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Shape, confinement and inertia effects on the
dynamics of a driven spheroid in a viscous fluid

Aditya Bhowmik, a Kevin Stratford, b Oliver Henrich *c and
Sumesh P. Thampi *a

The dynamics of anisotropic particles in viscous flows underpin a wide range of processes in soft matter,

microfluidics, and targeted drug delivery. Here, we investigate the motion of externally driven prolate

and oblate spheroids suspended in a Newtonian fluid and confined within a square microchannel. Using

lattice Boltzmann simulations, complemented by far-field hydrodynamic theory based on superposition

of wall interactions, we systematically quantify how particle aspect ratio, strength of confinement, and

fluid inertia influence the dynamics of a spheroid. For unconfined spheroids, we show that the

translational velocity is maximised not for a sphere but for a prolate (end-on) or oblate (broadside-on)

spheroid of specific aspect ratio. Under confinement, the optimal aspect ratio shifts toward oblate

shapes due to the dominant contribution of wall-induced frictional resistance. Off-centre positioning

introduces strong translation–rotation coupling, giving rise to two families of oscillatory trajector-

ies—glancing and reversing—whose existence and structure are captured as closed orbits in the phase

space. Weak fluid inertia breaks these closed loops: glancing trajectories spiral outward and merge with

reversing trajectories, and new stable fixed points emerge. Together, these results reveal how modest

deviations from sphericity or creeping-flow conditions profoundly alter the dynamics of driven particles

in confined geometries. The predictions offer guidelines for optimising particle shape in microfluidic

transport and highlight the rich nonlinear behaviour accessible in confined suspensions of nonspherical

colloids.

1 Introduction

Dynamics of anisotropic particles, whether driven or self-
propelled, is a problem of fundamental importance in fluid
mechanics and statistical physics, and relevant to various
engineering applications. Because of its close connection to
fluctuation dissipation theorem,1 tracking colloidal particles
forms the foundation of microrheological measurements in
soft and biological matter. Recent investigations have revealed
the hydrodynamic consequences emerging from heterogeneous
environments such as solid walls and interfaces on the
Brownian dynamics of colloids. However, these studies have
predominantly focused on spherical particles.2–5 In contrast,
the role of particle shape in these problems remains compara-
tively underexplored.

Targeted drug delivery represents one of the most promising
applications of driven colloids,6–10 yet most work to date has
concentrated on spherical particles, largely due to the relative

simplicity of their fabrication and their suitability as model
systems.8,11 Advances in synthesis methods, however, now
enable the fabrication of nonspherical colloids, thereby open-
ing new avenues of research.12–14 Recent studies have demon-
strated therapeutic advantages of nonspherical particles in
cancer treatment,15–17 but their broader potential as versatile
drug carriers remains insufficiently investigated. Since such
particles must move in biological fluids and complex, hetero-
geneous environments within the body,18–21 it is essential to
determine whether, and in what ways, particle shape plays
a role.

Analysis of translational dynamics of a driven spheroid
immersed in an unbounded, Newtonian, viscous fluid has a
long history with exact solutions available in the low Reynolds
number limit (Stokes flow).22–24 The Reynolds number
describes the ratio of inertial to viscous forces in the fluid, Re
= Ua/n where U and a are the characteristic velocity and size
(the semi-major axis) of the spheroid respectively, and n is the
kinematic viscosity of the surrounding fluid. Limiting cases
of the spheroid geometry – slender bodies, spheres and discs –
are most often studied, and are amenable to analytical
calculations.25 Despite the long history, researchers continue
to find the dynamics of spheroidal particles fascinating.26–28
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In an otherwise quiescent, infinite fluid at low Reynolds
number, the dynamics of spheroids moving under an external
force has two interesting characteristics:29 (i) they do not
undergo rotation due to reversibility constraints, and (ii) as
they translate in the direction of the applied force, they
also migrate transversely (perpendicular to the applied force).
However, these characteristics are not preserved in the vicinity
of a solid boundary, where hydrodynamic interactions with the
wall generate additional torques and transverse forces.30 The
result of the consequent coupled translational and rotational
motion is oscillatory dynamics of the spheroid. Depending on
the initial conditions, spheroids may undergo ‘glancing’, ‘rever-
sing’ or ‘periodic tumbling’ dynamics.31 Near a slanting wall
additional modes such as sliding or wobbling motion may also
be observed.31

Similarly, normal stresses arising from fluid inertia can exert
torque on spheroids. For an unconfined spheroid, inertial torque
tends to reorient its long axis perpendicular to the direction of the
applied force.32–36 Stronger inertial effects can induce wake
instabilities and unsteady modes near the translating spheroid.
In the case of a confined spheroid, both inertial forces and
hydrodynamic interactions with the confining boundaries act
simultaneously. Such conditions commonly arise in driven col-
loids and particles used for targeted drug delivery, where both
the degree of confinement and the Reynolds number can vary
significantly. In the present work, we investigate the effect of
confinement and weak inertia (� Oð1Þ)—separately and in com-
bination—on the translational dynamics of spheroids.

Based on the analysis near a single wall, Russel et al.30

suggested that spheroids would exhibit oscillatory trajectories
between two parallel walls. The reversibility constraints of
Stokes flow imply that such glancing-reversing trajectories31

must be dependent on the initial conditions. For Re 4 0,
investigations of spheroids translating in narrow tubes37–39

have revealed several distinct modes of motion such as transla-
tion at constant orientation, planar oscillations and spiralling
trajectories. These modes are found to be independent of the
initial conditions. This suggests the existence of a Reynolds-
number-dependent transition in the translational modes of
spheroids confined within a channel. Limited numerical stu-
dies in cylindrical channels have shown Reynolds-number-
dependent radial positions in the cylinder at which spheroids
translate without reorienting,40 although it remains unclear
whether these stable solutions arise specifically from the
symmetry of the cylindrical geometry.

In confinement and other complex geometries, numerical
techniques are required to analyse the dynamics of spheroids.
Several techniques have been developed, which include the
constrained-force technique,41 arbitrary Lagrangian–Eulerian
based finite-element method,33,40 direct numerical simulation
(DNS) with Lagrange multiplier based fictitious domain
methodology,34,42 Stokesian dynamics,43 boundary element
method,31 immersed boundary method with DNS,44 and the
lattice Boltzmann method (LBM).37–39,45

In this work, we employ a recently developed lattice Boltz-
mann framework45 to study a model system: the dynamics of

prolate and oblate spheroids immersed in a viscous fluid and
confined within a channel of square cross section. The particle
is driven by an external magnetic21 or gravitational field, which
applies a force on the particle. We systematically investigate the
roles of confinement and inertia on the translational dynamics
of the spheroid. We consider only driven particles (by an
external force) in this work which are experimentally easy to
realise, say, compared to active particles for which the leading
force description is a force dipole. We find that for a given
volume, the maximum translational velocity of an unconfined
spheroid does not occur for a sphere but rather for a prolate or
an oblate shape depending on its orientation relative to the
applied force. In confinement, the optimal aspect ratio shifts
toward oblate shapes, highlighting a promising direction for
future experimental studies in drug delivery applications.
Furthermore, analysis of trajectories reveals that spheroids
display glancing–reversing motions depending on the initial
conditions, aspect ratio, and degree of confinement. At finite
Reynolds numbers, inertial nonlinearities alter this behaviour,
and by systematically increasing the Reynolds number from the
Stokes regime to Oð1Þ, we uncover the emergence of rich
nonlinear dynamics in the motion of confined spheroids.

