https://doi.org/10.1017/jfm.2025.64 Published online by Cambridge University Press

J. Fluid Mech. (2025), vol. 1007, A33, doi:10.1017/jfm.2025.64

o~ = \-.“- -

oo S esh o

2 \ \';x,;\ Q}?
9 c ’:"@; %4

Principles of hydrodynamic particle
manipulation in internal Stokes flow

Xuchen Liu', Partha Kumar Das' and Sascha Hilgenfeldt]

IDepartment of Mechanical Science and Engineering, The Grainger College of Engineering, University of
[llinois Urbana-Champaign, Urbana, IL 61801, USA

Corresponding author: Sascha Hilgenfeldt, sascha@illinois.edu

(Received 11 September 2024; revised 14 November 2024; accepted 9 January 2025)

Manipulation of small-scale particles across streamlines is the elementary task of
microfluidic devices. Many such devices operate at very low Reynolds numbers and
deflect particles using arrays of obstacles, but a systematic quantification of relevant
hydrodynamic effects has been lacking. Here, we explore an alternative approach,
rigorously modelling the displacement of force-free spherical particles in vortical Stokes
flows under hydrodynamic particle-wall interaction. Certain Moffatt-like eddy geometries
with broken symmetry allow for systematic deflection of particles across streamlines,
leading to particle accumulation at either Faxen field fixed points or limit cycles. Moreover,
particles can be forced onto trajectories approaching channel walls exponentially closely,
making possible quantitative predictions of particle capture (sticking) by short-range
forces. This rich, particle-size-dependent behaviour suggests the versatile use of inertia-
less flow in devices with a long particle residence time for concentration, sorting or
filtering.

Key words: microfluidics, particle/fluid flows

1. Introduction

Controlled manipulation of small particles in suspension is crucial in fundamental research
and applications such as biomedical and biochemical processing (Ateya et al. 2008;
Nilsson et al. 2009), disease diagnostics and therapeutics (Gossett ef al. 2010; Puri &
Ganguly 2014), drug discovery and delivery systems (Dittrich & Manz 2006; Nguyen
et al. 2013), self-cleaning and antifouling technologies (Callow & Callow 2011; Kirschner
& Brennan 2012). The essence of particle manipulation is to drive the particles across
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streamlines, making them follow specific pathlines (trajectories) distinct from the fluid
elements based on their properties.

Microfluidic particle manipulation aims at transportation, separation, trapping and
enrichment (Sajeesh & Sen 2014; Lu et al. 2017) and can be achieved through various
approaches. Many techniques exploit certain particles’ response to external forces, e.g.
electrical (Xuan 2019), optical (Lenshof & Laurell 2010) and magnetic (Van Reenen
et al. 2014) techniques. However, not all particles of interest will be susceptible to these,
which is why there is a continued interest in manipulation based solely on hydrodynamic
forces (Karimi et al. 2013). Most notably, techniques that use particle inertia have gained
prominence (Di Carlo et al. 2007; Di Carlo 2009; Agarwal et al. 2018) and quantitative
theories have been developed beyond classical equations of motion (Maxey & Riley 1983)
to rigorously describe the effect of inertial forces in both the background flow and the
disturbance flow around the particle (Agarwal et al. 2021; Agarwal 2021). Recent work
by Agarwal et al. (2024) also integrates the important case of acoustofluidic particle
manipulation (Bruus ef al. 2011; Laurell et al. 2007; Friend & Yeo 2011) as a particular
limit of inertial particle manipulation. Despite the description of such forces in simple
flow fields that is now known analytically, many practical cases still lack a fundamental
quantitative theory on how devices based on hydrodynamic effects work.

This also applies to viscous Stokes flow. Even in the absence of inertia, particles
interact hydrodynamically with other particles or large-scale interfaces (walls or fluid-
fluid boundaries), with effective interactions that are notoriously long-ranged (Happel &
Brenner 1965; Brady & Bossis 1988; Pozrikidis 1992; Kim & Karrila 2011, 2013). Early
theoretical efforts by Brady & Bossis (1988) and Claeys & Brady (1989, 1993) show in
general terms that a particle moving in a Stokes flow should never experience surface-
to-surface contact with a boundary (interfaces cannot touch in finite time). However, in
practical situations where Stokes flow around obstacles is used to manipulate particles,
such as deterministic lateral displacement (DLD) (Huang ef al. 2004; McGrath et al.
2014; Zhang et al. 2020), most modelling descriptions assume contact with obstacles and
eschew any proper hydrodynamic modelling. Very recent, more careful studies of the
interaction between non-spherical particles and obstacles in Stokes flow (Li et al. 2024)
describe trajectories without contact while still observing a net displacement effect on the
transported particle. However, that work uses an ad hoc interaction force (Dance et al.
2004) rather than the full hydrodynamic interaction between the particle and the interface.

In all cases, a single encounter of a particle with an obstacle has a very small net effect
on particle position (Li et al. 2024; Das et al. 2024), which is why practical (DLD) set-
ups use forests of pillar obstacles. Therefore, the present work focuses on vortical flows
that enable repeated particle—interface encounters for sizable cumulative effects. In § 2,
we present modelling equations for particle displacement by hydrodynamic interactions
in Stokes flow. In § 3, we quantify the results in analytically known internal Stokes flows,
suggesting novel design strategies for precisely manipulating particles in Stokes flow, from
accumulation to capture. Section 4 provides discussion and conclusions.

2. Hydrodynamic model of particle-wall interaction in Stokes flow

In most microfluidic set-ups, at least a subset of particles placed into the flow will
be located or transported near boundaries, which could be solid (no-slip) or fluid—
fluid interfaces (e.g. immiscible liquids, droplets, bubbles). Generally, the proximity of
a boundary will lead to specific displacements depending on Reynolds number, density
contrast and other parameters. In steady inertial microfluidics the presence of boundaries
and the resulting flow gradients lead to slow inertial migration even at considerable
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Figure 1. Schematic of a particle at (x,, y,) near a flat wall submerged in an arbitrary background flow u.

distances to the boundaries (Segre & Silberberg 1962; Di Carlo 2009), while in oscillatory
inertial microfluidics (such as set-ups using acoustically driven microbubbles) boundary
effects become important in very close proximity and can be approximately treated by
lubrication theory (Thameem et al. 2017; Agarwal et al. 2018). In flow with negligible
inertia, one would expect boundary effects to be longer-range and potentially more
prominent, but the question of whether a practically usable net displacement after an
encounter of a particle with a wall or an obstacle is feasible has not been fundamentally
answered (figure 1).

Different quantities can be targeted in modelling of particles in Stokes flow, particularly
(1) the forces on a particle moving at a given speed, (ii) the forces on a particle held fixed
in a certain location or (iii) the motion of a force-free particle. The latter is our focus
here, as it describes the trajectory of a density-matched particle not subject to external
forces. Progress in describing all three cases has built on a body of literature based on
early pioneering work (Brenner 1961; Goldman et al. 1967b,a).

Generally, studies of force-free particles result in predictions for the deviation of the
particle velocity from the background fluid velocity in which it is embedded, i.e. the
non-passive part of the particle motion. This velocity correction can be decomposed
into effects in the direction parallel to the boundary and in the perpendicular direction.
A comprehensive analysis of the equation of motion of a force-free particle with wall-
normal velocity corrections is given by Rallabandi et al. (2017). Other work has described
wall-parallel velocity corrections far from and near the wall (Ekiel-Jezewska & Wajnryb
2006; Pasol et al. 2011). Here, we derive an original formalism for the displacement of
spherical particles in Stokes flows, expanding on existing work to arrive at an equation
of motion applicable for all particle-wall distances. We demonstrate several modes of
systematic (net) particle displacement across streamlines due to wall interaction effects,
a phenomenon not previously acknowledged widely. While particles can never cross
streamlines in unidirectional Stokes flow (Bretherton 1962), streamline crossing should
generally be expected in the presence of wall-normal flow components. A simple example
is a particle very close to a wall transported in a channel flow undergoing contraction —
the particle cannot stay on its initial streamline without penetrating the wall.

