
channel 
Cite as: Phys. Fluids 34, 082021 (2022); https://doi.org/10.1063/5.0100963
Submitted: 27 May 2022 • Accepted: 27 July 2022 • Accepted Manuscript Online: 28 July 2022 •
Published Online: 19 August 2022

 Giuseppe Lauricella,  Jian Zhou (周剑),  Qiyue Luan (栾绮月), et al.

COLLECTIONS

 This paper was selected as Featured

ARTICLES YOU MAY BE INTERESTED IN

Numerical simulations of cell sorting through inertial microfluidics
Physics of Fluids 34, 072009 (2022); https://doi.org/10.1063/5.0096543

Microfluidic techniques for isolation, formation, and characterization of circulating tumor cells
and clusters
APL Bioengineering 6, 031501 (2022); https://doi.org/10.1063/5.0093806

Two-stage fourth-order subcell finite volume method on hexahedral meshes for compressible
flows
Physics of Fluids 34, 086110 (2022); https://doi.org/10.1063/5.0102640

https://images.scitation.org/redirect.spark?MID=176720&plid=1828086&setID=405127&channelID=0&CID=673335&banID=520713627&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=cb450c644192f6d07e8140f14bd5be686232c949&location=
https://doi.org/10.1063/5.0100963
https://aip.scitation.org/topic/collections/featured?SeriesKey=phf
https://doi.org/10.1063/5.0100963
https://orcid.org/0000-0002-9565-9048
https://aip.scitation.org/author/Lauricella%2C+Giuseppe
https://orcid.org/0000-0002-8676-8891
https://aip.scitation.org/author/Zhou%2C+Jian
https://orcid.org/0000-0003-4047-9856
https://aip.scitation.org/author/Luan%2C+Qiyue
https://aip.scitation.org/topic/collections/featured?SeriesKey=phf
https://doi.org/10.1063/5.0100963
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0100963
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0100963&domain=aip.scitation.org&date_stamp=2022-08-19
https://aip.scitation.org/doi/10.1063/5.0096543
https://doi.org/10.1063/5.0096543
https://aip.scitation.org/doi/10.1063/5.0093806
https://aip.scitation.org/doi/10.1063/5.0093806
https://doi.org/10.1063/5.0093806
https://aip.scitation.org/doi/10.1063/5.0102640
https://aip.scitation.org/doi/10.1063/5.0102640
https://doi.org/10.1063/5.0102640


Computational study of inertial migration
of prolate particles in a straight rectangular
channel

Cite as: Phys. Fluids 34, 082021 (2022); doi: 10.1063/5.0100963
Submitted: 27 May 2022 . Accepted: 27 July 2022 .
Published Online: 19 August 2022

Giuseppe Lauricella, Jian Zhou (周剑), Qiyue Luan (栾绮月), Ian Papautsky, and Zhangli Peng (彭张立)a)

AFFILIATIONS

Department of Biomedical Engineering, University of Illinois Chicago, Chicago, Illinois 60607, USA

a)Author to whom correspondence should be addressed: zhpeng@uic.edu

ABSTRACT

Inertial migration of spherical particles has been investigated extensively using experiments, theory, and computational modeling. Yet, a
systematic investigation of the effect of particle shape on inertial migration is still lacking. Herein, we numerically mapped the migration
dynamics of a prolate particle in a straight rectangular microchannel using smoothed particle hydrodynamics at moderate Reynolds number
flows. After validation, we applied our model to 2:1 and 3:1 shape aspect ratio particles at multiple confinement ratios. Their effects on the
final focusing position, rotational behavior, and transitional dynamics were studied. In addition to the commonly reported tumbling motion,
for the first time, we identified a new logrolling behavior of a prolate ellipsoidal particle in the confined channel. This new behavior occurs
when the confinement ratio is above an approximate threshold value of K¼ 0.72. Our microfluidic experiments using cell aggregates with
similar shape aspect ratio and confinement ratio confirmed this new predicted logrolling motion. We also found that the same particle can
undergo different rotational modes, including kayaking behavior, depending on its initial cross-sectional position and orientation.
Furthermore, we examined the migration speed, angular velocity, and rotation period as well as their dependence on both particle shape
aspect ratio and confinement ratio. Our findings are especially relevant to the applications where particle shape and alignment are used for
sorting and analysis, such as the use of barcoded particles for biochemical assays through optical reading, or the shape-based enrichment of
microalgae, bacteria, and chromosomes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100963

I. INTRODUCTION

In the past decade, inertial microfluidics has gained popularity
among the different techniques to separate and sort cells and particles
at the microscale.1 It is particularly suitable for biological and medical
applications since it solely relies on the effect of fluid inertia.2,3 Many
microfluidic devices employ external forces using either an electro-
magnetic field,4–6 acoustic field,7,8 or light field9,10 that could result in
damage to the biological particles that are being analyzed. There are
also a variety of passive microfluidics techniques that exploit hydrody-
namic forces, such as hydrodynamic filtration (HDF), deterministic
lateral displacement (DLD), pinched-flow fractionation (PFF), and
gravitational methods.11,12

However, most of these methods are limited by their low
throughput and design complexity, thus hindering industrial-scale
application.13 Inertial microfluidics exploits fluid inertia in confined
channel flows, where the Reynolds number (the ratio between inertial
and viscous forces in a flow) is typically in the range of 1–100, and the

laminar flow regime is ensured. In a straight channel with either a
square or a rectangular cross-section, particles are subjected to inertial
lift forces. When the forces are balanced, a stable equilibrium position
for a particle can be achieved.14 The current understanding of the
underlying physics of this phenomenon is based on the two main
forces acting on a spherical particle—the shear gradient-induced lift
force and the wall-induced lift force.15 In addition to these, in specific
cases, such as spiral channels, other secondary lift forces take place
and further influence the final equilibrium position of the particle. In
general, several variables affect the inertial migration of a particle.
These include flow parameters, types of channel cross-sections and
geometries, and particle and suspension characteristics. In a rectangu-
lar cross-section, there are typically two stable equilibrium positions
located close to the longer channel walls, at the center mid-line.