The paper is organised as follows. Section 2 introduces the
model system and briefly reviews the existing literature of the
analytical framework for translating spheroids in unconfined
systems. We will discuss an approximate calculation based on
the method of images in Section 2.2. This will be followed in
Section 3 by the description of the numerical method based on
lattice Boltzmann method used in this work to analyse the
dynamics of confined spheroids. In Section 4 we will discuss
the results in the following order: optimal aspect ratio for the
unconfined and confined spheroids, effect of confinement
on the glancing-reversing trajectories, and their phase-space
description. We will end by highlighting the nonlinear features
on the translational dynamics of the spheroid that emerge due
to fluid inertia and then conclude with a discussion on the
scope of the work in Section 5.

2 Theory

Consider a spheroid translating under the action of an external
force Fe in an otherwise quiescent fluid as shown in Fig. 1a. The
spheroid and the fluid are confined in a channel with a square
cross section of side length L. The instantaneous orientation of
the major axis of the ellipsoid is indicated by a unit vector ê.
Let the spheroid be of semi-major axis a and semi-minor axes
b = c. For prolate spheroids, a 4 b = c, and its eccentricity is

defined as E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2=a2

p
; 0 � Eo 1. Similarly, for oblate

spheroids, a o b = c, and the eccentricity is E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a2=b2

p
;

0 � Eo 1.
The fluid motion is described by the incompressible Navier–

Stokes equations:

r�u = 0 (1)

r(qtu + u�ru) = �rP + Zr2u (2)
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Here, P is the pressure field, u is the fluid velocity field, r is the
density and Z = nr is the dynamic viscosity and n is the
kinematic viscosity of the fluid.

The force Fe may be any body force applied externally and
acts on the particle to drive the particle to translational motion.
For example, the external force field can be considered to
arise from a magnetic field when the spheroid is a microrobot,
or gravitational field when gravitational sedimentation is
considered.

We consider the translation of unconfined and confined
spheroids. Here, ‘unconfined’ refers to the translation of the
spheroids in the bulk fluid where wall effects are not present.
‘Confined’ spheroids refer to particles that are enclosed within
the four walls of the square channel, as shown in Fig. 1a, and
thus the hydrodynamic interactions with the walls play a
dominant role in their dynamics. The strength of the confine-
ment is described by defining a confinement ratio, CR = 2b/L
where L is the height (equal to the depth) of the channel.

2.1 Translation of the unconfined spheroid

We briefly discuss the translational dynamics of an unconfined
spheroid first. At zero Reynolds number, the steady state
velocity of a single, externally driven spheroid can be exactly
determined22,24,46,47 as

Fe = 6pZa(C8U8ê + C>U>ê>) (3)

where ê and ê> are the unit vectors along and perpendicular to
the long axis of the spheroid, respectively, U8 and U> are
the translational velocities along ê and ê>, respectively, i.e.,
U = U8ê + U>ê>, and C8 and C> are the corresponding drag
coefficients given by ref. 48,

Ck ¼
8

3
E3 �2Eþ 1þ E2

� �
log

1þ E
1� E

� ��1
(4)

C? ¼
16

3
E3 2Eþ 3E2 � 1

� �
log

1þ E
1� E

� ��1
(5)

for the prolate spheroids and

Ck ¼
4

3
E3 2E2 � 1
� �

cot�1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� E2
p

E

 !
þ E

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� E2
p

" #�1
(6)

C? ¼
8

3
E3 2E2 þ 1
� �

cot�1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� E2
p

E

 !
� E

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� E2
p

" #�1
(7)

for the oblate spheroids. Under the slender-body approximation,

i.e., for b/a - 0, eqn (4) and (5) reduce to Ck ¼
2

3

1

ln
2a

b

� �
� 1

2

and

C? ¼
4

3

1

ln
2a

b

� �
þ 1

2

respectively. Similarly, in the limit of a disc,

i.e., a/b - 0 eqn (6) and (7) reduce to Ck ¼
8

3p
and C? ¼

16

9p
,

respectively.24

When the external force Fe is along the major or minor axis
of the spheroid (along ê or ê>), eqn (3) reduces to a single scalar
equation relating the applied force and the corresponding
translational velocity. For any other orientations of the spher-
oid, eqn (3) shows that the anisotropy in the drag coefficients,
i.e., C8 a C>, results in transverse forces and the migration of
the ellipsoid in a direction perpendicular to the direction of its
translation.29

2.2 Translation of the confined spheroid

Confining a force-driven spheroid in a channel can induce
complex fluid flows and interesting dynamics. An example of
the velocity field generated by a translating spheroid (produced
using lattice Boltzmann simulations as mentioned in Section 3)

Fig. 1 (a) Schematic representation of a translating spheroid with semi-major axis a and semi-minor axes b = c, located at (X, Y = h, Z = L/2), oriented at
y, experiencing an external force Fe, confined in a channel of square cross section of side length L. The side view of the square channel (Y–Z cross
section) is shown in the inset. The walls are numbered as 1, 2, 3 & 4. (b) Fluid flow generated by the translating spheroid in the square channel, in an
otherwise quiescent Newtonian fluid. The arrows indicate the velocity field, and are coloured according to the magnitude of velocity with red being the
highest velocity.
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is shown in Fig. 1b. In other words, hydrodynamic interactions
of the spheroid with confining walls alter its translational
velocity and induce an angular velocity, thus leading to coupled
translational–rotational dynamics of the spheroid.

In this work, we only consider the case when Fe is along the
direction of the channel length x̂ i.e., the externally applied
force on the spheroid Fe is parallel to the confining walls. For
simplicity, we place the particle at the midplane of the channel
in the z direction, i.e., at z = L/2 and with long axis lying entirely
in this midplane, i.e., the orientation vector ê in the x–y plane.
Owing to the symmetry of this initial condition, and despite the
coupled translational–rotational dynamics, the spheroid stays
and moves only in this midplane. The complete solution of this
problem is obtained numerically as described in Section 3.
However, an approximate solution of the dynamics of the
spheroid can be developed as follows.