2.1. Moffatt eddies

The ideal test case to quantify boundary effects in a Stokes flow is a flow that is (i)
analytically known and for which (ii) the walls are isolated and flat. We take inspiration
from the classic work of Moffatt (1964): when two rigid flat boundaries form a wedge, a
distant stirring of the fluid will induce a flow consisting of a sequence of vortices shown
in the upper panel of figure 2(a). Moffatt (1964) also describes the special case of zero
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Figure 2. (a) Schematic of Stokes flow in a wedge between rigid boundaries (top) and between parallel plates
(bottom); the source of the fluid motion is a rotating cylinder between the planes. Modified from (Moffatt
1964). (b) The eddy streamline pattern in the latter case, from the symmetric stream function (2.1). Particles
(ap =0.1) follow closed trajectories (coloured) for different particle initial positions.

wedge angle, i.e. a Stokes flow between two parallel plates as sketched in the lower panel
of figure 2(a). We set these two plates at y = +£1.

The Moffatt parallel-plate solution consists of a series of alternating congruent vortices
that take up the height of the channel (figure 2b shows streamline contours) and
whose strength decays exponentially with distance from a stirrer on the far left. The
corresponding stream function v is known analytically (asymptotically far from the stirrer)
and has the form

¥ = (Acosky + By sinky)e <* . 2.1)

The constant A is an overall scale, which can be set to one. In order to fulfil the no-
slip boundary conditions at y =41, B = — cot(k) follows. Additionally, the complex
parameter k = p + ig must satisfy the transcendental equation 2k + sin 2k = 0 (Moffatt
1964). The solution with the smallest positive real part is p & 2.106, g &~ 1.125. Its
symmetry with respect to the centre plane of the channel implies (together with the
time-reversal symmetry of Stokes flow) that a particle released anywhere and deflected
by interaction with one of the walls will experience the opposite deflection when
encountering the other wall so that all trajectories must close and there is no net
displacement of particles. Figure 2(b) shows some examples computed with the deflection
formulae derived in §§2.3 and 2.4, but the statement is true independent of the exact
formalism.

Thus, we focus instead on a different analytical solution of the parallel-plate Moffatt
case whose stream function is antisymmetric in y:

¥ = (Csinky + Dy cos ky)e ¥ (2.2)

Again, we set C =1 and D = —tan(k) to fulfil boundary conditions at y ==+1. The
parameter k must now satisfy the transcendental equation

2k —sin2k=0 (2.3)

and the relevant solution with the smallest positive real part is k = p 4+ ig with p =3.749,
g = 1.384. This flow, with two vortices across the channel, is shown in figure 3(a). The
vortex-to-vortex distance in the x direction is thus & = t/q ~ 2.27, and the damping factor
of the flow speeds in neighbouring vortices is ¢ = ™/ = ¢3! ~ 4950. We will see that
this flow accomplishes permanent net displacements of particles.
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Figure 3. (a) Moffatt eddy flow with pairs of counter-rotating vortices taking up the channel height, from the
antisymmetric stream function (2.2). (b) Wall-parallel flow modification factor f(A) at large A. (c¢) Plot of
f(A) at small A. (d) Example of normal particle velocity as a function of A, for x =1 and a, = 0.1 in the flow
of (a): far from the wall, the model follows the particle-expansion velocity vf: £ from (2.10), while for A < 0.5
(inset) the variable-expansion approach of (2.12) is used.

2.2. Particle velocity in the presence of a wall
In any ambient Stokes flow, the velocity of a spherical particle of radius a, differs from

the background flow velocity u (without walls) by the Faxen correction (Faxén 1922)
evaluated at the particle position x ,, resulting in

2
up F(xp(t) =ulxy(t)) + %”Vzu(xp(t))- (2.4

For finite distances & between the centre of the particle and the wall (cf. figure 1), this
velocity is modified by the presence of the wall. Both particle and fluid inertia are absent,
and the particle trajectory is described by a first-order overdamped dynamical system with
the wall interaction effects as a velocity correction W (h):

dx (1)
dt

We show that in many situations for small a, the wall effect W is perturbative, i.e.
of a higher order than a2. The principle of (2.5) has been acknowledged in the literature
(Brenner 1961; Goldman et al. 1967a,b; O’Neill 1964; O’neill & Stewartson 1967; O’ Neill
1967; Perkins & Jones 1992), but has not been systematically applied for arbitrary &
to determine particle trajectories meant for net displacement. The following subsections
quantify the particle velocity corrections W parallel to and normal to the walls.

=up(t) =up r(xyt)) + Wix,@), h). (2.5)
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2.3. Wall-parallel corrections to the particle velocity

Consider first a force-free sphere embedded in a semi-infinite region bounded by a plane
no-slip wall at y = —1 (cf. figure 1), so that 7 = y 4+ 1. Decomposing the ambient velocity
field u = (u, v), we now focus on corrections Wy to the wall-parallel motion u . This
component of the wall effect is conveniently expressed as a fraction of the Faxen-corrected
velocity, i.e.

2
a
Wi(x, y) =—f(4) (u(x, )+ Vi, y)) (2.6)
where we have replaced 4 by the dimensionless gap measure
h—
A=""% 2.7
ap

representing the surface-to-surface distance relative to the radius of the particle (cf.
Rallabandi et al. 2017; Thameem et al. 2017; Agarwal et al. 2018).

The wall-parallel velocity correction coefficient f(A) has been worked out in detail
for specific cases such as linear shear flow (O’neill 1968; Jeffrey & Onishi 1984; Stephen
Williams et al. 1992; Williams 1994; Chaoui & Feuillebois 2003), quadratic flow (Goren
& O’Neill 1971; Ekiel-Jezewska & Wajnryb 2006; Pasol et al. 2006) or modulated shear
flow (Pasol et al. 2006), with asymptotic expressions available for A — 0 and A — oo.
We note that (i) the wall effects are most prominent for small A and (ii) the linear shear
part of any flow dominates as A — 0. In particular, when A =0 (particle touching the
wall), the sphere has to come to rest.

In order to obtain a uniformly valid expression for f(A), we follow the expansion
approach of Pasol et al. (2011) but modify it to enforce exact matching with known
asymptotic results. For A <« 1, linear shear flow is dominant, and Williams’s near-wall
expression (Williams 1994) must be recovered. Far from the wall, f(A) — cA ™3, where
the positive constant ¢ = O(1) depends on the type of flow (Goldman et al. 1967a; Ghalia
et al. 2016). The exact value of ¢ makes no qualitative difference to the effects explored
here, and we enforce ¢ =5/16 to agree with the far-field asymptote provided by Goldman
et al. (1967a) for linear shear flow.

Appendix A details the derivation leading to the following expression:

B (14 2)*
0.66 + A(3.15+ A(5.06 + A(3.73 + A))) — 0.27(1 + A)* log(A /(1 + A))
(2.8)

’

f(a)=1

employed for all A. Figure 3(b,c) illustrates the agreement with the asymptote at A > 1
(Goldman et al. 1967a) as well as the logarithmic lubrication-theory approach to f =1 at
A — 0 (Stephen Williams ef al. 1992; Williams 1994).

Note that this logarithmic behaviour means that 1 — f only drops to ~0.32 at A = 1074,
which for a typical particle of a, =5 um translates into a subnanometre gap, where
continuum theory breaks down. Thus, in practical situations, f will slow the wall-parallel
motion significantly but never dramatically. Furthermore, by its nature, this wall-parallel
velocity modification is much less important than the wall-normal effect in pushing
particles across streamlines, which is the main focus of the present work.

2.4. Wall-normal corrections to the particle velocity

A general expression for the wall-normal component of the hydrodynamic force on
spherical particles in arbitrary Stokes flows was obtained by Rallabandi et al. (2017),
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employing a quadratic expansion of the background flow around the centre of the
particle:

a’ a?