The majority of studies on inertial migration have focused on
spherical particles, and there is a lack of experimental and computa-
tional studies on shaped particles due to the associated technical
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challenges. Shaped particles are difficult to manufacture, and their
complex dynamics make their simulations computationally expensive.
Common non-spherical particles include ellipsoids, such as prolate
(k ¼ radial diameter/equatorial diameter > 1) and oblate (k < 1);
non-ellipsoids, such as rod-like and disk-shaped beads; and asymmet-
ric particles. Cells found in biological samples are best represented by
deformable spherical particles, capable of changing their morphology,
and thus, shape could be used to distinguish between different cell
types, cell states, and cell cycle stages,13 but also between cells and bac-
teria, that are generally non-spherical.16 The first theoretical study on
ellipsoids was done by Jeffery in 1922,17 considering a simple shear
flow in Stokes regime (Re¼ 0). He showed that the particles rotate
around their vorticity axis, which is perpendicular to the plane of the
flow gradient, as shown in Fig. 1(a). He found that a particle can
undergo a set of infinite possible orbits that depend on the starting ori-
entation, the so-called Jeffery orbits, which include kayaking, tum-
bling, and logrolling [Figs. 1(b)–1(d)]. He also studied the particle
angular velocity and provided a formula to compute its orbit period
given the aspect ratio and the shear rate. Despite a significant number
of studies of ellipsoidal particles in shear flows,18 there is little work on
the rotational and inertial behaviors of ellipsoidal particles in micro-
channels. For a non-spherical particle in a microfluidic system, the lat-
eral migration and the rotation are strongly related, and the
experimental observation of exact motion is not trivial and requires
new imaging techniques such as 3D reconstruction. It has been shown
that in a Poiseuille flow a prolate particle prefers to tumble,19,20 similar
to the studies in shear flows. The main experimental work reported in
the literature on the study of the shape effects on the lateral migration
and translational behavior is the one by Di Carlo and his co-work-
ers.13,21 Hur et al.21 experimentally investigated the lateral and vertical
equilibrium positions of a variety of artificial beads, with different sizes

and cross-sectional shapes. From the numerical side, the complex rota-
tional behavior of non-spherical particles is associated with a smaller
time step and requires a higher computational cost.22 Lashgari et al.23

mapped the inertial migration dynamics of oblate particles in square
and rectangular microchannels. To the best of our knowledge, it is the
only systematic computational investigation for ellipsoidal particles in
a microchannel, but it was limited to oblate particles.

Prolate particles have been investigated even less than oblate par-
ticles. The only integrated experimental and computational study of
prolate ellipsoids in a microchannel was performed by Masaeli et al.,13

who used prolate particles of different aspect ratios and compared
experimental results with lattice Boltzmann and finite element simula-
tions. They experimentally and computationally studied the shape-
based separation of prolate ellipsoid and applied the results to the
enrichment of artificial beads and yeast. In that work, they distin-
guished between an in-plane rotation, when the particle rotates around
the y-axis, and out-of-plane rotation, when there is any other compo-
nent of rotation. Increasing the particle Reynolds number from 0.3 to
0.75, the percentage of in-plane rotations increases, and the rotational
behavior is tumbling. They have also compared the period of rotation
from their simulations to the theoretical value from Jeffery’s theory,
mainly observing no significant variation and concluding that inertia
has no notable effect on it. However, inertia reduced the infinite num-
ber of Jeffery’s orbits to just one stable orbit, implying that the starting
orientation does not influence the final equilibrium orbit. They
observed how the rotation of the particles is responsible for the shape-
dependent separation. Higher aspect ratio prolates focus closer to the
center of the channel since the repulsive wall lift from the wall is stron-
ger, when the major axis of the particle is aligned perpendicular to the
flow during the rotation. Finally, similar to what was reported by Hur
et al.,21 they confirmed that spherical and prolate particles with equiva-
lent diameters have similar final equilibrium positions and that the max-
imum rotational diameter is the main parameter responsible for the
focusing positions. Yet, since these studies focused on experiments and
applications,13,21 a limited range of confinement ratios were investigated
computationally. More important, the transient migration dynamics
was less explored than the final focusing positions in these studies.

In this work, we systematically explored the inertial migration
dynamic behavior of prolate particles in a straight rectangular micro-
channel. We numerically investigated the effects of different shape
aspect ratios and confinement ratios using smoothed particle hydrody-
namics (SPH). Our computational study serves as the first systematic
investigation of the inertial migration behavior of prolate particles in a
microchannel. We not only studied how the focusing position and
migration dynamics changes for prolate particles of different sizes and
aspect ratios but also examined the rotational behavior, angular veloc-
ity, downstream focusing length, and migration trajectory, mapping
their migration dynamics. For the cases with high confinement ratio,
we observed a new logrolling motion of prolate ellipsoids in our simu-
lations, for the first time. This new predicted result was confirmed by
our microfluidic experiments on cell aggregates with similar shape
aspect ratio and confinement ratio.