Using the method of images expressions can be derived for
the translational and rotational velocities of prolate and oblate
spheroids placed near a wall and driven by an external force.31

These are far-field approximations at zero Reynolds number
and near a single wall, series expressions in terms of inverse
power of the distance from the wall and are valid for arbitrary
orientations. Assuming a superposition principle,49 namely
that the hydrodynamic interactions of the spheroid with each
wall are additive, but neglecting the corrections due to the
simultaneous presence of multiple walls, and multiple reflec-
tions between the walls, we obtain

U ¼ Ubulk þ
X4
i¼1

U i;wall (8)

X ¼
X4
i¼1

Xi;wall (9)

where Ubulk = U8ê + U>ê> given by eqn (3). There are four
confining walls for the channel as shown in Fig. 1a, and the
translational and rotational velocity of the spheroid due to the
hydrodynamic interaction with each wall is indicated by Ui,wall

and Xi,wall. They are calculated as Ui,wall = Fe/(6pmR)Ũi,wall,
Xi,wall = Fe/(6pmR2) ~Xi,wall, where R = a for prolate and R = b for
oblate spheroids, Fe = |Fe|, and:

~U1;wall
x ¼ � 9

16h

þ 1

128h3
2E2ðcos 2y� 1Þ þ 18E2 cos2 y� 17� 7ð ÞE2 þ 16
	 


(10)

~U1;wall
y ¼ �E

2 sin 2y
32h3

(11)

~O1;wall
z ¼ �

9E2 2� 4 cos2 y
� �
64 2� E2ð Þh2 þ 6 �9E4 cos4 y� E2 cos2 y 12ð

	
�ð15� 2ÞE2

�
� ð7� 1ÞE4 þ 10E2 � 4


�
128 2� E2
� �

h4
	 


:

(12)

The corresponding expressions for the wall on the right (i = 2)
can be obtained by appropriate substitutions:

Ũ2,wall
x = Ũ1,wall

x (h - L � h, y - �y) (13)

Ũ2,wall
y = �Ũ1,wall

y (h - L � h, y - �y) (14)

~O2,wall
z = � ~O1,wall

z (h - L � h, y - �y). (15)

The hydrodynamic interaction with the remaining pair of walls
(i = 3, 4) are given by,

~U3;wall
x ¼ ~U4;wall

x ¼ � 9

8L

þ 1

16L3
2E2ð1� 1Þ cos2 y� ð�7� 1ÞE2 þ 16
	 
 (16)

Ũ3,wall
y = Ũ4,wall

y = 0 (17)

~O3,wall
z = ~O4,wall

z = 0. (18)

Analysing eqn (10)–(12) we can see that the far-field predic-
tion is O ða=hÞ3

� �
for translational and O ða=hÞ4

� �
for angular

velocity. Eqn (8)–(18) can be used to determine approximately
the coupled translational–rotational dynamics of the spheroid.
The complete dynamics can be captured using numerical
simulations as described in the next section.

3 Simulation method

We use the lattice Boltzmann method to determine the
dynamics of the fluid around the translating spheroid confined
in the channel. Through the boundary conditions the motion of
the spheroid and the fluid are completely coupled. The algo-
rithm is implemented in our parallel lattice Boltzmann code
Ludwig.50,51 We briefly discuss the method below, and refer the
reader to Thampi et al.45 for a detailed discussion of the
implementation.

3.1 Lattice Boltzmann method

The lattice Boltzmann method (LBM) defines a discrete velocity
distribution function fi(x, t) at each grid point x and time t
that travels along the ith discrete direction with velocity ci. The
hydrodynamic observables, namely the density r(x, t) and
momentum r(x, t)u(x, t) are obtained as the zeroth and first
moment of the discrete distribution function:X

i

fiðx; tÞ ¼ rðx; tÞ (19)

X
i

fiðx; tÞci ¼ rðx; tÞuðx; tÞ: (20)

In this work, the D3Q19 model is used, which discretises
configuration and momentum space with a 3D cubic lattice
with 19 discrete lattice vectors ci.

52 A lattice spacing of Dx = 1
and time step Dt = 1 are used for the spatial and temporal
discretisation, respectively.
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The discrete distribution functions fi undergo successive
collision and propagation operations:

fi(x + ciDt, t + Dt) � fi(x, t) = DtCi(t). (21)

where in its simplest Bhatnagar–Gross–Krook form ref. 53 the
collision operator contains a single relaxation time t and is
given as

Ci(t) = [ fi(x, t) � f eq
i (x, t)]/t (22)

The kinematic viscosity n of the fluid is related to the relaxation

time via n ¼ t� 1

2

� ��
3. The equilibrium distribution:

f eqi ¼ rwci 1þ u � ci
cs2
þ ðu � ciÞ

2

2cs4
� u � u

2cs2

� �
(23)

is constrained by the governing equations to be recovered,
namely the Navier–Stokes equations. Here, cs is the speed of
sound and wci are the weights associated with the velocity set ci

of the D3Q19 model. We use a generalised, multiple relaxation
time (MRT) collision operator in our simulations.54

3.2 Boundary conditions

The surface of the spheroid is described as

(x � xc)
TA(x � xc) = 1, (24)

where xc is the centre of mass, x is any point on the surface of
the spheroid and A is a 3 � 3 matrix whose eigenvalues are
related to the inverse of the semi-axes of the spheroid.55

Bounce-back boundary conditions are applied on the boundary

nodes xb ¼ xþ 1

2
cbDt, which is an approximate surface of the

spheroid.45

The bounce back scheme results in momentum exchange
between the fluid and the solid nodes. The total force F and
torque T on the spheroid due to momentum exchange can be
calculated by adding up the contributions from all boundary
nodes as F ¼

P
b

Fb and T ¼
P
b

xb � xcð Þ � Fb, where56

Fb xb; tþ
1

2
Dt

� �
¼ Dx3

Dt
2f �b ðx; tÞ �

2wcbr0ub � cb
cs2

� �
cb: (25)

Here, f �b ðx; tÞ is the post-collision distribution function, r0 is
the mean density of the fluid, and ub is the local velocity of the
boundary node calculated as

ub = U + X � (xb � xc). (26)

where, U and X are the translational and angular velocities of
the spheroid.

3.3 Dynamics of the spheroid

An implicit numerical scheme is used to update the transla-
tional and angular velocities of the spheroid from the force and
torque determined in the previous section, accounting for
particle inertia. In this scheme,56 the total force and torque
on the particle are written as,

F = F0 � fFU�U � fFO�X (27)

T = T0 � fTU�U � fTO�X (28)

where F0 and T0 are ‘velocity-independent’ forces and torques,
determined from the post-collision distributions and f** are
the drag coefficient matrices.45

Then, the discretised conservation equations of linear and
angular momentum of the translating spheroid read as

M
Uðtþ DtÞ �UðtÞ

Dt
¼ F0 tþ 1

2
Dt

� �

� fFU �Uðtþ DtÞ � fFO �Xðtþ DtÞ
(29)

IðtÞ �Xðtþ DtÞ �XðtÞ
Dt

þ dI

dt
�Xðtþ DtÞ ¼ T0 tþ 1

2
Dt

� �

� fTU �Uðtþ DtÞ � fTO �Xðtþ DtÞ
(30)

where M and I are respectively the mass and moment of inertia
tensor of the spheroid. A Gaussian elimination method is used
to solve eqn (29) and (30) simultaneously, thus ensuring the
stability of the algorithm.