F, =6npa,[{—Au, —u)—a,B(eL - Vu) + TPC(EleJ_ :VVu) + Tpszu} €L]x,

(2.9)
where e is the unit normal to the wall pointing toward the particle centre and | is
the viscosity of the fluid. Here u, = (u), v,) denotes the velocity of the particle when
employing an expansion around the particle position. The scalar quantities A, B, C and
D are analytically known dimensionless hydrodynamic resistances depending on A. The
first correction term, proportional to A, is due to the translation of the particle relative
to the mean surrounding background flow and is identical to the general expression from
Brenner (1961). The term proportional to B is due to extensional gradients of the flow field.
This contribution is zero for a sphere in an infinite flow field (Happel & Brenner 2012;
Batchelor 1970) but is generally non-zero for a finite distance to the wall. The second
moments of the background flow result in two separate contributions to the force: one
(proportional to C) dependent on the curvature of the background flow velocity normal to
the wall (e1 e : VVu); another (proportional to D) proportional to V2u. This latter term
asymptotes to the Faxen correction as A — oo.

The full analytical expressions for A, B, C and D are given in Rallabandi et al. (2017).
The asymptotic behaviours of A, B, C and D for large separations A > 1 (Ajqrge etc.)
and for small separations A < 1 (Agmqr etc.) are given in Appendix B.

For our case of a force-free particle, we set F1 =0 in (2.5) as well as e = e, (for
the wall at y = 1, respectively. The resulting equation can be solved for the wall-normal
particle velocity v [1: E _ the superscript PE stands for particle expansion as we expand the

background flow around x,(¢). Writing the wall-normal velocity corrections WyjE due to
the presence of both walls at y = +1 separately, we have

v E(xp (1) = v, (X, (1) + Wy (%, (1)) + W, (%, (1)), (2.10)

(D 1 V2
+a, ( A 6) v
and it is understood that A, B, C and D are evaluated at arguments A from (2.7) defined
by h=1=xy, for the walls at y =1, respectively. Note that the last term of (2.11)
explicitly subtracts the Faxen correction so that each W, term vanishes as A — oo.
When the particle approaches a wall closely, we enter the regime of A < 1. In the
wall-parallel direction, we still use the expression for W, from equation (2.6), which
includes the lubrication limit at very small A. However, in the wall-normal direction,
the formalism relying on Taylor expansion of the flow around the particle centre v2£
is not accurate enough to describe the particle motion — this is easily seen because the
predicted particle normal velocity from (2.10) does not vanish when the particle touches
the wall. In Rallabandi et al. (2017), it was shown that for A <« 1, the no-penetration
boundary condition can be enforced by replacing the background flow field in (2.11) by its
quadratic expansion around the point on the wall closest to the particle. However, we find
that this wall-expansion formalism will not smoothly transition to the expression (2.11)
when A ~ 1, because the exponential dependence of the flow field (2.2) with substantial
|k| compromises the accuracy of the quadratic expansion even at relatively short distances
from the wall.

with
B v

C 3%
g2 % 2
“ry 0y

WE(x,(1)) = +a’— — , 2.11)
y P % P2A 8y?|,

X
P P
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Therefore, we generalize and improve the transition to vg E at small A by constructing
the quantity vVE(x, y), the second-order expansion of v(x, y) around variable expansion
points xg = x,, yg = y(yp), i.e.

VE v 1 5 3%V 1 5 3%V
v ) =vE, yE)+ (Y —YE) | +50—-yE) 75| +5;0—xp) —| -
Wly, 2 Y lx, 2 9x~ |y,
(2.12)

We omit the linear in x and mixed terms because these never give non-zero contributions
when evaluated within our formalism. The expansion point must coincide with the nearest
point on the wall when the particle is touching, and with the particle y position as A — 1
to consistently merge into the particle-expansion formalism. Thus, for a wall at y = —1
and a particle at y, we set

YE=1+2(yp —ap). (2.13)
For A < 1, we use this variable expansion point velocity v¥ # instead of v in the evaluation

of particle velocity normal to the wall, resulting in

2

vy Fx, ) =v"F(x,) + %”vzu”(xp) + W/ (xp). (2.14)

Note that the effects of the wall at y = 4-1 are negligible here. The wall correction is now
Xp

D 1
2 2. VE
(2.15)

where the derivatives and resistance coefficients are still evaluated at the particle position.
This formalism smoothly interpolates between no penetration for A < 1 and the second-
order approximation to v£ at A = 1. The eventual particle velocity normal to the wall for
any A is taken to be piecewise:

B v"E

5 C aZvVE
—ap,— ——
A Ay

wVE- _ - 7
y (Xp) ap 2A 8y2 Xp

’

vPE if A>1

S Ry
vp (¥, ¥) {UXE if 0<A<I.

(2.16)

Using equations (2.6), (2.8) and (2.10)—(2.16) in the dynamical system (2.5), we have
thus established a formalism for computing particle trajectories in the presence of channel
wall effects for arbitrary Stokes background flow. To the authors’ knowledge, the present
work is the first to formulate a closed hydrodynamics-based equation of motion for
particles entrained in wall-bounded Stokes flow.

3. Results and discussion
3.1. Particle motion in Moffatt eddy flow

We now use this formalism to discuss the fate of a neutrally buoyant spherical particle
placed in a vortical Moffatt flow. We only briefly mention that the computations confirm
that the symmetric flow field (2.1) induces closed trajectories for any initial condition (see
figure 2b) because of the equal and opposite effects of both walls. As our focus lies on the
permanent displacement of particles, we concentrate in the following on the antisymmetric
flow given by (the real part of) the stream function i of (2.2), with u(x, y) =Ry /0dy),

v(x, y) =R(=(0V¥/0x)).
1007 A33-8
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Without loss of generality, we discuss trajectories of particles placed in the lower half of
the channel, interacting more strongly with the lower wall at y = —1, though the influence
of both walls is taken into account (see (2.10)).

First, it is easy to see that if the flow field (u, v) consists of closed (vortex) streamlines,
the Faxen trajectories given by equation (2.4) must also close. Thus, the Faxen trajectory
field can be interpreted as an altered “incompressible flow field’. For small a, this altered
flow u, F is a perturbation of the Moffatt flow.

Any permanent particle displacement (non-closing trajectories) is thus a result of the
wall correction W, a further perturbation on the reference field u, . Note that while it
is tempting to model only half of the channel and focus on, say, one of the lower half
vortices in figure 3(a) bounded by a no-slip wall at y = —1 and a no-stress wall at y =0,
the disturbance flow from the particle will violate the latter boundary condition. We also
verify that for small enough particles, the results of this approach are indistinguishable
from the formalism for two no-slip walls (see supplementary material).

In an antisymmetric Moffatt eddy, the vortex symmetry is broken in both the x and y
directions so that there is no a priori reason for particles to follow closed trajectories. Let
us first focus on initial conditions inside a clockwise vortex (yellow frame in figure 3a,
isolated in figure 4a). Solving (2.5) for reasonably small particle size (a, <0.2), the
following observations can be made: (i) particles initially placed near the vortex centre
follow trajectories that spiral away from the centre (blue in figure 4a; also see the close-
up of figure 4b); (ii) particles initially placed near the outer edge of the vortex follow
trajectories that spiral inwards (green in figure 4a); and (iii) the spiralling is significantly
slower for smaller a,,.

This suggests the presence of an unstable fixed point near the vortex centre (open circle
in figure 4a) and the existence of a stable limit cycle at a finite distance from the wall
(red in figure 4a). As particles complete cycles in the vortex, the wall encounters have a
cumulative effect that pushes them towards one well-defined closed trajectory, suggesting
the possibility of systematic particle manipulation and accumulation even for force-free
spheres in zero-Re Stokes flow. In what follows, we quantify these effects.