II. METHODS
A. SPHmodeling approach

SPH is a mesh-free Lagrangian method, originally designed for
astrophysical problems,24 but it is also widely employed for various

FIG. 1. (a) The gradient of velocity lies on the x–z plane, with the fluid flowing in
the x direction. The vorticity axis, perpendicular to the flow-gradient plane, corre-
sponds to the y axis. (b) Kayaking motion of a prolate particle. (c) Tumbling motion
when the particle is aligned with the z axis and tumbles around the vorticity axis,
maintaining its vertical orientation, and the logrolling motion (d), when the particle is
aligned with the vorticity axis.
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fluid mechanics problems.25,26 In the classical SPH approach, a state
equation for a weakly compressible fluid is used to approximate
incompressibility of the Navier–Stokes equations.27 The general idea
of SPH is to represent the fluid domain with Lagrangian particles, that
is, SPH particles. Each of these particles has its own mass, velocity,
energy, and other properties. Navier–Stokes equations are discretized
using SPH particles, and a set of field variables, such as density and
velocity, are interpolated by means of a kernel function, which decays
to zero within a range of the smoothing length h. For each field vari-
able f, the local average at position ri is computed as

f rið Þ ¼
X
j

mj
fj
qj
W ri � rjð Þ; (1)

wheremj and qj are the value of mass and the density of the particle at
position rj and W is a kernel function that approximates the Dirac
delta function. One possible kernel, proposed originally by Lucy, is a
bell-shape kernel function.24 Other popular kernel functions include
the Gaussian, cubic spline, and B-spline, fourth and fifth spline.28

Although SPH has been applied and validated for many fluid mechan-
ics applications, it has not been widely used for inertial microfluidic
simulations. We successfully applied SPH to study the transient
motion of rigid spheres in straight rectangular channels29 and the
computational predictions match well with the high-speed fluores-
cence imaging trajectories, demonstrating that SPH is a reliable model-
ing approach in predicting the trajectory and equilibrium position of
spherical particles in inertial microfluidics. The force and pressure on
the particle i are given as

Fi ¼ �
X
j

mimj
Pi
q2i

þ Pj
q2j

 !
rjWij

þ
X
j

mimjðli þ ljÞ
qiqj

1
rij

@Wij

@ri

 !
; (2)

PðqÞ ¼ c20q0
7

q
q0

� �7

� 1

" #
: (3)

Equation (2) is the final momentum equation, where for two interact-
ing particles i and j, m is the mass, q is the density, P is the pressure
tensor, Wij is the kernel function, l is the dynamic viscosity, and r is
the position vector of the considered particle.

The Tait equation of state [Eq. (3)] computes the pressure as a
function of the local density and the temperature, where c0 is the speed
of sounds and q0 is the density at zero applied stress. It is combined
with Eq. (2), namely, Morris expression,30 for laminar viscosity in our
simulations.

B. Simulation setup

In the current study, we applied a similar setup as in our previous
work.29 We used weakly compressible SPH with the Lucy kernel func-
tion, with a smoothing length of 2lm, and implemented it in
LAMMPS.31 The flow is generated by applying a constant body force
to all particles, namely, the fluid and the rigid prolate particles, using
periodic boundary conditions (PBCs). Although more sophisticated
procedures could be implemented to generate a pressure-driven flow
in the channel,32 the ease of handling PBCs in SPH makes the body

force solution preferable to other techniques.33,34 We computed the
Reynolds number as Re ¼ vaveDhq

l , where vave is the average velocity in

the channel, and Dh is the hydraulic diameter computed as 2WH
WþH,

where W and H are the channel width and height, respectively. The
density q and viscosity l of the SPH particles constituting the fluid
were set to the water’s value 1000 kg=m3 and 10�3 Pa s. The incom-
pressibility of the flow is enforced by setting the speed of sound c0 at
least ten times greater than the maximum velocity in the system.

The initial lattice of SPH particles was divided into groups, each
one assigned with specific properties. The non-spherical prolate object
to be simulated was created by defining an ellipsoidal region whose con-
stituting SPH particle behaves as a single rigid body using LAMMPS fix
rigid command. In addition, we took into account for the no-slip
boundary conditions, modeling the interaction between fluid particles
and the walls following the procedure described by Morris et al.30 An
artificial velocity was constructed for the particles at the boundaries, and
it was used to compute the viscous forces.30 The flow develops in the X
direction, and it is confined by fixed particles constituting the channel
walls. Finally, all the relevant information (position of the center of
mass, angular velocity, torque, force, etc.) of the rigid prolate is recorded
throughout the simulations. We tracked the entire migration of the par-
ticle by dumping the position of the SPH particles and visualizing it
with VMD (visual molecular dynamics).35

C. Device fabrication and high-speed imaging
in experiments

A straight microfluidic channel was fabricated in polydimethylsi-
loxane (PDMS) using a dry film master. The process for making the
dry film master is detailed in our previous work.36 Briefly, a
150� 50lm2 rectangular straight microchannel was patterned on a 3
in. silicon wafer using dry film (ADEX 50, DJ MicroLaminates Inc.,
USA). The microchannel was then replicated in PDMS (Sylgard 184,
Dow CorningV