The position of the particle is then updated as

xcðtþ DtÞ ¼ xcðtÞ þ
1

2
Uðtþ DtÞ þUðtÞð Þ: (31)

The orientation of the particle is updated as57–59

~qðtÞ ¼ cos
~XðtÞ



 

Dt
2

; sin
~XðtÞ



 

Dt
2

~XðtÞ
� �

~XðtÞ


 



" #
(32)

q(t + Dt) = q̃(t)q(t), (33)

where q is the unit quaternion describing the orientation of the

spheroid based on Euler angles,60,61 ~XðtÞ ¼ 1

2
XðtÞ þXðtþ DtÞð Þ

is the mean angular velocity and ||�|| indicates the norm of the
vector. This procedure avoids accumulated errors from succes-
sive matrix operations and singular matrix operations, which
could arise if Euler angles were used to describe the orientation
of the spheroid. It also avoids any possibility of a gimbal lock
and requirement of renormalisation of quaternions to account
for errors from numerical integration since the magnitude of
the quaternion is exactly unity.

Finally, we note that in the implicit solution scheme in
eqn (30) the rate of change of the moment of inertia of the
spheroid is not zero in the laboratory coordinate system, which
is why this calculation requires careful consideration. The time-
dependent moment of inertia tensor I(t) can be determined
from the quaternion q(t),57,59,61

I(t) = (q(qIq�1)Tq�1)T, (34)

where I(t) = [0, I(t)] is a pure quaternion moment of inertia
tensor based on the inertia tensor in the principal coordinate
system. In the above, �1 and T represent the inverse and
transpose operations respectively. Then the time derivative of
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the moment of inertia tensor in the second term in eqn (30) can
be exactly determined.

3.4 Summary of the simulation method

The numerical procedure described in the previous section
proceeds as follows. The lattice Boltzmann streaming and
collision steps advance the fluid field around the moving
spheroid. The mid-grid bounce-back condition is imposed on
the particle surface, enabling momentum transfer between the
spheroid and the surrounding fluid. This exchange enforces
the no-slip boundary condition on both the spheroid and the
channel walls while simultaneously providing the hydro-
dynamic force and torque acting on the particle. The resulting
translational and rotational dynamics of the spheroid are then
obtained by solving the linear and angular momentum balance
equations, with the particle orientation updated using quater-
nions and standard quaternion operations. More details on the
implementation of the algorithm and validation of the method
have been reported previously.45

The simulation parameters used in this study are sum-
marised below. For the unconfined cases, a cubic computa-
tional domain of size 2563 with periodic boundary conditions
applied on all boundaries is employed. The major and minor
axes of the spheroid vary between 6–60 and 2–6, respectively.
We have used particles with density ratio rp/rf = 1 in the
simulations with an external body force specified using Fe.
To investigate the role of geometric confinement, simulations
are carried out in a domain of size 256 � Ny � Nz, where Ny = Nz

is varied from 5–154 to vary the strength of confinement. When
a spheroid is in close proximity to a wall, the hydrodynamic
lubrication between the two can be under-represented on the
discrete lattice. In this case a correction to the lubrication is
made based on the surface separation at the point of closest
approach. This prevents the spheroid touching the wall. Our
results are independent of the specific implementation of this
contact force. Periodic boundary conditions are applied on the
open sides of the domain. To examine the influence of inertia,
the kinematic viscosity of the fluid is varied 0.007–0.5. In all
cases, simulations are initialised with a quiescent fluid. Each
run is continued until a steady state is reached, and the
corresponding results are presented below. In the Stokes flow
regime, quasi-static simulations were employed wherever fea-
sible to improve computational efficiency. In this approach, the
fluid field is evolved alongside the particle velocities, but the
particle is kept fixed in space. Holding the particle stationary
eliminates unsteady effects and allows the hydrodynamic cal-
culations to converge rapidly generating the instantaneous
kinematic state for that configuration.

4 Results and discussion

We consider the dynamics of both prolate and oblate spheroids
by varying the aspect ratio b/a - 0 to b/a - N. Below, we first
consider the case of unconfined spheroids and demonstrate
the existence of an optimal aspect ratio that yields the

maximum translation velocity. We will then present the results
of confined spheroids, and analyse the shift in the optimum
aspect ratio as a function of strength of confinement. Further-
more, we present results that demonstrate the effects of con-
finement and inertia on the trajectories.

4.1 Optimum aspect ratio of an unconfined spheroid

Under the action of the external force Fe, the spheroid accel-
erates, but the drag force generated by the fluid opposes this
motion. Balancing the two opposing forces, the particle under-
goes a steady translation with a constant velocity. The variation
in the translational velocity of unconfined prolate and oblate
spheroids in an otherwise quiescent fluid as a function of
aspect ratio b/a is shown in Fig. 2.

The aspect ratio b/a o 1 for prolate and 41 for oblate
spheroids. Two different cases are considered in Fig. 2: (i) the
end-on translation, i.e., ê8Fe, the spheroid translates with its
axis of revolution oriented parallel to the direction of the
external force and (ii) the broadside-on translation, i.e., ê>Fe,
the spheroid translates with its axis of revolution oriented
perpendicular to the direction of the external force. The corres-
ponding velocities are denoted as U8 and U> respectively. The
symbols are obtained from lattice Boltzmann simulations and
the continuous lines are obtained from the analytical expres-
sion, eqn (3). The dashed lines on the extremes of both sides of
the aspect ratio are analytical approximations – based on
slender bodies for prolate and discs for oblate spheroids.

Fig. 2 Steady state translational velocity of an unconfined spheroid as a
function of aspect ratio for a fixed particle volume. Aspect ratios b/a o 1
correspond to prolate spheroids, while b/a 4 1 represent oblate shapes.
The continuous curves show the analytical predictions (Section 2.1), the
symbols denote the lattice Boltzmann simulation results, and the dashed
lines indicate the asymptotic expressions for rod-like and disc-like limits. In
the simulations, the spheroids were initially placed at the centre of the
domain, with their symmetry axis either parallel (8) or perpendicular (>) to
the applied force (Fe = 0.05 lattice units). The spheroids retained this
orientation through out the simulations. Re, calculated based on the
steady state translational velocity of the spheroid, {1. For the sphere
(b/a = 1), Re E 0.023. Data plotted in blue (red) correspond to end-on
(broadside-on) configurations, respectively. The aspect ratio at which the
translational velocity is maximum in each case is marked by a vertical line.
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In typical applications driven by external fields such as
magnetic or gravitational, the force density (force per unit
volume) on the particle will be constant. Hence, in Fig. 2 the
aspect ratio of the spheroid is varied by keeping the volume of

the spheroid V ¼ 4

3
pab2 constant so that the total force acting

on the translating particle is fixed. Furthermore, the transla-
tional velocities, U8 and U> are non-dimensionalised with

Usphere ¼
Fe

6pZ
4p
3V

� �1=3

, the Stokes velocity of an unconfined

sphere of same volume V. Thus, U8/U> = U>/Usphere = 1 when
b/a = 1.