3.2. Particle motion near a Faxen field fixed point

3.2.1. Linear stability analysis
The observed (slow) spiralling away from the fixed point must result from the wall
corrections added to the Faxen field, whose trajectories are closed. Linearizing around
the fixed point of the Faxen field yields quantitative predictions of the spiralling rate.
Note that for a particle of any reasonable size a, < 1 near the fixed-point position (at
y =& —0.5), the gap measure will be A > 1, so that wall effects are accurately described
using the large-A asymptotics of (B1). The leading-order wall correction terms are then
considerably simpler:
W Ca?’ 3.1
x,large(xa y) = (y+1)3uPaF(x’ y), (3.1)

15 a4y v, r(x,y)
16 (y + 1)2 dy
where the constant ¢ can vary depending on the specific flow, but is O(1) (Goldman

et al. 1967a; Ghalia et al. 2016); cf. §2.3. Near the fixed point of the Faxen field, the
Blarge/Alarge term in Wy dominates the others (Blarge/-Alarge = O(a?))s Clarge/Alarge =

O(alsj), Diarge/ Atarge = O(a?,)) and is the only one contributing to O(a?,) in (3.2). This
1007 A33-9
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Figure 4. Particle trajectories near a stable limit cycle. (a) Particles (a, =0.2) spiral out (blue) or spiral into
(green) a stable limit cycle (red) in a clockwise eddy. The open circle indicates the unstable fixed point, squares
indicate the starting points of the particles and stars indicate the end points. (b) Close-up indicating radial
distance of the particle r, () from the fixed point of the Faxen field. (¢) Analytical results for the average of
rp(t) match the solution of the dynamical system (2.10); 7 is defined in (3.10).

term is still of higher a,, order than the Faxen correction so that, in the limit of large A
and small a,, the wall correction is perturbatively small.
We thus linearize (2.5) around the Faxen field fixed point (xz, yr) (given by u, r =0)

and obtain
X X —XF
|:y§j| = Vupl(vayF) |:y _ ))F] . (33)
The matrix Vu,, = A of this dynamical system can be decomposed as
A1=Af+S, (34

where A g is the Jacobian of the Faxen field:

up p(x,y) up px,y)

Afp = (3.5)

dx ay
vy F(x,y) 0vp p(x,y)
ox dy (XF,YF)

and S is due to the wall corrections:
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8Wv3(x,y)) BWxB(x,y))
— X y
§= [awy(x,y)) awy(x,y))} (3.6)
ax dy (xF.yF)
The eigenvalues of A; are
— 1)1 tio, (3.7)

where the real part 1/t is due to the wall correction S only, as the fixed point of the
incompressible Faxen field is a centre.

The imaginary part w; is the angular frequency of the spiralling motion, which
differs only perturbatively from that of the Faxen field, w; = wF + O(af,), where wr =

J/det(AFr). To leading order, the frequency can be evaluated directly from the background
flow, i.e.

dux, y) dv(x, y)  du(x, y) dvx, y) 2

= O@?) = — @ . 3.8

wr =wo + O(ay) \/ 0x oy oy oy T 9@) (3.8)
3.2.2. Analytical prediction of particle spiralling rate

The real part of the eigenvalue (3.7) translates into an exponential growth rate of the radial
distance r), of the particle from (xr, yr),i.e. 1/t =Tr(A1)/2=Tr(S)/2:

1 1 <8Wx,large(xa y) T av‘/'y,large(xa y))

= 3.9
ax ay (39)

T 2

(xF,yF)

Using the simplified wall corrections (3.1) and (3.2), neglecting higher orders of a,
and using incompressibility, we obtain an explicit expression for the characteristic radial
growth rate in terms of the background flow field only:

1 ldr, g du(x, y) 9?v(x, y))
0y?2

Cl
—= —— [ (16c+30)——— - 15(y + 1
T rp dt 32(y+1)3 <( 30 dy o=

(xF.yF)
10)

The resulting particle motion r,(t) = rpoe’/ T from (3.10) with ¢ =5/16 is shown in
figure 3(c), demonstrating excellent agreement with the average numerically determined
distance from the fixed point of the Faxen field (xr, yr) (oscillations are due to the non-
circular shape of the orbit).

Although this spiralling rate will change quantitatively with ¢, any O(1) values of ¢ will
give very similar values of 1/t (choosing ¢ a factor of 2 larger or smaller only changes the
spiralling rate by =12 %). In the following, we use the linear-shear value ¢ =5/16, as it is
the physical choice for particles at smaller A, which we discuss below.

Near the fixed points of different vortices, the expression (3.10) is unchanged except
for overall factors of powers of —¢ (neighbouring vortices having opposite orientation).
Likewise, (3.8) remains valid up to powers of ¢. Thus, a convenient dimensionless measure
for the spiralling trajectories is 8 = |wgt|, valid for all vortices:

0.337
p= oot~ == (3.11)

p

For a, <« 1, the value B >> 1 represents the number of orbits around a Faxen field fixed
point that a particle travels until its radial distance changes significantly. If a, is 0.1, for
instance, such characteristic particle displacement accumulates over about 300 cycles in
the vortex.
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Figure 5. (a) Plot of the zero contour of 1/t together with the stable limit cycle of an a, = 0.1 particle.
The open circle indicates the unstable fixed point. (b) Particle size dependence of stable limit cycle location.
(c) Close-up of limit cycles for a, =0.01, 0.008 showing the bandwidths of uncertainty §; ~ 8 x 1073, 8, ~
8 x 10™*. (d) The minimum gap between the particle and the wall obeys a power law in particle size: A,;, +

1 ag, where o ~ —0.92.

3.3. Particle motion and manipulation in a clockwise vortex

As empirically shown by the red line in figure 3(a), the spiralling out of particles from the
unstable fixed point eventually settles onto an asymptotically closed trajectory (a stable
limit cycle), also reached from initial conditions closer to the wall, resulting in an inward
spiral. As a motivation for the existence of this limit cycle, we compute the real part of
the eigenvalues of the linearized dynamical system in the entire vortex region, i.e. (3.10)
for arbitrary (x, y). Figure 5(a) shows that a particle spiralling out from (xr, yr) at first
encounters only positive rates of radial growth, but then a greater and greater part of the
trajectory is taken up by points with negative growth rate. Eventually, on the limit cycle,
the integral effect of positive and negative growth balances.

How does the limit cycle location depend on particle size? As the spiralling rate
decreases dramatically with smaller a, according to (3.11), direct forward integration of
(2.5) to the limit cycle is very time-consuming. Instead, we adopt a bisection scheme,
integrating from an initial x position until the same x coordinate is reached again,
registering the change Ay in the y coordinate. Iterating between initial conditions of
positive and negative Ay, we find the position of periodic trajectories with great accuracy.
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We plot the stable limit cycle locations for different particle sizes in figure 5(b). Note
that for reasonably small @, even the point of closest approach to the wall has A = A, >
1, so that using the large-A approximations of A, B, Cand D from Appendix B is
quantitatively accurate. As the particle gets smaller, the limit cycle grows, with a minimum
distance A, closer to the wall, though h,,;, decreases very slowly for very small a,.
Due to the exponential x-dependence of the flow field components resulting from (2.2),
we need to control for numerical errors in forward integration. Carefully evaluating (for
a given ap) the limit cycles starting from different initial positions, we obtain a band
of uncertainty around the mean limit cycle. Figure 5(c) shows that this uncertainty &
increases as a, decreases. With the standard numerical accuracy and scheme we used,
uncertainty bands begin to overlap for a, < 0.005. Accurate data for smaller a,, could be
accessed with more powerful algorithms or CPUs, but this is not our focus here. Restricting
ourselves to a, > 0.008, we show hin/ap = Apin + 1 as a function of a, in figure 5(d),
demonstrating an accurate power law (all uncertainties are below the symbol size) of the
form

(Amin +1) xa$, (3.12)

with an exponent o ~ —0.92. Note that A,,;, diverges as a, — 0 so that the A > 1 limit
becomes ever more accurate. Indeed, none of the quantitative results of figure 5(d) change
when the full or asymptotic expressions for the wall effects are used. The scaling implies
Rmin X aZ with 7~ 0.08, confirming the very slow approach of the limit cycles towards
the wall.

For particle sizes relevant to microfluidics, this effect means that there is a practical
boundary for how close to the wall the particles can approach. Taking the characteristic
(half-width) length of the channel to be 50 wm, a I wm particle (a, =0.02) will not
approach the wall any closer than 7.8 wm. Moreover, using the locations of stable limit
cycles to separate particles becomes very difficult for small particles. For practical
situations, the difference between the h,,;, for a 1 wm particle and a 2.5 wm particle is
only 0.7 wm. Separation by size can be further compromised by the presence of Brownian
motion. Using characteristic time scales 7 from (3.11) to estimate positional uncertainty
due to Brownian diffusion, we find that an a;, = 5 um particle is hardly affected, while the
position of a strongly colloidal a;, = 1 wm particle will be spread out over several pm.