R

, USA), which was bonded to 1 � 3 in. glass slides
(Fisher Scientific, USA) to form sealed devices after O2 surface plasma
treatment (PE-50, Plasma Etch Inc., USA) for 20 s. Inlet and outlet
ports were made using a biopsy punch with an outer diameter of
1.5mm (Ted Pella Inc., USA). Cell sample solution was loaded in a
syringe (Norm-JectV

R

, Air-Tite Inc., USA), which was connected to 1/
16 in. TygonV

R

tubing (Cole-Palmar, USA) using proper fittings (IDEX
Health & Science LLC, USA). The other end of the tubing was secured
to the device inlet. A syringe pump (Legato 200, KD Scientific Inc.,
USA) was used to sustain stable flow rate of 300lL/min. The micro-
channel was placed on the stage of an inverted microscope (IX83,
Olympus America, USA). Images of cell aggregates inside the micro-
channel were acquired using a high-speed camera (Mini AX200,
Photron USA, Inc.). The frame rate was 25 000 fps, and the exposure
time was 1 ls.

D. Cell sample preparation

Non-small-cell lung cancer (NSCLC) cell line A549 was cultured
in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine
serum (FBS), and 1% (v/v) 100� antibiotic–antimycotic solution in an
incubator at 37� and 5% CO2. Cell aggregates were formed in the low
attachment plates, which were made by coating 12-well plate with
anti-adherence solution (Stemcell Technology, Vancouver, Canada).37

Anti-adherence solution coated the entire well bottom, and excess was
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removed. Plates treated with anti-adherence solution were placed in a
biosafety hood overnight under UV exposure until completely dry.
Then, a 1ml of A549 cell suspension was added into each well at
500K cells/mL. After two days of culture, cell aggregates formed and
were imaged. Cell aggregates were fixed using 4% paraformaldehyde
(PFA) for 20min and rinsed in phosphate buffered solution (PBS)
before they were run into the microchannel.

III. RESULTS AND DISCUSSION
A. Validation of SPHmodel

We first compared values of orbit period with Jeffery’s theory.17

Jeffery’s theory shows that an ellipsoidal particle, in an unbounded lin-
ear shear flow, rotates along the so-called Jeffery orbits: a set of infinite
orbits that depend on the initial particle orientation. The time required
to complete one orbit, the period of rotation, is given as

T ¼ 2p
c
� 1

k
þ k

� �
;

where it is inversely proportional to the shear rate c, and it increases for
higher values of the particle aspect ratio k. We set up a simulation of a
simple shear flow, generated by two parallel plates moving in opposite
directions. The prolate particle was located halfway between the two
plates, and the period of rotation was computed from the simulation.
We set the distance of the plates to 80lm and their velocity to 10, 15,
and 25mm/s generating three different values of shear rate. Our results
in Fig. 2 are in agreement with the theoretical values. Considering the
lowest value of shear rate we used (250 s�1), for a prolate with k¼ 3,
the theoretical value predicted by the formula is 0.0837 s, and the value
from our simulation was T¼ 0.0842 s. Similarly, for k¼ 5, we got
T¼ 0.1315 s vs an expected value of 0.130 s.

We also validated our model against an existing numerical study
for oblate particles that employs an immersed boundary method
(IBM) in square and rectangular microchannels.23 We investigated
three different cases, to test our model in capturing the characteristic
behaviors observed in the study. In Fig. 3, the cross-sectional view of
the channels is shown. The dashed red line is the reference trajectory
from Lashgari et al.23 The circle and triangle indicate the initial and

final position of the center of mass of the oblate spheroid. We set the
initial and final oblate configuration to be the same of the reference
paper by Lashgari et al.23 and reported them with a blue dashed
and solid line, respectively. We first simulated the motion of an
oblate spheroid in a square channel of side H, with a cross-section of
50� 50lm2 as shown in Fig. 3(b). We set the body force to match the
bulk Re¼ 100 used in the study. We tested the first oblate matching
the relation H

D0
¼ 3:466, corresponding to a diameter D0 of 14.4lm

related to our channel dimensions. For this case, Lashgari et al.23 mon-
itored the orientation of the oblate using a unit vector n parallel to the
symmetry axis of the particle and then tested different starting posi-
tions. We selected one of them, and we imposed the same starting ori-
entation, namely, n ¼ ½0; 1; 0�. We obtained the same final focusing
position and orientation with SPH. The transitional behavior is a cha-
otic motion shifting to tumbling, rapidly turning into a logrolling
motion, namely, with n ¼ ½1; 0; 0�. The focusing position was 25 and
12lm away from the wall in the lateral and vertical positions, respec-
tively. Lashgari et al.23 reported that the particle focused on a vertical
distance of 0.26H away from the center, corresponding to 12lm away
from the wall for H¼ 50lm, thus matching our predicted position.

A good match was also obtained in the second case for an oblate
particle with a size of 20.6lm. In this case, Lashgari et al.23 reported a
focusing behavior, which was inclined-rolling on the diagonal of the
microchannel. The final focusing position was 14.5lm in both direc-
tions. The focusing dynamics and position match the results also in
this case. However, we noted that the oblate migrates toward to nearest
diagonal from which it was released, as shown in Fig. 3(c). On the con-
trary, Lashgari et al.23 reported that the larger oblate migrated to the

FIG. 2. Orbits period from Jeffery’s formula17 (red diamonds) and the result from
our SPH simulations in a simple shear flow (blue squares). Higher aspect ratios
prolate particles rotate slower; namely, 5:1 prolates exhibit higher periods of rotation
than the 3:1’s. In addition, for increasing values of shear rate, the rotational period
decreases for all the ellipsoids.