The excellent match between the simulation data and the
analytical solutions at all aspect ratios indicates the reliability
of the numerical method used in this work. More importantly,
Fig. 2 shows the existence of a maximum in the two cases
considered. For the case of end-on translation (blue curve) the
maximum in the translational velocity occurs at an aspect ratio
b/a E 0.512, that of a prolate shape. For the case of broadside-
on translation (red curve) the maximum occurs at an aspect
ratio of b/a E 1.514, that of an oblate shape. The curves
corresponding to two cases intersect at b/a = 1, that of the
sphere, and the maxima in two cases occur on either side of the
sphere.

The maximum in the translational velocity (or minimum in
the drag force) has been observed for a variety of anisotropic
particles in the context of gravitational sedimentation.24,63–66

It exists because the viscous drag force acting on the translating
particle has two contributions (i) friction drag and (ii) pressure
drag, and these two contributions scale differently with change
in the dimensions of the particle.67–69 The skin friction arises
from the shear stress on the particle’s surface due to the
viscosity of the fluid, and this contribution depends on the
surface area of the particle. The pressure drag, also known as
the form drag, arises as the particle pushes the fluid in front of
it to move ahead. Thus, there is a pressure gradient across
the translating particle, and the pressure drag contribution
primarily depends on the projected area of the particle in the
direction of translation.68 The difference in the dependence of
friction and pressure drag on the spheroid surface area results
in the presence of maxima in Fig. 2, and can be rationalised as
follows.

Consider a sphere of radius r translating under an external
force. Both the total surface area, and the projected surface area
scale as Br2. Exact calculations show that the friction drag
contributes 2/3rd and the pressure drag contributes 1/3rd of the
total drag force.67,68

To examine a small deviation from sphericity, let us consider
a prolate spheroid with a 4 r. For end-on translation, the
projected surface area is Bb2 while the total (or lateral) surface
area is Bab. Under the constraint of fixed volume V B ab2, the

projected area scales as BV/a and the total area as �
ffiffiffiffiffiffi
Va
p

.
Thus, changing the shape from a sphere to a prolate spheroid
decreases the projected surface area as B1/a but increases the
total surface area as �

ffiffiffi
a
p

. As a result, the reduction in pressure
drag outweighs the increase in friction drag, leading to a net

decrease in the total drag force; consequently, an end-on
translating prolate spheroid attains a higher velocity than a
sphere of equal volume. Exact computations confirm this
scaling argument.69,70

This trend however does not hold for highly elongated
prolate spheroids (a c b), where the lateral area far exceeds
the projected area, i.e. ab c b2. In this regime, friction drag
dominates, as seen in analytical results for needle-like bodies
where pressure drag vanishes67 and in numerical studies of
spheroids.69 Thus, for highly elongated particles, the total drag
increases with a.

In other words, prolate spheroids that are closer to a sphere
in shape (b/a t 1) translate faster on increasing the length of
the major axis, a, but a similar change of increasing a slows
down highly elongated, rod-like spheroids (b/a { 1). This
contrast in the dependence of drag force at large (b/a t 1)
and small (b/a { 1) aspect ratios gives rise to a maximum in the
translational velocity at an intermediate value of aspect ratio for
the translating prolate spheroid in the end-on configuration.

By contrast, when a sphere is deformed into an oblate
spheroid translating in the end-on configuration, the increase
in projected surface area (Bb2) exceeds the decrease in lateral
area (Bab), leading to a reduction in translational velocity
relative to that of a sphere. This trend persists at larger aspect
ratios (b/a c 1), so that the translational velocity of an oblate
spheroid decreases monotonically from the spherical limit
(b/a \ 1). Similar arguments of anisotropic scaling of the
relevant surface areas hold for broadside on translation as well,
and a maximum velocity appears for an oblate spheroid in this
configuration.

4.2 Confined spheroid: centreline of the channel

In this section, we investigate the influence of confinement on
the translational velocity of a spheroid by placing it inside a
channel with a square cross-section. As illustrated in Fig. 1a,
the external force is applied along the open direction of the
channel (the x-axis). For simplicity, the spheroid is positioned
on the channel centreline in an end-on configuration, i.e., its
axis ê is aligned with the channel axis. As in the previous
section, we apply a constant body force density to the spheroid
by keeping the volume of the spheroid and the applied body
force Fe constant while changing the aspect ratio and the
confinement ratio.

The effect of confinement is quantified using the confine-
ment ratio, CR = 2b/L where L is the height (equal to the width)
of the channel. As shown in Fig. 2a, the translational velocity of
both prolate and oblate spheroids decreases with increasing
confinement. Prolate spheroids exhibit lower translational
velocities than oblate spheroids because they share a larger
surface area with the channel walls and therefore experience
greater hydrodynamic resistance.

Fig. 3a also includes translational-velocity data for spheroids
(i) in a cylindrical channel and (ii) obtained from the approx-
imate analytical method for comparison. Wakiya62 analysed the
axisymmetric translation of spheroids in cylindrical channels
using a combined analytical–numerical approach, and reported
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the translational velocity accurate up to O CRð Þ4 in a tabulated
form. Data extracted from his results for comparable aspect
ratios—although available for only a few confinement ratios
(CRs)—are shown in Fig. 3a as dash-dotted lines. The slightly
larger translational velocities observed in the simulations arise
from geometric differences; specifically, a square channel is
marginally ‘‘less confining’’ than a cylindrical one due to the
presence of corners. The results from the approximate analy-

tical calculations, accurate up to O CRð Þ3 and based on the
superposition arguments discussed in Section 2.2, are also
shown in Fig. 3a as dotted lines. These results systematically
over-predict the translational velocity and exhibit only qualita-
tive agreement with the simulations.

We now examine how the translational velocity of confined
spheroids varies with their aspect ratio. Fig. 3b shows the
normalised translational velocity of spheroids moving along
the channel centreline in the end-on configuration, with aspect
ratios ranging from b/a o 1 (prolate) to b/a 4 1 (oblate). As in
the unconfined case, we find that for each confinement ratio
there is an aspect ratio at which the translational velocity
reaches a maximum. This optimum shifts to higher aspect
ratios (toward the oblate side) as the degree of confinement
increases.

The shift of the maximum translational velocity toward the
oblate side arises from the nature of the dominant drag
mechanisms. In this geometry, the primary contribution to
hydrodynamic resistance comes from friction along the lateral
surface of the particle, generated by the shear flow between the
spheroid and the channel walls. For a given confinement ratio
and in the end-on configuration, an oblate spheroid presents a
smaller lateral surface area to the walls than a prolate one,
leading to lower frictional drag, and therefore a higher transla-
tional velocity. However, as the aspect ratio becomes very large,
the gap between the particle and the walls becomes quite small.

This leads to strong shear and a substantial increase in
frictional drag. Consequently, the total drag becomes very large
as b/a c 1. This implies that the translational velocity must
peak at a finite aspect ratio, and that this optimum lies on the
oblate side.

