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ACCESSIBLE OVERVIEW For decades, the transverse migration of rotating particles—known as the Magnus
effect—has been understood through the lens of fluid inertia, a mechanism irrelevant at the low Reynolds
numbers of colloidal systems. The discovery of an inverse Magnus effect for colloids in viscoelastic polymer
solutions challenged this classical understanding, prompting explanations based on the fluid’s memory and
nonlinear stress features. We present a theoretical and numerical investigation that revises the mechanism
driving this low-Reynolds-number phenomenon. Our findings rule out conventional viscoelastic properties,
such as stress relaxation and normal-stress differences, as the main cause of the inverse colloidal migration.
Instead, we identify a distinct, microstructural mechanism: the inverse Magnus effect originates from local
polymer density inhomogeneities. The particle’s translation generates gradients in the fluid stress, which
in turn drive the transport of polymers, leading to a dipolar distribution of polymer concentration and local
viscosity around the colloid. This non-uniform viscosity profile then couples with the particle’s rotation to
produce the transverse migration force. Incorporating this stress-gradient-induced polymer transport into
our model yields a simple, mechanistic theory that quantitatively predicts experimental data without fitting
parameters, confirming the identified mechanism. This work establishes stress-gradient-induced polymer
transport as an indispensable mechanism for accurately modeling microscopic objects in complex fluids,
with direct implications for future designs of microfluidics and micro-machinery.

SUMMARY

Rotating particles moving in fluids undergo a transverse migration via the inertia-induced Magnus effect. This
phenomenon vanishes at colloidal scales because inertia is negligible and the fluid flow is time reversible. Yet,
recent experiments discovered an inverse Magnus effect of colloids in polymeric and micellar solutions, sup-
posedly because their viscoelasticity breaks the time reversibility. Our study shows that classical viscoelastic
features—stress relaxation, normal-stress differences, and/or shear thinning—cannot explain this phenom-
enon. Instead, it originates from local polymer density inhomogeneities due to their stress-gradient-induced
transport, a mechanism increasingly important at smaller scales—indeed, relevant to colloidal experiments.
Incorporating this mechanism into our model leads to quantitative agreement with the experiments without
fitting parameters. Our work provides new insights into colloidal motion in complex fluids with microstruc-
tural inhomogeneities, offers a simple mechanistic theory for predicting the resulting migration, and under-
scores the necessity of assimilating these findings in future designs of micro-machinery, such as those
including swimmers, actuators, or rheometers.

INTRODUCTION

The viscoelasticity of polymeric fluids enables them to exhibit ef-
fects that are often distinct or even contrary to those triggered by
weak or intermediate inertia in Newtonian fluids. Consider a
macroscopic object forced to move in water; if the force is
removed suddenly, it continues to cruise forward due to inertia.
Conversely, a colloid in viscoelastic fluids moves backward upon
force removal—a phenomenon termed recoil in microrheology.

Another example is the rod-climbing or “Weissenberg” effect,’
where the free surface of a complex fluid climbs up a spinning
rod, whereas the near-rod surface would bend down in Newto-
nian fluids with inertia. Similarly, while inertia drives the wind
from the poles to the equator at the scale of the rotating Earth,
desktop experiments®* showcased a reversely directed sec-
ondary flow around a rotating sphere in polymeric liquids.
Recent experiments® presented another compelling illustra-
tion of this contrasting trend. A spinning and translating
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micron-sized colloidal particle in micellar solutions with negli-
gible inertia was observed migrating perpendicular to both its
spinning and translational axes (see Figure 1B). Intriguingly, the
transversal migration was oriented opposite to that observed in
inertial Newtonian fluids—a phenomenon commonly known as
the Magnus effect.®” Such an inverse Magnus migration disap-
pears when driving the colloid in a Newtonian fluid (see
Figure 1A), as forbidden by the time reversibility of the
Stokes flow.

In viscoelastic fluids, the combination of elastic memory ef-
fects and nonlinear normal stresses breaks the time reversibility,
allowing micron-sized particles to migrate across streamlines
within complex fluids. Since its first observation by Karnis and
Mason,? particulate migration due to normal-stress differences
has been widely reported.” "> Typically, such phenomena are
associated with non-uniform shear rates and/or geometric
asymmetries, as exemplified by the lateral motion of particles to-
ward the centerline of a Poiseuille flow and the outer wall of a
rotating Couette flow.>'>'® These findings have spurred
research into viscoelastic microfluidics for particle manipula-
tion'®1*1728 and material property measurements.>® Another
example is the horizontal drift of a sedimenting colloid along
the flow or gradient direction of a shear flow,**°? driven by
local variations in shear rate induced by the colloid’s translation.
Beyond these scenarios with an ambient flow, normal-stress
imbalances owing to geometric asymmetry can enable
spinning®* > or swinging®® objects to propel in quiescent
environments.

While normal stress differences could explain the transversal
colloidal migration observed by Cao et al.,” the authors propose
a simplified phenomenological model that attributes the migra-
tion to polymer concentration inhomogeneities instead. This
argument leaves the precise mechanism underlying the Magnus
effect unresolved. Clarifying this mechanism could unveil
whether the effect is a generic feature of colloids that spin while
translating through complex fluids.