FIG. 3. Inertial migration of oblate particles in the cross-sections in square and
rectangular channels reproduced from Lashgari et al.23 investigation. (a) Oblate
particle in a rectangular channel, with a starting position of 42 and 8.6 lm in y (hori-
zontal) and z (vertical), respectively. (b) Oblate in a square channel, with the same
diameter of the oblate ellipsoid in the rectangular channel, but starting in position
20 and 17lm. (c) Oblate particle with a radius of 10.3 lm starting at 20 and
17lm.
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opposite diagonal. In our case, the first part of the trajectory is the
same as the reference, but then the particle migrates toward the closest
diagonal from where it is released. Only for this case, in Fig. 3(c), we
included a solid red line for the oblate spheroid focused at the opposite
diagonal of the channel (reference IBM results from Lashgari et al.).
The peculiar behavior was explained by the authors in terms of the
streamwise rotation, that in the case of the larger oblate does not decay
to zero, as it does for the smaller particles. The streamwise rotation
would cause an initial acceleration of the oblate toward to center of the
channel, and eventually, it will reach the opposite diagonal. We plotted
the streamwise angular velocity from our simulations, and we did not
observe this behavior. The discrepancy might be due to the different
ways in which the solid and fluid phase interaction is handled by the
different numerical methods adopted (SPH and IBM).38 We observed
that the rotation rate increases first and then decreases, following the
same trend found in all the other cases.

Finally, since our investigation of prolate particles is in rectangu-
lar cross-section, we also tested a case of oblate particles in a rectangu-
lar duct of aspect ratio 2 against the result by Lashgari et al.23 as
shown Fig. 3(a). For this, we kept one side at H¼ 50lm and then
scaled the top and bottom walls to 100lm. In addition, the constant
body force was chosen so that the resulting bulk Reynolds number
was close to 100. We also changed the box length to 200lm, twice the
length used for the square channel. Lashgari et al.23 reported that the
distance between the centers of the oblate and the channel is 0.22H,

corresponding to a distance 11lm from the center and 14lm from
the wall. This matches our results, where the oblate focuses in a vertical
position oscillating between 13.8 and 14.2lm from the bottom wall.
We also confirmed the logrolling behavior for this case. In Fig. 3, the
dashed-red line represents the trajectories shown in the paper and are
here plotted against our results from SPH simulations. Overall, the ini-
tial configuration was set the same as the reference cases for all three
simulations. The final focusing behavior and position were confirmed
for all cases, except for the bigger oblate, where the focusing position is
on the closest diagonal from which it is released.

B. Inertial migration of prolate particles
in a rectangular microchannel

After the validation of our SPH model, we focused on the tran-
sient migration behavior of prolate particles in a straight channel with
a rectangular 50 � 25lm2 cross-section. The length of the simulation
box was set as twice the width of the channel, thus 100lm, and
Re¼ 50 for all cases. We found that different values of confinement
ratio and particle aspect ratio affect the migration dynamics of prolate
particles in terms of focusing length and time, period of rotation,
angular velocity, and rotational motion. These values are reported in
Table I and discussed throughout Subsections III C–III F.

We defined the confinement ratio K for each particle as the larg-
est dimension of the prolate, representing its rotational diameter,
divided by the smallest side of the channel (25lm in our cases). For

TABLE I. For the two groups of particle aspect ratios, the table contains all the 18 cases that were investigated in the present study (nine cases for the 3:1:1 prolate spheroids
and nine cases for the 2:1:1). These simulations are further organized into subgroups of three cases each, corresponding to the different confinement ratios K. For each value
of K, the three starting positions are listed. Overall, the table is comprehensive of the dimensions a and b (major and minor axis) for each prolate ellipsoid, together with the final
focusing position, the maximum values of the angular velocity about the y axis xmin, the focusing time tf and the focusing length Lf. Each particle is released with its longest
dimension aligned with the x axis, which is the direction of the flow.

Aspect ratio a (lm) b (lm) K Starting position (lm) Rotational mode Focusing position (lm) xmax (kHz) tf ðmsÞ Lf ðmmÞ
3:1:1 9.0 3.0 0.36 (10,10) Tumbling (25,6.8) 42.9 8.5 25.5

(15,5) (25,6.8) 44.5 10 33
(25,10) (25,6.3) 44.5 7 23.1

13.8 4.6 0.55 (10,10) Tumbling (25,7.8) 34.2 3.8 13.3
(15,5) (25,7.7) 35.8 3 10.2
(25,10) (25,7.7) 35.0 3 10.8

19.2 6.4 0.77 (10,10) Logrolling (25,7.2) 22.6 3.8 12.1
(15,5) Logrolling (25,7.2) 23.1 3 9.6
(25,10) Kayaking (25,8) 26.7 6 19.8

2:1:1 6.88 3.44 0.27 (10,10) Tumbling (25,6.1) 42.9 9 27.9
(15,5) (25,6.1) 42.1 9 29.7
(25,10) (25,6.3) 41.4 7 23.1

10.52 5.26 0.42 (10,10) Tumbling (25,7.4) 35.0 6 20.4
(15,5) (25,7.2) 35.0 6 19.8
(25,10) (25,7.2) 35.8 6 19.8