Despite these caveats, the ability to concentrate particles on a limit cycle trajectory
without inertial effects purely because of the background flow geometry is of fundamental
interest. It is encouraging that the location of this limit cycle for small particles can be
determined entirely within the large-A approximation, i.e. without the intricate details
of near-wall corrections or lubrication limits. This gives confidence in not only the
qualitative but also the quantitative description of the phenomenon: when placed in certain
bounded vortical Stokes flows, small spherical particles, even when neutrally buoyant, will
eventually accumulate on well-defined closed trajectories.

3.4. Farticle motion and manipulation in a counterclockwise vortex

Any vortex adjacent to a clockwise vortex like the one discussed in §3.2 is
counterclockwise and congruent in geometry. For example, the vortex indicated by the
green frame in figure 3(a) has flow exactly reversed from the yellow-framed vortex (and
a factor ¢ slower). Because of the time reversibility of Stokes flow and the fact that all
wall effects result from the background Stokes flow and its derivatives, the behaviour of
particles on trajectories is also time-reversed. Thus, the fixed point in a counterclockwise
vortex is stable, 1/t changes sign and B stays the same by definition. The limit cycle for
a given a, is unstable but is congruent in shape with the stable cycle discussed before.
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Figure 6. Particle trajectories near an unstable limit cycle. (a) Particles (a, = 0.1) spiral out (orange) towards
the wall or spiral into (purple) a fixed point from an unstable limit cycle (dashed red) in a counterclockwise
eddy. A particular spiralling-out trajectory is shown in blue. The filled circle indicates the stable fixed point,
squares indicate the particle starting points and stars indicate the particle end points. (b) Close-up of the
close approach to the wall of the trajectory from (a). The solid portion of the trajectory shows approximately
exponential thinning of the gap, shown in the semi-logarithmic plot of (c). The black dashed line indicates the
exponential behaviour from the wall-expansion approximation (3.13). The red dot-dashed line corresponds to a
surface-to-surface approach of 5 nm distance for a 5 pmparticle in a channel of 50 pmhalf-width.

Particles spiral inward from the unstable limit cycle towards the fixed points but spiral
outward when placed outside the limit cycle (figure 6a). The latter case is of prime interest
because it allows particles to approach the wall more and more closely. As the gap between
particle and wall diminishes, any short-ranged intermolecular attractive force (e.g. van
der Waals force) whose reach is often in the nanometre range (Hirschfelder et al. 1954;
Batsanov 2001) can take over and lead to attachment (sticking) of the particle to the wall.
This general mechanism (hydrodynamics allowing a particle to get close enough to a wall
to stick by short-ranged attraction) has been acknowledged before (Friedlander et al. 2000;
Humphries 2009), but the case discussed here allows for quantitative predictions.

Figure 6(b) exemplifies a particle trajectory that approaches very close to the wall, with
a nearly normal initial approach and a subsequent piece of trajectory nearly parallel to the
wall. Here, A < 1 characterizes the trajectory and this is the only scenario in the present
work where the variable expansion method for particle normal velocity (2.15) is necessary.
The semi-logarithmic plot versus time in figure 6(c) shows that the ‘near-parallel’ portion
contains a stretch of approximately exponential decay of the (relative) gap A. Indeed,
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this behaviour follows from a series to leading order in small A of (2.15), i.e. the wall-
expansion limit of yg — —1. Here, (2.14) simplifies to

dA
e 1.6147a,k(x)A, (3.13)

where «(x) = 8%v / ay2(x, —1) is the background flow curvature at the wall, and the
prefactor was first derived in Goren & O’Neill (1971) and confirmed in Rallabandi
et al. (2017). The trajectory part showing the exponential approach (the solid portion in
figure 6b,c) indicates slow motion in the x direction, so that x (x) is nearly constant. We
fix the x value as that of the turning point (point of maximum curvature) of the trajectory,
here x ~ 0.991. Using this value in (3.13) gives an exponential behaviour (dashed line in
figure 6¢) in good agreement with the approach of the trajectory to the wall. This behaviour
remains robust to changes of the exact modelling of the expansion point locations yg in
(2.13).

This exponential approach to a wall accords with the general derivations of Brady et al.,
showing that the gap between solid surfaces in Stokes flow can never vanish in finite time
(Brady & Bossis 1988; Claeys & Brady 1989, 1993). In a practical situation, the rapidly
decaying gap width leads to sticking by short-range interaction at a well-defined position
after a well-defined time. If figure 6(c) pertains to a microfluidic situation exemplified
by a channel half-width of 50 wm and a particle radius of 5 wm, the red dashed line
indicates a gap of 5nm between particle and wall, at the low end of the typical range
of van der Waals forces (Israelachvili 1974). The particle can, therefore, be expected to
stick at a time and location entirely determined by the geometry of the background flow.
Thus, we demonstrate here how, in a pure Stokes flow, particles can be driven towards
boundaries and forced to stick to a wall in predictable locations. Note that conceptually,
a counterclockwise vortex allows for the concentration of randomly distributed particles
in two locations: the stable fixed point near the centre of the vortex and the well-defined
small region of wall sticking. Both alternatives provide practically relevant protocols for
filtering in microfluidic devices. Particles placed inside the unstable limit cycle will be
concentrated at the fixed point, while particles placed outside the unstable limit cycle will
be deposited onto a surface.

Our single-particle formalism implicitly assumes the limit of dilute particle
concentration in a microfluidics application. Including effects of particle—particle
interaction is a desirable future extension of this approach in order to assess non-inertial
effects in particle-laden flows important to practical applications (Guha 2008).

4. Conclusions

We have quantitatively shown that force-free particles placed in an internal Stokes flow can
be systematically displaced in a variety of ways through purely hydrodynamic interactions
with the enclosing walls. Since a particle cannot contact a wall in finite time, a typical
trajectory has a portion of approaching the wall and a portion of receding, governed by the
background flow and the wall corrections derived from it. If the approaching and receding
parts of the flow are symmetric, displacement effects off a streamline will cancel out. Thus,
a Stokes flow that induces net particle displacement must break wall-parallel symmetry.
For practical use, vortical flows are advantageous, where the effects of many
approaching/receding events can accumulate. However, if the vortex is symmetrically
confined between walls, the net displacement effects induced by both walls will again
cancel, and the particle trajectory must close. For net cumulative displacement, the vortex
must, therefore, break wall-normal symmetry as well, for example by being confined
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between no-slip and no-stress boundaries. A net-transport internal Stokes flow thus breaks
symmetries in both directions by particle-wall interactions, which act as perturbations
on the Faxen flow trajectories. This is in agreement with recent experimental results that
record permanent displacements of fibres passing by obstacles of symmetry-broken shape
(Li et al. 2024). For such non-spherical particles (whether rigid or elastic), the effect of
a single particle-boundary encounter could be much enhanced, as the wall effects affect
different parts of the particle differently, and the overall torque balance will influence the
resulting displacement. The study of this case will be the subject of future work.

Our formalism predicts how the particles approach or recede from fixed points at the
centre of the vortices, and how the particles accumulate at stable limit cycles, whose
locations are dependent on particle size. When placed in certain bounded vortical Stokes
flows, small spherical particles, even when neutrally buoyant, will eventually accumulate
on well-defined closed trajectories. In practical applications, the accumulated particles
can be induced to aggregate or react with each other. We can also predict how particles
move away from unstable limit cycles towards boundaries. Generically, such trajectories
must eventually lead to exponential thinning of the fluid layer between particle and wall.
Thus, submicrometre distances are reached, leading to sticking in predictable locations by
short-range forces. Such adhesion to walls in Stokes flows adds a simple and controllable
tool to studies of sticking phenomena, which have been investigated for some time.
Researchers have investigated particles captured, filtered and deposited on surfaces in low-
Reynolds flow by short-range interactions with the wall when approaching (Arias-Zugasti
et al. 2019; Espinosa-Gayosso et al. 2012). Applications include fibre filtration (Tien
et al. 1977; Myojo et al. 1984) and fog meshes (Park et al. 2013) inspired by moisture-
collecting desert beetles (Parker & Lawrence 2001; King et al. 2022). This is also related
to the functionality of facemasks in the recent COVID-19 pandemic (Howard et al. 2021).
However, most of the work emphasizes the dependence of particle deposition probabilities
on the finite Stokes number in the flow, while few studies focus on the Stokes flow regime
or acknowledge that any filtration effect is possible in this limit.