To gain a definitive mechanistic insight, we elucidate the
microscopic origin of the Magnus effect by theoretically and
numerically solving the fluid flow and rheological constitutive
equations. We find that relaxation dynamics, normal-stress dif-
ferences, and/or shear thinning, typical of polymer solutions,
cannot explain the Magnus migration. This finding contrasts

2 Newton 2, 100373, May 4, 2026

Newton

Figure 1. Experimental observations moti-
vating this study and schematic illustration
(A) Experiments demonstrate that a colloid spin-
ning about e, and translating along e, in water
exhibits negligible lateral (e,) motion. Green
curves indicate the trajectories of colloids.
Adapted from Cao et al.® under CC BY 4.0 (https:/
creativecommons.org/licenses/by/4.0/).

(B) Contrastingly, it experiences an inverse Mag-
nus effect in a micellar solution. Adapted from Cao
etal.® under CC BY 4.0 (https://creativecommons.
org/licenses/by/4.0/).

(C) Schematic of our model showing a spherical
particle of radius R with a prescribed translational
velocity V, and rotational velocity V,, with its
migration velocity V, to be determined.

with the abovementioned studies that typically link similar low-
Reynolds-number colloidal migration in viscoelastic media to
their normal-stress differences. Crucially, we identify, through
asymptotic analysis and simulations, the flow-induced inhomo-
geneous distribution of polymers as an indispensable enabler
for the new Magnus effect—a mechanism proposed phenome-
logically by Cao et al.° Importantly, our asymptotic prediction
of the Magnus effect quantitatively aligns with experimental
data.”

RESULTS

Problem setup for spinning colloid under forced
translation in a polymer solution
We consider a spherical particle of radius R suspended in a poly-
mer solution. The particle is centered within a co-moving Carte-
sian coordinate system (see Figure 1C). It rotates steadily around
the y axis with angular velocity Qe, while simultaneously trans-
lating along the z axis at a constant velocity V,. Due to the Mag-
nus effect, the particle might migrate transversely, i.e., in the x di-
rection. This corresponding transversal velocity V, remains to be
determined as part of the solution.

By neglecting the particle and fluid inertia, the governing equa-
tions for the velocity v and pressure p of the polymeric fluid
flow are

Vv=0 andV:(2nE — pl + ©) =0, (Equation 1)

where 7, is the solvent viscosity, E = [Vv + (VV)"}/2 the strain-rate
tensor, and t the polymeric stress. Far from the particle, the fluid
velocity v = —V,e, — V,e,. At the surface S of the particle, v =
Qe, x r, where r is the position vector. To determine the migra-
tion velocity V,, we apply the force-free condition that the total
hydrodynamic force exerted on the particle vanishes in the x di-
rection, namely, [.(27sE — pl + 1) :nedS = 0, where n de-
notes the fluid-pointing unit normal.

Unobserved Magnus migration in Oldroyd-B fluids

To model the polymeric fluid flow, we first attempt the widely em-
ployed Oldroyd-B (OB) constitutive equation,®”>° which repre-
sents polymers as linear elastic dumbbells with a spring constant
k. The polymers are homogeneously distributed in a Newtonian
solvent, with a uniform number density n = n,, where n, is the
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constant far-field density. The polymeric stress © = kC — kgTnl
scales linearly with the deviation of the density-weighted chain
conformation, C, from its thermal equilibrium. Here, kg indicates
the Boltzmann constant, and T is the absolute temperature. The
governing equation for C is*°

kT

v
AC + C — Tnl =0, (Equation 2)

where 1 is the relaxation time of the polymers and the upper

v
convected derivative is defined as C = 2 4

ot
(Vv)".C — C-Vv.

Scaling lengths, velocities, and time by R, V,, and V,/R,
respectively, make the governing equations dimensionless.
This yields three dimensionless parameters: (1) the Deborah
number De = AV,/R characterizing the polymer relaxation time
A to the rate of deformation; (2) the ratio of the solvent viscosity
15 to the total viscosity, g = ns/(1s + 1p,), Where np o, = N AkgT
is the far-field polymeric viscosity; and (3) the ratio of the rota-
tional tangential velocity (from colloidal rotation) to the transla-
tional velocity, Q* = QR/V,. Dimensionless variables are marked
with asterisks hereafter.