14.6 7.3 0.58 (10,10) Tumbling (25,7.8) 31.8 2.2 7.15
(15,5) (25,7.8) 31.8 2 6.6
(25,10) (25,8) 31.8 2 6.6

1.5:1:1 18.50 12.50 0.74 (15,5) Logrolling (25,7.9) 17.5 2.1 6.3
4:1:1 19 4.75 0.76 (15,5) Logrolling (25,7.4) 24.2 3 9
5:1:1 19 3.8 0.76 (15,5) Logrolling (25,7.2) 24.9 4.1 12.3
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each value of confinement ratio, we explored three different starting
positions and used them for all cases. We located the center of mass of
the particle at (10,10), (15,5), and (25,10) initially, thus progressively
closer to the center of the channel. We refer to them as starting posi-
tions 1, 2, and 3. First, we studied the different sizes for the same aspect
ratio, and then, we made a cross-comparison among different aspect
ratios. The starting orientation for all the particles is with their rota-
tional diameter aligned with the flow direction.

In general, the trajectories present small oscillations of the center
of mass of the particle, due to the rotation of the particles. Moreover,
the vertical focusing position increases with the size of the particles.
For example, for the aspect ratio 3:1:1, the particles focus at 6.8, 7.6,
and 8lm when increasing the confinement ratio. Similarly, we
observed a final vertical position of 6.2, 7.4, and 8lm for the prolate
particles with an aspect ratio of 2:1:1. The migration of the center of
mass of the latter is reported in Fig. 4, where a zoom on the trajectories
is included within the cross-section. For the case of the smallest con-
finement ratio, the trajectory experiences an overshoot in the lateral
position, going beyond the channel mid-line and then going back
toward the center, due to inertia. This behavior has been already
reported in the literature.39

C. Effect of the confinement ratio and particle aspect
ratio on the rotational dynamics

We investigated prolate particles of aspect ratios 2:1:1 and 3:1:1,
meaning that the longest dimension of the particle is, respectively, 2
and 3 times longer than the other dimensions.

The rotational behavior, which is mostly observed, throughout all
the cases we have investigated, is a transition from a chaotic behavior,
namely, a combination of the three main motions shown in Fig. 1, to
kayaking and eventually tumbling. This trend is consistently observed
for all starting positions for all cases, except for the starting positions 1
and 2 for the value of K¼ 0.768 in the 3:1:1 case. For these two cases,
the final rotational behavior is logrolling, while the particle starting
from position 3 ends up kayaking. As a consequence, the vertical
focusing position is 7.2lm, thus closer to the wall with respect to the

same particle starting in position 3, which focuses at 8lm, as shown
in Fig. 5. The reason is that, when it is kayaking, the particle is sub-
jected to a greater lift that pushes it away from the wall, like what is
reported with the numerical observations by Masaeli et al.13 for tum-
bling particles. In the cases where the particle logrolls, the repulsive lift

FIG. 4. Cross-sectional view of the trajectories for the 2:1:1 prolate spheroids with
different values of confinement ratios. The plot shows the particles starting from the
same initial position, and it can be noticed that the vertical focusing position is pro-
gressively more distant from the bottom wall as the particle size is increased. The
particle with the lowest confinement ratio goes beyond the lateral centerline and
then goes back focusing on the lateral centerline.

FIG. 5. (a) Cross-sectional view of the trajectories for the 3:1:1 prolate spheroids
with a value of K¼ 0.77. The prolate ellipsoids starting in positions 1 and 2 reach the
same stable equilibrium position around the lateral centerline, with a final logrolling
behavior. The particle released at the center stabilizes into a kayaking motion; thus,
its vertical equilibrium position is higher than other two cases. (b) Variation of the lat-
eral position of the center of mass vs time and downstream length. (c) Variation of
the vertical position of the center of mass vs time and downstream length.
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is much smaller; therefore, the particle gets slightly closer to the nearest
wall. Overall, these cases show that the same particle undergoes two
different rotational behaviors, depending on its size and its initial posi-
tion within the channel cross-section. In Fig. 5, we have also plotted
how the lateral and vertical positions of the center of mass changes
over time and also with respect to the downstream length. These fig-
ures provide a sense of the speed of the migration of the particle. First,
it rapidly moves toward the equilibrium manifold, represented in a
fast variation of the vertical position, followed by a slow migration
toward the channel centerline, according to the model presented by
Zhou and Papautsky for spherical particles.40

The equilibrium manifold is an equilibrium region where the
particle is equilibrated in the vertical direction, and it experiences a lat-
eral migration toward the equilibrium position. It was described also
from Lashgari et al. and other previous works.41,42