We also consider the broadside-on configuration of spher-
oids translating along the channel centreline. The corres-
ponding results are presented in Fig. 3c. As in the previous
cases, an optimal aspect ratio exists; it occurs for an oblate
particle and shifts to larger values as the confinement
increases. In this configuration, the location of the optimum
is again determined by the frictional resistance between the
particle and the channel walls, but for a different geometric
reason. As the aspect ratio of an oblate spheroid increases, its
flatter faces move farther from the walls while its thinner edges
move closer. Consequently, the hydrodynamic resistance initi-
ally decreases at first because the dominant flat surfaces
experience lower frictional forces, before increasing again at
very large aspect ratios due to the progressively narrower gaps
near the thin edges. The curves tend to flatten at very high
aspect ratios, as the contribution of these thin edges to the
overall frictional drag becomes relatively constant.

Overall, these results indicate that an optimal aspect
ratio exists for maximising translational velocity in both con-
fined and unconfined settings. For most configurations, this
optimum lies on the oblate side, where oblate spheroids
achieve higher translational velocities than spheres and prolate
counterparts.

4.3 Confined spheroid: eccentric positions in the channel

In this section, we relax the assumption of symmetric position-
ing and orientation of the spheroid and examine its dynamics
for all possible positions and orientations within the channel.
We define h as the distance from wall 1 of the channel and y as

Fig. 3 (a) Translational velocity of spheroids (prolate, b/a E 0.51 and oblate, b/a E 1.57) moving in an end-on configuration along the centreline of a
square channel, shown as a function of increasing confinement ratio, CR = 2b/L. The symbols K are from the LBM simulations, the dash-dotted lines
are spheroids in cylindrical channels (prolate, b/a = 0.5 and oblate b/a = 2)62 and dotted lines are theoretical predictions based on far-field analysis
(Section 2.2). The ordinate is normalised with the translational velocity of the unconfined spheroid. Translational velocities of spheroids for (b) F8ê and
(c) F>ê configuration as a function of aspect ratio for fixed confinement ratios – ’: CR = 0, m: CR = 0.2, ~: CR = 0.5 and K: CR = 0.9. The ordinate is
normalised with the translational velocity of an unconfined sphere and the optimum aspect ratio at each confinement ratio is indicated on top of each
peak in (b) and (c).
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the orientation angle of the spheroid, as illustrated in Fig. 1a.
To simplify the analysis, we restrict our investigation to the
xy-plane at z = L/2. The translational velocity Ux generally
depends on both h and y. In addition, the spheroid acquires
a transverse velocity Uy and an angular velocity Oz. The com-
puted values of Ux, Uy and Oz as function of h and y are
presented as contour plots in the h–y plane in Fig. 4. The
simulation data along with theoretical predictions for Ux, Uy

and Oz obtained from the far-field analysis are also shown as
line plots in second row of Fig. 4.

Fig. 4a shows the translational velocity Ux of the spheroid
along the direction of the applied force (along the x-axis). The
translational velocity is maximal when h/L = 0.5 and y = 01, 1801,
corresponding to the end-on orientation of the spheroid posi-
tioned along the channel centreline. At other positions and
orientations within the channel the translational velocity
decreases because (1) the pressure drag increases as the pro-
jected surface area grows with y, and (2) the viscous drag
increases due to hydrodynamic interactions with both the wall
and the spheroid. The far-field predictions in Fig. 4d show
qualitative agreement with the full numerical results; however,
the quantitative agreement deteriorates near the channel walls.

Fig. 4b illustrates the variation in the transverse velocity Uy,
i.e., the velocity of the spheroid along the y-axis. The transverse
velocity relative to the reference wall can be either positive or
negative, and it changes sign every 901 rotation of the spheroid,
consistent with the symmetry of the system. The orientations at
which the transverse velocity vanishes correspond to y = 01, 901,
1801, and 2701. At these angles, the external force F̂ is either

fully parallel or fully perpendicular to ê, and therefore the
colloid does not migrate across the channel. In other words,
hydrodynamic interactions with the wall in these configura-
tions do not generate any transverse motion, in accordance
with the reversibility constraints of Stokes flow. As in the
previous case for Ux, the comparison between the full numer-
ical results and the far-field predictions (Fig. 4e) is qualitative,
with the agreement deteriorating near the walls.

The angular velocity of the spheroid, Oz in the h–y phase
space is shown in Fig. 4c. The rotation arises solely from the
hydrodynamic torque on the particle, generated by the inter-
play between form drag, viscous drag, and the anisotropic
shape of the spheroid. Depending on h and y, the spheroid
rotates clockwise (Oz o 0) or counterclockwise (Oz 4 0) with
the sign changing at the channel centreline. More importantly,
the angular velocity also changes sign near the walls at y = 451,
1351, etc., indicating that the direction of rotation as the
spheroid approaches a wall depends strongly on its incident
orientation. This orientation-dependent reversal of rotation
leads to the glancing–reversing trajectories of spheroids dis-
cussed in the next section. The far-field predictions of the
angular velocity shown in Fig. 4f matches numerical simula-
tions qualitatively, the asymmetry in the data in the numerical
simulations is a finite Reynolds number effect (see Section 4.5).

4.4 Glancing-reversing trajectories of the confined spheroid

We now analyse the trajectories of the confined spheroid as it
translates through the channel under the action of the external
force. Two types of trajectories are observed—glancing and

Fig. 4 Contour plots of (a) translational velocity Ux, (b) transverse velocity Uy and (c) angular velocity Oz in the h–y space for a channel confined spheroid
of aspect ratio b/a E 0.51 at a confinement ratio CR E 0.15. The colour bars are shown at the top of each plot. h is normalised by the channel width L and
y is given in degrees (1). Oz 4 0 corresponds to anti-clockwise rotation. In each figure, the inaccessible areas due to the finite size of the spheroid is
coloured in grey. (d)–(f) Same data as line plots (% symbols) along with results from the far field analysis (continuous lines) as a function of h at various y.
Results in (d) and (e) have been normalised with the translational velocity of the spheroid with same orientation (y) in an unbounded fluid. Plots (a)–(c)
correspond to a Re E 0.25 where as plots (d)–(f) correspond to a Re E 0.01.
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reversing—similar to those reported for motion near a
single wall.31 These trajectories are illustrated schematically
in Fig. 5a and b.

In a glancing trajectory (Fig. 5a), the spheroid grazes the
channel wall with its long axis oriented nearly parallel to the
wall. Due to the repulsive hydrodynamic interaction (i.e.,
the transverse velocity induced by the wall), the spheroid begins
to move away from the wall while undergoing anticlockwise
rotation. This drift causes the spheroid to approach the oppo-
site wall, where it is again repelled while rotating clockwise,
eventually returning to the first wall. Thus, over one full cycle,
the spheroid spans the entire channel width, with its orienta-
tion oscillating between angles less than and greater than 1801.
In contrast, during a reversing trajectory (Fig. 5b), the spheroid
remains near one wall and never crosses the channel centre-
line. In this case, the spheroid approaches the wall with its long
axis nearly perpendicular to it, and hydrodynamic interactions
cause its orientation to oscillate between angles less than and
greater than 901 during each cycle. Thus, although both types of
trajectories are oscillatory, the resulting motions are qualita-
tively different.