Let us estimate the rate of particle drift across streamlines in dimensional terms. Taking
the length scale (channel half-width) as H = 50 wm, we want to ensure that the channel

Reynolds number Re = HU /v for aqueous solutions (v ~ 107° mzs_l) is less than 1072
along the particle trajectories, even in regions of the highest speed U. Given this constraint
and assuming a, = 5 um, the time scale t from (3.10) is ~ 57 s so that a significant radial
displacement is expected on a time scale of minutes. For larger particles, this time scale
decreases rapidly ( a;3), and the process can also be sped up by using a solution of
higher viscosity.

The Moffatt eddy flow discussed here is convenient because of its closed analytical
form. However, it would be extremely difficult to set up experimentally due to the
exponential decay of the flow speed with x and the need to drive the flow far away
from the field of view. The exponential dependence of speed on coordinates also makes
the Reynolds number constraint for Stokes flow extremely stringent. Nevertheless, the
principles of displacement and the scaling of the wall effects are not specific to this
flow and will be robust in any symmetry-breaking vortical Stokes flow, and the modelling
equations for the crucial wall-normal displacement such as (2.11) and (2.15) are valid for
arbitrary background flow.

Cavity flows are a class of vortical flows that are practically used in microfluidic devices
at low and vanishing Reynolds numbers. In the Stokes limit, they can be expressed as
infinite sums of Moffatt solutions (Shankar 1993; Shankar & Deshpande 2000) and can be
driven by rotating cylinders (Hellou & Coutanceau 1992; Hellou 2001) or by superimposed
transport flows (Hellou & Bach 2011). Because of the linearity of the Stokes equations
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and the velocity corrections, such flows do not pose principal difficulties to the present
formalism. These finite-domain modifications of Moffatt’s solutions have a less severe
ratio of driving velocity to the eddy velocity scale (the analogue of /%), and it is thus
much easier to fulfil the conditions of small Re.

It is instructive to compare the scaling of the migration velocity of small particles far
from the wall (A > 1) with that of approaches using particle inertia. In a number of
approaches quantifying the effect of steady inertia (Ho & Leal 1974; Schonberg & Hinch
1989; Asmolov & McLaughlin 1999; Di Carlo et al. 2007; Hood et al. 2015) the migration
speed for force-free particles is proportional to a>, the same scaling as our result (3.2).
In approaches using oscillatory inertia (Agarwal et al. 2021,2024), the scaling varies from
a> for small Stokes number to af, for large Stokes number. Thus, the strictly non-inertial
effects described in the present work show scaling equal to or even more favourable than
inertial techniques for small particles. It should be noted that at low (non-zero) Re the
walls of a microfluidic device will almost always be close enough to the particle to enable
modelling as in Ho & Leal (1974) or Hood et al. (2015), i.e. the effects of inertia at large
distances are not present. This is why Saffman lift (Saffman 1965), an unbounded-flow
effect, should not be directly compared with these results.

In closing, we note that oscillatory-flow microfluidic set-ups used for fast particle
manipulation often result both in inertial forces on particles (Agarwal ef al. 2021,2024) and
in the generation of steady vortical streaming flow of low Reynolds number (Rallabandi
etal. 2014; Thameem et al. 2017; Rallabandi er al. 2017). The effects discussed in
the present work can thus be exploited and optimized together with inertial effects,
leading to better protocols for the accumulation, concentration, deflection and sorting of
microparticles.

Supplementary movie. Supplementary movie is available at https://doi.org/10.1017/jfm.2025.64.
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Appendix A

To get the shear coefficient of the particle parallel velocity f(A), we start with the form
from Pasol et al. (2011):

A)=1-—|1-alog|1 ! b ! b Ly

far=1- —“g(—m)— (m)—(m>
I 1
—l’3(1+—A) *’4(@” |

We take a series expansion of f(A) as A — oo to the order A3:

—a+by  a*+a(3—2b)—b +b+b

f(a)=-

A A2
—a® + by —2b3 + b3 + a*(=143by) — 2by +2b1by — $a(1 — 9by + 9b? + 6by)+ bs
_ =
+H.O.T.
(A2)
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According to Goldman et al. (1967a) as A — oo, f(A)~1— %A‘3, which means that
the order A~! and A~2 must vanish, resulting in

1
i =0 a2+a<5_zb1)_b1+b%+b2=o, (A3)

so that b1 = a and by = a/2. With b1 and b, substituted, matching with Goldman’s large- A
asymptotic expression obtains

b= 4 (A4)
Ti6 3
We then take a series expansion of f(A) as A — 0 to leading order:
2
A)=~1 . A5
FA) +3a+2(—1+b3—|—b4)+2a log(A) (A5)
. 1y ~1 1 .
According to Williams (1994) as A — 0, f(A) ~1 0:66-0269 Tog( 125 By matching all
the parameters, we obtain a = 0.269 and
1
3 (=3a —2(—1+ b3+ by)) =0.66. (A6)

Combined with equations (A4) and (A6), this determines b3 = —0.223 and b4 = 0.159.
All parameters of (A1) are now specified, and the result is equation (2.8).

Appendix B
The scalar quantities A, B, C and D are dimensionless hydrodynamic resistances
depending on A. The analytical expressions for A, B, C and D are given (as infinite sums)
in Rallabandi et al. (2017). For large separations (A >> 1), one obtains four hydrodynamic
resistances at leading order:

9 1 15, 21 5 1 3

-Alarge =1+ gA_ Blarge = EA_ Clarge = ﬁA_ Dlarge = § + gA_(Bl)

The ratios used in the equations for velocity corrections are, to leading order,

Blarge ~ EA_Z Clarge ~ gA_3 Dlarge Nl
Alarge 16 ' Alarge 32 ' -Alarge 3

For small separations (A < 1), one obtains four hydrodynamic resistances to leading
order:

(B2)

1 4
Asman = A7+ S log AT 409713, Bguar=A"'— S log A~ 4+0.3070,
(B3)
14
Comar1 = A1 — 5 log A1 437929, Dy =log A™' —0.9208 .

These results can be used to obtain the numerical prefactor of the wall-expansion limit
equation (3.13).

REFERENCES

AGARWAL, S. 2021 Rectified inertial forces on spherical particles in oscillatory fluid flows near interfaces.
PhD thesis, University of Illinois Urbana-Champaign.

AGARWAL, S., CHAN, F.K., RALLABANDI, B., GAZZOLA, M. & HILGENFELDT, S. 2021 An unrecognized
inertial force induced by flow curvature in microfluidics. Proc. Natl Acad. Sci. 118 (29), €2103822118.

1007 A33-18


https://doi.org/10.1017/jfm.2025.64

https://doi.org/10.1017/jfm.2025.64 Published online by Cambridge University Press

Journal of Fluid Mechanics

AGARWAL, S., RALLABANDI, B. & HILGENFELDT, S. 2018 Inertial forces for particle manipulation near
oscillating interfaces. Phys. Rev. Fluids 3 (10), 104201.

AGARWAL, S., UPADHYAY, G., BHOSALE, Y., GAZZOLA, M. & HILGENFELDT, S. 2024 Density-contrast
induced inertial forces on particles in oscillatory flows. J. Fluid Mech. 985, A33.

ARIAS-ZUGASTI, M., ROSNER, D.E. & FERNANDEZ DE LA MORA, J. 2019 Low reynolds number capture of
small particles on a cylinder by diffusion, interception, and inertia at subcritical stokes numbers: numerical
calculations, correlations, and small diffusivity asymptote. Aerosol Sci. Technol. 53 (12), 1367-1380.

AsSMOLOV, E.S. & MCLAUGHLIN, J.B. 1999 The inertial lift on an oscillating sphere in a linear shear flow.
Intl J. Multiphase Flow 25 (4), 739-751.

ATEYA, D.A., ERICKSON, J.S., HOWELL, P.B., HILLIARD, L.R., GOLDEN, J.P. & LIGLER, F.S. 2008 The
good, the bad, and the tiny: a review of microflow cytometry. Anal. Bioanal. Chem. 391 (5), 1485-1498.
BATCHELOR, G.K. 1970 The stress system in a suspension of force-free particles. J. Fluid Mech. 41 (3),

545-570.