The logrolling behavior has not been reported in the literature,
where the studies converge on the fact that prolate particles always
tumble in a Poiseuille flow at moderate Reynolds numbers, similar to
the behavior in shear flows. We found that the parameter mainly
responsible for the logrolling mode is not the aspect ratio, but the con-
finement ratio. Indeed, the biggest particles we simulated for both
aspect ratios 2:1:1 and 3:1:1, using the same volume, had a different
rotational diameter: 14.6 and 19.2lm, respectively. We performed
additional simulations where we fixed aspect ratio but inverted values
of the confinement ratio. As expected, the 3:1:1 particle that in the
original case was logrolling is now tumbling, and the 2:1:1 particle that
was tumbling originally is now logrolling. This behavior is due to
increase in the rotational diameter. We identified the threshold value
of confinement ratio for the logrolling to occur, assuming that the par-
ticle is sufficiently distant from the center, so it can develop all the
transitional behaviors described before. First, since prolate spheroids
with drot ¼ 14.6lm tumble and those with drot ¼ 19.2lm logroll, we
ran five additional cases with 3:1:1 particles whose rotational diame-
ter was 15.6, 16.6, 17.6, 18, and 18.6lm corresponding to confine-
ment ratios of 0.624, 0.664, 0.704, 0.720, and 0.744, respectively. We
observed that for the first three cases, the final tumbling motion was
confirmed. Confinement ratio K¼ 0.720 leads to a final kayaking
motion and represents an approximate threshold value for a change
in the final rotational behavior. Above this value, the particle will
logroll.

In addition to the particle aspect ratios 2:1 and 3:1, we have also
tested prolate particles with lower aspect ratios 1.1:1, 1.2:1, and 1.5:1
and higher aspect ratios 3.2:1, 3.5:1, 4:1, and 5:1. We set the confine-
ment ratios of these particles above the approximate threshold
obtained for the aspect ratios 2:1 and 3:1. The starting position for all
these cases is (15,5). We did not test whether the threshold value was
exactly the same also for these additional cases, but we confirmed that
the general trend is respected, namely, that values of confinement
ratios above the estimated threshold of K¼ 0.72 yield a final logrolling
behavior. Some of these cases are included in Table I.

The logrolling motion of a prolate particle was also confirmed in
our experiments in a straight rectangular channel with a cross-section
of 150 � 50lm2. The flow rate was set to 300lL/min, corresponding
to Re¼ 50, and the particle was an aggregate of fixed cells, behaving
like a rigid body. The aggregate was not perfectly symmetrical, but
very close to an axisymmetric 3:1:1 prolate, with a rotational diameter of
50lm (K¼ 1). We simulated the same experimental conditions and the

predicted logrolling motion agrees well with the experimental observa-
tion. The comparison between the imaging top view of the channel and
the results of our simulation is shown in Fig. 6 (Multimedia view).

D. Effect of the initial position and orientation
on the rotational behavior

The effect of the particle’s initial location and alignment on its
migration and focusing behaviors is still not clear for both shear flows
and Poiseuille flows. It has been shown that oblate spheroids logroll,
regardless of their initial conditions, but in the current literature, there
is no such information for prolate particles. Considering the group of
prolate spheroids with K¼ 0.768 [Fig. 5(a)], the particle starting in
position 3 begins with a tumbling mode and stabilizes in a kayaking
motion. On the other hand, we observed that the particles starting in
positions 1 and 2 exhibit a chaotic rotational behavior initially, but
begin kayaking and rolling at the same time while migrating laterally.

FIG. 6. Top view of a logrolling prolate particle at three different time intervals. The
frames from the videos of the simulation and experimental observation have been
juxtaposed. The cell aggregate logrolls while moving downstream, and its center of
mass is located approximately at the channel center. The same behavior is
observed from the computational results. A red marker was placed on the surface
of the modeled prolate particle to help visualize its motion. Multimedia view: https://
doi.org/10.1063/5.0100963.1
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The dominant orbit progressively flattens, while the particle
approaches the lateral centerline and the kayaking motion completely
transitions into logrolling configuration. The change in the rotational
behaviors when changing the starting position might be also due to
the initial orientation of the particle and its location within the para-
bolic velocity profile in the channel. If the particle is released suffi-
ciently far away from the channel center, where the velocity of the
fluid is lower, it will experience a progressively increasing velocity of
the fluid while migrating laterally toward the center, and its transi-
tional behavior will follow the one described before. If the particle is
released close to the center, like the starting position 3, its initial con-
figuration will determine the final rotational behavior. At the center,
where the fluid velocity is higher, the particle lateral migration is mini-
mal, and it cannot go through the different rotational modes leading
to the logrolling. To confirm, we set up an additional simulation in
which we released the particle at the starting position 3, but with its
rotational diameter perpendicular to the flow direction, namely,
already in a logrolling setup. The particle migrates downward, reach-
ing a vertical focusing position of 7.2lm, and exhibits the final logroll-
ing behavior.

E. Effect of particle aspect ratio and confinement
ratio on the period of rotation

We also investigated the period of rotation, whose dependency
on the size and aspect ratio was still not fully clarified in the previous
studies. Hur et al.21 concluded that the orbit period does not depend
on the aspect ratio, but on the confinement ratio. On the other hand,
Masaeli et al.13 reported that the period of rotation increases along
with the aspect ratio, following Jeffery’s formula.17 Computation of
this parameter from our simulations reveals that both can be true
depending on the particle’s aspect ratio and confinement ratio. We
observed a higher period of rotation for higher aspect ratio particles
and also for increasing values of confinement ratio, with a fixed aspect
ratio. However, the magnitude of this difference is greater for distinct
aspect ratios and the size contributes to minor changes. Moreover, a
particle that is logrolling rotates about three times faster than a particle
with the same volume that is tumbling.