The origin of these two types of channel-confined spheroid
trajectories can be understood by examining the corresponding
phase-space dynamics. The velocity vectors in the h–y phase
space for spheroids of two different aspect ratios are shown in
Fig. 5c and d. The phase space is coloured by the angular
velocity Oz. As expected for a low–Reynolds-number system,

the phase-space trajectories form closed loops, consistent with
the oscillatory motion of the spheroid in the channel. With
these phase portraits, we can identify the origin of the two
distinct classes of trajectories.

The first type of trajectory are closed loops centred about
h/L = 0.5 and y = 1801 (marked K in the figures); this set
corresponds to the glancing trajectories. Glancing trajectories
of opposite sense of rotation are centred at 01 (or 3601 equiva-
lently). These trajectories occupy the entire width of the chan-
nel, thus crossing the channel centreline where the angular
velocity changes sign. Glancing occurs when a spheroid
approaching the bottom (or top) wall with its long axis nearly
parallel to the wall undergoes anticlockwise (clockwise) rota-
tion and subsequently drifts toward the opposite wall. There
exist infinitely many glancing trajectories, each individual
trajectory is uniquely determined by the initial position and
orientation of the spheroid.

The second type, the reversing trajectories are sandwiched
between the glancing trajectories. They are closed loops,
centred around values of h/L close to either the top or bottom
wall at y = 901 (marked % in the figures). They occupy at most
one half of the channel width. A pair of reversing trajectories
with opposite sense of rotation exists symmetrically about
the channel centreline (on either side of the symbol ’).
An equivalent pair is centred about y = 2701.

In general, the reversing trajectories are more skewed in
phase space compared to the glancing trajectories. Importantly,

Fig. 5 Schematic representation of (a) glancing and (b) reversing spheroid. The dotted line represents the channel centreline. The instantaneous
orientation, indicated by the arrow ê, is provided as a visual guide to illustrate the angular rotation of the spheroid. Glancing (reversing) trajectories span
the full (half) channel width, with the spheroid approaching each wall almost parallel (perpendicular) to it. (c) and (d) Velocity vectors in the h–y phase
space for a spheroid of aspect ratio b/a E 0.36 and b/a E 0.7. h is normalised by the channel width L and y is given in degrees (1). The background is
coloured with the angular velocity; Oz 4 0 corresponds to anti-clockwise rotation. Black vector arrows indicate the direction of the velocity of the
spheroid in the phase space. The fixed points are highlighted with different markers (see text). In each figure, the inaccessible areas due to the finite size of
the spheroid is coloured in grey.
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these qualitative features are independent of the spheroid
aspect ratio (see Fig. 5c and d). Thus, glancing and reversing
trajectories are intrinsic characteristics of channel-confined,
force-driven spheroidal particles.

The end-on configuration of a prolate spheroid translating
along the centreline of the channel (h/L = 0.5, y = 01), discussed
in Section 4.2, forms the centre of the glancing trajectories.
This configuration corresponds to a neutrally stable point in
the phase space. In addition to this, the phase space contains a
pair of additional, neutrally stable centres—these are the centre
points of the reversing trajectories—located on either side of
the channel centreline and closer to the top and bottom walls.
On the other hand, the broadside-on configuration at the
channel centreline (h/L = 0.5, y = 901) is a saddle point formed
between the pair of glancing trajectories (of opposite sense of
rotation) and the pair of reversing trajectories (also of opposite
sense of rotation), marked ’ in the figures. Consequently,
the broadside-on state of a channel-confined spheroid at the
centreline, is an unstable configuration; any small perturbation
in position or orientation drives the spheroid away from this
state and into either a glancing or a reversing trajectory.

4.5 Effect of fluid inertia and resulting bifurcations

In the results discussed so far, we have neglected the effects of
fluid inertia and assumed the Stokes regime. We now relax this
assumption and examine the influence of fluid inertia on the
dynamics of a channel-confined spheroid. We fix the aspect ratio
of the prolate spheroid at b/a E 0.51 and vary the Reynolds
number Re. The reported Re is based on the steady state velocity
of the translating spheroid. Note that the quasi-static simulations
cannot be used to study the effect of inertia; we obtain the
complete trajectory of the spheroid using LBM simulations.

The phase-space trajectories in the h–y plane for a channel-
confined spheroid at Re E 0.2 are shown in Fig. 6a. These
trajectories are generated by initialising the spheroid at h E
0.47, close to the channel centreline, and varying the initial
orientations y in the range 901–1801. The initial and final points
are marked with % and } symbols respectively. Unlike the
dynamics in the Stokes regime, the paths that the spheroid

takes in phase-space are no longer closed loops. The glancing
trajectories spiral outward and open up, and as a result, each
glancing trajectory ultimately merges smoothly into a reversing
trajectory. The reversing trajectories, in turn, spiral inward
toward their centre point. Consequently, a spheroid that initi-
ally follows a glancing path will eventually transition into a
reversing trajectory and then relax toward a broadside-on
configuration (y = 901) near either the top or bottom wall.

These qualitative changes arise from the introduction of
fluid inertia. At finite Re, the flow no longer adjusts instanta-
neously to the particle configuration, and inertial forces
develop that break the neutrally stable closed loops character-
istic of Stokes flow. Glancing trajectories experience a net
outward drift away from the centreline, while reversing trajec-
tories experience an inward drift toward orientations near y =
901. As a result, the end-on configuration at the centre point, h/
L = 0.5, y = 1801 loses neutral stability, and the system develops
four stable broadside-on fixed points – two near the upper wall
and two near the lower wall. The saddle node at h/L = 0.5, y =
901 remains an unstable fixed point at this Reynolds number
(Re E 0.2). However, the phase-space structure undergoes
significant changes as Re is increased further.

To systematically examine the influence of fluid inertia, we
consider two initial orientations, y = 1501 and y = 1701 at h/L E
0.47, and vary the Reynolds number Re. The resulting trajec-
tories in the h–y phase space are shown in Fig. 6b and c
respectively. The dynamics exhibit pronounced nonlinearity:
the outward spiralling characteristic of glancing trajectories
and the inward spiralling associated with reversing trajectories
are visible only at relatively small Re. As Re increases beyond
Oð1Þ, additional fixed points emerge, and the trajectories bear
little resemblance to the aforementioned glancing and rever-
sing paths observed in the Stokes regime. At the highest
Reynolds number considered in this study (Re E 5), the
spheroid rapidly settles into a stable broadside-on configu-
ration at the channel centreline (h/L = 0.5, y = 901), similar to
that of an unconfined spheroid.32–36 Thus, even modest levels
of inertia can fundamentally alter the topology of the phase
space and promote stable broadside-on alignment.