BATSANOV, STEPAN S. 2001 Van der waals radii of elements. Inorg. Mater. 37 (9), 871-885.

BRADY, J.F. & B0ssIs, G. 1988 Stokesian dynamics. Annu. Rev. Fluid Mech. 20 (1), 111-157.

BRENNER, H. 1961 The slow motion of a sphere through a viscous fluid towards a plane surface. Chem. Engng
Sci. 16 (3-4), 242-251.

BRETHERTON, F.P. 1962 The motion of rigid particles in a shear flow at low reynolds number. J. Fluid Mech.
14 (2), 284-304.

Bruus, H., DuAL, J., HAWKES, J., HILL, M., LAURELL, T., NILSSON, J., RADEL, S., SADHAL, S.
& WIKLUND, M. 2011 Forthcoming lab on a chip tutorial series on acoustofluidics: acoustofluidics-
exploiting ultrasonic standing wave forces and acoustic streaming in microfluidic systems for cell and
particle manipulation. Lab Chip 11 (21), 3579-3580.

CALLOW, J.A. & CALLow, M.E. 2011 Trends in the development of environmentally friendly fouling-
resistant marine coatings. Nat. Commun. 2 (1), 244.

CHAOUIL M. & FEUILLEBOIS, F. 2003 Creeping flow around a sphere in a shear flow close to a wall. Q. J.
Mech. Appl. Maths 56 (3), 381-410.

CLAEYS, I.LL. & BRADY, J.F. 1989 Lubrication singularities of the grand resistance tensor for two arbitrary
particles. Physico-Chem. Hydrodyn. 11 (3), 261-293.

CLAEYS, I.L. & BRADY, J.F. 1993 Suspensions of prolate spheroids in stokes flow. part 1. dynamics of a finite
number of particles in an unbounded fluid. J. Fluid Mech. 251, 411-442.

DANCE, S.L., CLIMENT, E. & MAXEY, M.R. 2004 Collision barrier effects on the bulk flow in a random
suspension. Phys. Fluids 16 (3), 828-831.

Das, P.K., Liu, X. & HILGENFELDT, S. 2024 Controlled hydrodynamic manipulation of particles in non-
inertial flows. arXiv: 2311.15772.

D1 CARLO, D. 2009 Inertial microfluidics. Lab Chip 9 (21), 3038-3046.

D1 CarLo, D., DINoO, I., DANIEL, T., RONALD, G. & TONER, M. 2007 Continuous inertial focusing,
ordering, and separation of particles in microchannels. Proc. Natl Acad. Sci. 104 (48), 18892-18897.

DITTRICH, P.S. & MANZ, A. 2006 Lab-on-a-chip: microfluidics in drug discovery. Nat. Rev. Drug Discov.
5 (3), 210-218.

EKIEL-JEZEWSKA, M.L. & WAJINRYB, E. 2006 Accuracy of the multipole expansion applied to a sphere in a
creeping flow parallel to a wall. Q. J. Mech. Appl. Maths 59 (4), 563-585.

ESPINOSA-GAYOSSO, A., GHISALBERTI, M., IVEY, G.N. & JONES, N.L. 2012 Particle capture and low-
reynolds-number flow around a circular cylinder. J. Fluid Mech. 710, 362-378.

FAXEN, H. 1922 Der widerstand gegen die bewegung einer starren kugel in einer zidhen flissigkeit, die
zwischen zwei parallelen ebenen winden eingeschlossen ist. Annalen der Physik 373 (10), 89-119.

FRIEDLANDER, S.K. et al. 2000 Smoke, Dust, and Haze. Vol. 198. Oxford University Press New York.

FRIEND, J., YEO, L.Y. 2011 Microscale acoustofluidics: microfluidics driven via acoustics and ultrasonics.
Rev. Mod. Phys. 83 (2), 647-704.

GHALIA, N., FEUILLEBOIS, F. & SELLIER, A. 2016 A sphere in a second degree polynomial creeping flow
parallel to a plane, impermeable and slipping wall. Q. J. Mech. Appl. Maths 69 (4), 353-390.

GOLDMAN, A.J., Cox, R.G. & BRENNER, H. 1967a Slow viscous motion of a sphere parallel to a plane
wall-ii couette flow. Chem. Engng Sci. 22 (4), 653-660.

GOLDMAN, A.J., CoX, R.G., BRENNER, H. 1967b Slow viscous motion of a sphere parallel to a plane wall-i
motion through a quiescent fluid. Chem. Engng Sci. 22 (4), 637-651.

GOREN, S.L., O’NEILL, M.E. 1971 On the hydrodynamic resistance to a particle of a dilute suspension when
in the neighbourhood of a large obstacle. Chem. Engng Sci. 26 (3), 325-338.

1007 A33-19


https://doi.org/10.1017/jfm.2025.64

https://doi.org/10.1017/jfm.2025.64 Published online by Cambridge University Press

X. Liu, PK. Das and S. Hilgenfeldt

GOSSETT, D.R., WEAVER, W.M., MACH, A.]J., HUR, S.C., TSg, H.T.K., LEE, W., AMINI, H., DI CARLO,
D. 2010 Label-free cell separation and sorting in microfluidic systems. Anal. Bioanal. Chem. 397 (8),
3249-3267.

GUHA, A. 2008 Transport and deposition of particles in turbulent and laminar flow. Annu. Rev. Fluid Mech.
40 (1), 311-341.

HAPPEL, J. & BRENNER, H. 1965 Low Reynolds Number Hydrodynamics: With Special Applications to
Particulate Media. Prentice-Hall.

HAPPEL, J. & BRENNER, H. 2012 Low Reynolds Number Hydrodynamics: with Special Applications to
Particulate Media. Vol. 1. Springer Science & Business Media.

HELLoU, M. 2001 Sensitivity of cellular stokes flow to geometry. Eur. J. Phys. 22 (1), 67-717.

HELLOU, M., BACH, T.D.P. 2011 Stokes flow in a junction of two-dimensional orthogonal channels. Zeitschrift
fiir Angewandte Mathematik Und Physik 62 (1), 135-147.

HELLOU, M., COUTANCEAU, M. 1992 Cellular stokes flow induced by rotation of a cylinder in a closed
channel. J. Fluid Mech. 236, 557-577.

HIRSCHFELDER, J.O. et al. 1954 Molecular theory of gases and liquids, Vol. 1964. Wiley New York.

Ho, B.P., LEAL, L.G. 1974 Inertial migration of rigid spheres in two-dimensional unidirectional flows.
J. Fluid Mech. 65 (2), 365-400.

Hoob, K., LEE, S., ROPER, M. 2015 Inertial migration of a rigid sphere in three-dimensional poiseuille flow.
J. Fluid Mech. 765, 452—479.

HOWARD, J. et al. 2021 An evidence review of face masks against covid-19. Proc. Natl Acad. Sci.
118 (4), e2014564118.

Huang, L.R., Cox, E.C., AUSTIN, R.H., STURM, J.C. 2004 Continuous particle separation through
deterministic lateral displacement. Science 304 (5673), 987-990.

HUMPHRIES, S. 2009 Filter feeders and plankton increase particle encounter rates through flow regime control.
Proc. Natl Acad. Sci. 106 (19), 7882-7887.

ISRAELACHVILI, J.N. 1974 The nature of van der waals forces. Contemp. Phys. 15 (2), 159-178.

JEFFREY, D.J. & ONISHI, Y. 1984 Calculation of the resistance and mobility functions for two unequal rigid
spheres in low-reynolds-number flow. J. Fluid Mech. 139, 261-290.

KARIMI, A., YAZDI, S. & ARDEKANI, A.M. 2013 Hydrodynamic mechanisms of cell and particle trapping
in microfluidics. Biomicrofluidics 7 (2.

KM, S. & KARRILA, S.J. 2013 Microhydrodynamics: Principles and Selected Applications. Butterworth-
Heinemann.

KING, H., SHAHROKHIAN, A., CHAN, F.K., FENG, J. & GAZZOLA, M. 2022 How a Beetle Catches Fog.
Physical Sciences.