F. Effect of particle aspect ratio and confinement
ratio on the angular velocity

Our results show that the angular velocity with respect to the vor-
ticity axis is not constant, but is periodic, with minimum values when
the particle is aligned with the flow direction and maximum values
when the particle is perpendicular to the top and bottom walls. This
characteristic was already reported in several studies.17,43 In Fig. 7, we
show the differences in the angular velocities of particles with a differ-
ent aspect ratio, but with the same confinement ratio. The number
of peaks gives additional information on the number of rotations in
the same amount of time, illustrating how the orbit period differs.
Figure 7(a) shows two particles undergoing a tumbling motion, while
Fig. 7(b) shows particles with a higher confinement ratio that stabilize
in a logrolling motion. We found that within the same aspect ratio,
smaller particles show higher peaks for the maximum angular velocity.
The minimum values, when the particle is aligned with the flow direc-
tion, change with the aspect ratio. The group of 2:1:1 prolate particles,
shown in Fig. 8, exhibits a minimum angular velocity close to 2 kHz,

whereas it is on the order of 6 kHz for the 3:1:1 group. The minimum
and maximum values of the angular velocity of a logrolling particle are
very close, because the oscillations are small and the magnitude almost
constant, unlike tumbling particles where the periodicity is non-
negligible.

IV. POTENTIAL APPLICATIONS

The research areas that can benefit from this study include, but
not limited to, the medical and biological fields, food, and environ-
mental technologies.44–47 Among the studies that use shape as a bio-
marker to perform separation and sorting, Li et al. successfully
developed a device for shape-based separation of a microalga for bio-
mass production, whose shape is a useful indicator for its cell cycle sta-
tus, environmental condition, and many more.48 It demonstrates how
cells with a different aspect ratio focus on different lateral positions
and can passively separate with a throughput of 1300 cells/s. Similarly,
Liu et al. performed a shape-based separation with Cerevisiae cells,

FIG. 7. Angular velocity around the y axis (vorticity axis). (a) The trend shows the
periodicity of the angular velocity and the different magnitude for two tumbling par-
ticles with the same confinement ratio and different aspect ratios. It can be also
noticed how the frequency of rotation is greater for the lower aspect ratio prolate
spheroid. (b) When the rotational diameter is increased, the particles end up logroll-
ing and the angular velocity becomes almost constant, but with slightly different val-
ues according to the aspect ratio.
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showing that a variation in shape leads to the migration to different
lateral positions and with different velocities.49 Feng et al. used a spiral
microchannel to enrich and separate chromosomes from cell debris.50

Their results show the possibility of separating chromosomes by
exploiting their size and aspect ratio: the two factors influencing the
final focusing position, thus elution location, in a spiral microchannel.
Yuan et al. demonstrated for the first time the separation of cyanobac-
teria using viscoelastic microfluidics, exploiting the effects of different
shapes.49 The emerging studies using this technique suggest the benefit
of inertial microfluidics to this kind of application, where particle
shape and alignment are relevant. Numerical simulations can provide
valuable information on the inertial migration of particles with various
shapes by thoroughly exploring and tuning each parameter. Moreover,
once the numerical method is validated, it can be used to predict and
guide the experimental design. In addition, the simulations provide
information that is not accessible experimentally, such as detailed flow
and stress fields.

As reported by Behdani et al., shape-based separation is a power-
ful tool, but the main limiting factors are the lack of a general frame-
work to study the shape effects and the absence of a systematic work
in the literature to address the multiple variables that can affect the
migration dynamic.51

V. CONCLUSIONS

We applied SPH modeling approach to investigate the effects of
particle size and shape on its inertial behavior in a straight rectangular
duct. We explored the behavior of prolate spheroids at Re¼ 50, testing
a range of confinement ratios and two values of particle aspect ratios,
and examined the migration dynamics within the channel. The general
trend is that prolate ellipsoid migrates toward the channel lateral cen-
terline and they assume a final tumbling rotational mode while mov-
ing downstream. However, when increasing the particle rotational
diameter, thus its blockage ratio, the final rotational behavior can be
either kayaking or logrolling, depending on the particle’s initial posi-
tion and orientation. This is the first time this logrolling behavior is

reported for prolate spheroids. The same particle can undergo a set of
transitional behaviors and eventually logrolls if it is sufficiently distant
from the center of the channel. If the particle is released near the cen-
ter, where the fluid velocity is higher, the initial alignment will deter-
mine the final mode of rotation. We identified K¼ 0.72 as an
estimated threshold value above which the particle will logroll regard-
less of its aspect ratio.

In addition, we reported that the orbit period of tumbling par-
ticles depends on both the particle’s rotational diameter and aspect
ratio. Moreover, a prolate spheroid in a tumbling configuration exhib-
its a period angular velocity, which shows maximum peaks, when the
particle is vertically aligned.

A prolate particle that is logrolling has an angular velocity that is
almost constant, with a value close to the average velocity of a tumbling
particle. The result and information provided will be valuable for all the
applications of high-throughput separation, sorting, and analysis where
particle shape and alignment are relevant. By choosing the proper chan-
nel cross-section and particle size and aspect ratio, the final focusing
behavior can be controlled to obtain the logrolling behavior we reported
in this study. This might be useful to allow the optical reading since the
particle rotational axis is not changing over time. Also, a prolate ellipsoid
could provide more surface area with respect to a spherical droplet or
particle. In future work, higher values of the Reynolds number can be
investigated to shed more light on the rotational behaviors in this condi-
tion, which are still not clear. This approach can be extended to different
channel cross-sections and particle shapes to provide some design basis
for shape-based separation and interrogation platforms and help their
integration into Lab-on-Chip devices.
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