Fig. 6 (a) Phase space trajectories of the spheroid at Re E 0.2. The trajectories are obtained by initialising the spheroid at h/L E 0.47 and y varied in
901–1801. Phase space trajectories of the spheroid at various Re (b) for initial orientation y = 1501 and (c) initial orientation y = 1701 for initial h/L E 0.47.
In each figure, the initial and final points are highlighted with % and } respectively. The final point corresponds to the last data point obtained in the
simulation lasting 6 � 106 iteration steps, and may not necessarily correspond to a fixed point.
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To map the dependence of the stable fixed points on the
Reynolds number, we construct the bifurcation diagram shown
in Fig. 7. The plot corresponds to a prolate spheroid of aspect
ratio b/a E 0.51, and in this diagram the final equilibrium
position, denoted by (hf/L) is plotted as a function of the
Reynolds number Re. The diagram is obtained by initialising
the spheroid at various positions (h/L) across the channel width
and allowing it to evolve to its steady state. For Re4Oð1Þ a
single stable solution exists at hf/L = 0.5, corresponding to
broadside-on translation at the channel centreline. In contrast,
for small Reynolds numbers ReoOð1Þ, this centreline state is
unstable, and stable broadside-on motion occurs near the
channel walls. This transition indicates the presence of a
bifurcation at Re 	 Oð1Þ. A detailed characterisation of the
mathematical nature of this bifurcation requires further analy-
tical and numerical investigation and is beyond the scope of the
present work.

The presence of spiralling trajectories in the phase space
indicates that fluid inertia also breaks the symmetry in the
translational and angular kinematics of the spheroid with
respect to the channel centreline. The extent of asymmetry is
proportional to the Reynolds number Re. We find that both
components of translational velocity and the angular velocity,
Ux, Uy and Oz are visibly not symmetric with respect to the
channel centreline when quasi-static simulations are per-
formed at Re 	 Oð0:1Þ. With regard to the final configuration
of the particle, previous studies have shown that fluid-inertia-
induced torque on non-spherical particles cannot be neglected
even at Reynolds numbers much smaller than unity.36,71

The preferred orientation of a translating spheroid due to
finite inertia is at y = 901, i.e., the broadside-on configu-
ration.2,33–36,44,72 Our results show that, even in confinement
this result holds; but the location of the equilibrium positions
can be either at the channel centreline or near the walls
depending upon Re as shown in Fig. 7. Hence, the approximate
results obtained by Mitchell and Spagnolie31 which account for
the wall induced hydrodynamic interaction can be substantially

altered due to the presence of a small but finite Reynolds
number.

5 Conclusions

Anisotropic particles appear widely in soft-matter systems and
complex fluids, and even in simple Newtonian fluids they
exhibit remarkably rich dynamics. In this work, we used lattice
Boltzmann simulations to examine the motion of a force-driven
spheroid and complemented these simulations with an analy-
tical approach based on the superposition principle and far-
field hydrodynamics. By systematically varying the particle
shape, degree of confinement, and fluid inertia, we demon-
strated how each of these factors influences the particle
dynamics.

In unconfined conditions, we found that the shape corres-
ponding to the maximum translational velocity for a fixed
particle volume is not a sphere. Instead, the highest velocity
occurs for a prolate spheroid of aspect ratio b/a E 0.512 in an
end-on configuration and for an oblate spheroid of aspect ratio
b/a E 1.514 in a broadside-on configuration. A similar
trend persists in confined geometries, where the optimal shape
typically corresponds to oblate spheroids. When a spheroid
is placed at an off-centre position or orientation within the
channel, transverse and angular velocities are generated,
and the coupling between translation and rotation produces
oscillatory trajectories. Two distinct types of oscillatory
dynamics—glancing and reversing—were identified. In a glan-
cing trajectory, the spheroid oscillates between the two channel
walls with its long axis nearly parallel to the wall near each
encounter. In contrast, reversing trajectories are confined to
one half of the channel width, with the spheroid approaching
the wall in a broadside-on configuration.

These oscillatory motions appear as initial-condition–depen-
dent closed loops in phase space under Stokes flow. However,
the inclusion of fluid inertia breaks these closed loops. At small
but finite Reynolds numbers, glancing trajectories spiral out-
ward and merge into reversing trajectories, which spiral inward
toward a fixed point corresponding to a broadside-on orienta-
tion near the walls. As the Reynolds number increases further,
the phase-space structure undergoes dramatic changes: new
fixed points emerge, existing ones change stability, and the
overall dynamical landscape becomes more intricate. We have
characterised these transitions using a bifurcation diagram.
While our study is primarily computational, it highlights the
need for future investigations from a nonlinear dynamical
perspective to fully unravel the complexity of this system.

In summary, our work reveals the rich and intricate
dynamics associated with the classical problem of a force-
driven spheroid in a confined channel. Further analytical and
numerical studies are needed to fully understand the nonlinear
behaviour uncovered here. Nevertheless, our systematic analy-
sis offers predictions that can be readily tested in microfluidic
experiments and provides guidance for optimising the shape of
drug-delivery particles, illustrating the broad possibilities that

Fig. 7 The bifurcation diagram shows effect of Re on the final position
along the channel width (hf/L). The stable (unstable) points are indicated by
filled (open) symbols.
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nonspherical particles bring to applications in transport
and design.
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52 T. Krüger, H. Kusumaatmaja, A. Kuzmin, O. Shardt, G. Silva

and E. M. Viggen, The Lattice Boltzmann Method: Principles
and Practice, Springer, 2017.

53 P. L. Bhatnagar, E. P. Gross and M. Krook, Phys. Rev., 1954,
94, 511–525.

54 R. Adhikari, K. Stratford, M. E. Cates and A. J. Wagner,
Europhys. Lett., 2005, 71, 473–479.

55 G. Strang, Introduction to linear algebra, SIAM, 2022.
56 N.-Q. Nguyen and A. Ladd, Phys. Rev. E: Stat., Nonlinear, Soft

Matter Phys., 2002, 66, 046708.
57 F. Zhao and B. Van Wachem, Acta Mech., 2013, 224,

2331–2358.
58 F. Zhao and B. Van Wachem, Acta Mech., 2013, 224,

3091–3109.
59 B. van Wachem, M. Zastawny, F. Zhao and G. Mallouppas,

Int. J. Multiphase Flow, 2015, 68, 80–92.
60 G. A. Voth and A. Soldati, Annu. Rev. Fluid Mech., 2017, 49,

249–276.
61 F.-G. Fan and G. Ahmadi, J. Aerosol Sci., 1995, 26, 813–840.
62 S. Wakiya, J. Phys. Soc. Jpn., 1957, 12, 1130–1141.
63 G. R. Carmichael, Ind. Eng. Chem. Process Des. Dev., 1982, 21,

401–403.
64 M. Pourali, N. O. Jaensson and M. Kröger, J. Fluid Mech.,
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