KIRSCHNER, C.M., BRENNAN, A.B. 2012 Bio-inspired antifouling strategies. Annu. Rev. Mater. Res. 42 (1),
211-229.

LAURELL, T., PETERSSON, F., NILSSON, A. 2007 Chip integrated strategies for acoustic separation and
manipulation of cells and particles. Chem. Soc. Rev. 36 (3), 492-506.

LENSHOF, A., LAURELL, T. 2010 Continuous separation of cells and particles in microfluidic systems. Chem.
Soc. Rev. 39 (3), 1203-1217.

L1, Z., BIELINSKI, C., LINDNER, A., DU ROURE, O. & DELMOTTE, B. 2024 Dynamics of rigid fibers
interacting with triangular obstacles in microchannel flows. Phys. Rev. Fluids 9 (4), 044302.

Lu, X,, L1u, C., Hu, G., XUAN, X. 2017 Particle manipulations in non-newtonian microfluidics: a review.
J. Colloid Interface Sci. 500, 182-201.

MAXEY, M.R. & RILEY, J.J. 1983 Equation of motion for a small rigid sphere in a nonuniform flow. Phys.
Fluids 26 (4), 883-889.

MCGRATH, J., JIMENEZ, M. & BRIDLE, H. 2014 Deterministic lateral displacement for particle separation: a
review. Lab Chip 14 (21), 4139-4158.

MOFFATT, H.K. 1964 Viscous and resistive eddies near a sharp corner. J. Fluid Mech. 18 (1), 1-18.

Myoro, T., KANAOKA, C., EMI, H. 1984 Experimental observation of collection efficiency of a dust-loaded
fiber. J. Aerosol Sci. 15 (4), 483-489.

NGUYEN, N.-T., SHAEGH, S.A.M., KASHANINEJAD, N., PHAN, D.-T. 2013 Design, fabrication and
characterization of drug delivery systems based on lab-on-a-chip technology. Adv. Drug Deliv. Rev.
65 (11-12), 1403-1419.

NILSSON, J., EVANDER, M., HAMMARSTROM, B., LAURELL, T. 2009 Review of cell and particle trapping
in microfluidic systems. Anal. Chim. Acta 649 (2), 141-157.

O’NEILL, M.E. 1967 A slow motion of viscous liquid caused by a slowly moving solid sphere: an addendum.
Mathematika 14 (2), 170-172.

1007 A33-20


https://doi.org/10.1017/jfm.2025.64

https://doi.org/10.1017/jfm.2025.64 Published online by Cambridge University Press

Journal of Fluid Mechanics

O’NEILL, M.E. 1968 A sphere in contact with a plane wall in a slow linear shear flow. Chem. Engng Sci.
23 (11), 1293-1298.

O’NEILL, M.E. & STEWARTSON, K. 1967 On the slow motion of a sphere parallel to a nearby plane wall.
J. Fluid Mech. 27 (4), 705-724.

O’NEILL, M.E. 1964 A slow motion of viscous liquid caused by a slowly moving solid sphere. Mathematika
11 (1), 67-74.

PARK, K.-C., CHHATRE, S.S., SRINIVASAN, S., COHEN, R.E., MCKINLEY, G.H. 2013 Optimal design of
permeable fiber network structures for fog harvesting. Langmuir 29 (43), 13269-13277.

PARKER, A.R., LAWRENCE, C.R. 2001 Water capture by a desert beetle. Nature 414 (6859), 33-34.

PAsSOL, L., MARTIN, M., EKIEL-JEZEWSKA, M.L., WAINRYB, E., BLAWZDZIEWICZ, J. & FEUILLEBOIS,
F. 2011 Motion of a sphere parallel to plane walls in a poiseuille flow. application to field-flow fractionation
and hydrodynamic chromatography. Chem. Engng Sci. 66 (18), 4078—4089.

PASOL, L., SELLIER, A., FEUILLEBOIS, F. 2006 A sphere in a second degree polynomial creeping flow
parallel to a wall. Q. J. Mech. Appl. Maths 59 (4), 587-614.

PERKINS, G.S. & JONES, R.B. 1992 Hydrodynamic interaction of a spherical particle with a planar boundary:
ii. hard wall. Physica A: Statistical Mech. Appl. 189 (3-4), 447-477.

POZRIKIDIS, C. 1992 Boundary Integral and Singularity Methods for Linearized Viscous Flow. Cambridge
University Press.

PoOZRIKIDIS, C. 2011 Introduction to Theoretical and Computational Fluid Dynamics. Oxford University
Press.

PURI, 1.K., GANGULY, R. 2014 Particle transport in therapeutic magnetic fields. Annu. Rev. Fluid Mech.
46 (1), 407-440.

RALLABANDI, B., HILGENFELDT, S., STONE, H.A. 2017 Hydrodynamic force on a sphere normal to an
obstacle due to a non-uniform flow. J. Fluid Mech. 818, 407-434.

RALLABANDI, B., WANG, C., HILGENFELDT, S. 2014 Two-dimensional streaming flows driven by sessile
semicylindrical microbubbles. J. Fluid Mech. 739, 57-71.

SAFFMAN, P.G. 1965 The lift on a small sphere in a slow shear flow. J. Fluid Mech. 22 (2), 385-400.

SAJEESH, P., SEN, A.K. 2014 Particle separation and sorting in microfluidic devices: a review. Microfluid.
Nanofluid. 17 (1), 1-52.

SCHONBERG, J.A., HINCH, E.J. 1989 Inertial migration of a sphere in poiseuille flow. J. Fluid Mech.
203, 517-524.

SEGRE, G., SILBERBERG, A. 1962 Behaviour of macroscopic rigid spheres in poiseuille flow part 2.
experimental results and interpretation. J. Fluid Mech. 14 (1), 136-157.

SHANKAR, P.N. 1993 The eddy structure in stokes flow in a cavity. J. Fluid Mech. 250, 371-383.

SHANKAR, P.N., DESHPANDE, M.D. 2000 Fluid mechanics in the driven cavity. Annu. Rev. Fluid Mech.
32 (1), 93-136.

STEPHEN WILLIAMS, P.K.T. & CALVIN GIDDINGS, J. 1992 Characterization of near-wall hydrodynamic lift
forces using sedimentation field-flow fractionation. Chem. Engng Commun. 111 (1), 121-147.

THAMEEM, R., RALLABANDI, B., HILGENFELDT, S. 2017 Fast inertial particle manipulation in oscillating
flows. Phys. Rev. Fluids 2 (5), 052001.

TIEN, C., WANG, C.-S., BAROT, D.T. 1977 Chainlike formation of particle deposits in fluid-particle
separation. Science 196 (4293), 983-985.

VAN REENEN, A., DE JONG, A.M., DEN TOONDER, J.M.J., PRINS, M.W.J. 2014 Integrated lab-on-chip
biosensing systems based on magnetic particle actuation—a comprehensive review. Lab Chip 14 (12),
1966-1986.

WILLIAMS, P.S. 1994 Particle trajectories in field-flow fractionation and splitt fractionation channels. Sep. Sci.
Technol. 29 (1), 11-45.

XUAN, X. 2019 Recent advances in direct current electrokinetic manipulation of particles for microfluidic
applications. Electrophoresis 40 (18-19), 2484-2513.

ZHANG, S., WANG, Y., ONCK, P., DEN TOONDER, J. 2020 A concise review of microfluidic particle
manipulation methods. Microfluid Nanofluid 24 (4), 24.

1007 A33-21


https://doi.org/10.1017/jfm.2025.64

	1. Introduction
	2. Hydrodynamic model of particle-wall interaction in Stokes flow
	2.1. Moffatt eddies
	2.2. Particle velocity in the presence of a wall
	2.3. Wall-parallel corrections to the particle velocity
	2.4. Wall-normal corrections to the particle velocity

	3. Results and discussion
	3.1. Particle motion in Moffatt eddy flow
	3.2. Particle motion near a Faxen field fixed point
	3.2.1. Linear stability analysis
	3.2.2. Analytical prediction of particle spiralling rate

	3.3. Particle motion and manipulation in a clockwise vortex
	3.4. Particle motion and manipulation in a counterclockwise vortex

	4. Conclusions
	Appendix  A
	Appendix B
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