Since the experiments showed a quadratic relationship V, «
—QV,°, we expect a perturbation expansion of Equations 1 and
2, valid for De < 1, to yield a similar scaling. To order zero in De,
the flow and stress fields are linearly proportional to the velocity,
and the Magnus effect is forbidden. To first order in De, these fields
are quadratic in the velocity, and we may expect a nonzero migra-
tion velocity V,. By performing the expansion up to this order, we
obtain V; = De V;;, + ©(De?) and then determine the first-order
correction V;, using the Lorentz reciprocal theorem'""! (see
methods). Surprisingly, we find V¢, = 0, consistent with three-
dimensional (3D) numerical solutions to Equations 1 and 2 ob-
tained by a finite element method (FEM), indicating no transversal
migration (see methods). We conclude that the OB model—en-
compassing viscoelastic memory and the first normal-stress dif-
ference —fails to account for the Magnus effect observed experi-
mentally. One possible reason for the OB model’s failure is its
inability to capture shear thinning or the second normal-stress dif-
ference. However, by employing the Giesekus model, which ex-
tends the OB model by incorporating a second normal-stress dif-
ference and shear-thinning properties,*® we also obtain no lateral
colloidal migration (see methods).

v-VC —

Rethinking the assumption of uniform polymer
distribution
This discrepancy with the experiments prompts a reevaluation of
whether the assumptions inherent in the OB model align with
the experimental conditions. Specifically, we reconsider the
assumption of a homogeneous distribution of macromolecules
adopted in the OB model. Indeed, the original OB model as-
sumes that the transport of macromolecules with a diffusion co-
efficient of D is dominated by advection, the Péclet number Pe =
V,R/D — . As a consequence, the model neglects any relative
motion between the polymers and the fluid flow, which preserves
a homogeneous distribution.

However, this might not be true for flows past micron-sized
objects such as those used in the experiments. At such small
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scales, polymers can be sufficiently extended to sense the cur-
vature of the streamlines around the colloid, and the resulting
gradients of stress drive the transport of polymers*”™" from
high-strain to low-strain regions. The physical picture is that
macromolecules in inhomogeneous flows tend to migrate away
from high-strain-rate regions, thereby avoiding substantial
stretching. If the rate of stress-gradient-induced transport is
faster or comparable to advection, then the polymers will be
distributed inhomogeneously. The relative importance of advec-
tion to the stress-gradient-induced transport is quantified by the
ratio Pe/De = R?/AD.*® For a given polymer solution, this ratio de-
pends on the particle size only. For Pe/De > 1, advection dom-
inates, and the OB model is applicable, while for Pe/De S 1, we
expect considerable polymer density inhomogeneities. By using
a characteristic value of diffusion coefficient D ~ 10 "2 m?s~"
and the experimental values R ~ 2 pm and A ~ 1-10s,°*° we es-
timate Pe/De ~ 4-0.4, indeed suggesting that stress-gradient-
induced transport of polymers is comparable or even stronger
than advection in the experiments.

The importance of polymer concentration inhomogeneities
was realized already by Cao et al.,° who incorporated it into
a phenomenological model. They assume that a translational
motion of the colloid drives a polymer concentration dipole,
which is related to an external force through a generic memory
kernel. They further assume that the colloidal rotation tilts the
dipole away from the colloid’s translational direction. Finally,
by considering an elastic restoring force directed along the
dipole, they obtain a velocity perpendicular to both the angular
velocity and the translation direction, yielding the Magnus ef-
fect. In what follows, we provide a microscopic mechanism
for the emergence of the dipolar polymer concentration. We
further show that neither a misalignment between this dipole
and the colloidal translation nor a viscoelastic memory kernel
is required to explain the colloid’s Magnus migration.

Incorporating stress-gradient-induced polymer
transport and inhomogeneity

To account for this effect, we model the spatial-temporal evolu-
tion of polymer number density, n, subject to the stress gradient,
V - 1. Following Apostolakis et al.,*® Mavrantzas and Beris,”” and
Tsouka et al.*® within a two-fluid (polymer additives and Newto-
nian solvent) model, we augment the advection-diffusion trans-
port of polymers with the stress-gradient-induced polymer flux
DV - 1/(kgT), leading to the governing equation for n:

on 1
E +v-Vn = DV- (Vn — kB—TVT> .

(Equation 3)

The transport of polymers due to stress gradients was pro-
posed phenomenologically by Helfand and Fredrickson** to
explain polymer migration but was also employed to explain
the flow-concentration coupling of worm-like micelles.®**"
Accordingly, the polymer viscosity, #, = nikgT, changes locally
due to the inhomogeneous polymer density, n. The far-field poly-
mer density remains as n = n,, while polymers cannot penetrate
the particle surface, (Vn — V - 1/kgT) - n = 0. We make the number
density dimensionless using n., i.e., n* = n/n,, and report the full
dimensionless equations in the methods.

Newton 2, 100373, May 4, 2026 3
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Figure 2. Distributions of polymer number density n* in the symmetry plane y* =0

(A) Spatial distribution of n* at De = 0.3 as given by the asymptotic formula Equation 4.

(B-D) Numerical predictions of n* distributions at increasing Pe/De values. When Pe/De > 1, advection dominates, leading the polymer distribution to approach a
homogeneous state. The remaining parameters are Q* = 0.5, De = 0.3, and = 0.1. Here, the orange arrows denote the orientation of flow with respect to the

colloid.

We perform a perturbation expansion of Equations 1, 2, and 3,
valid for small De and Pe numbers (see methods). To first order in
De and Pe, we identify an inhomogeneous distribution of number
density,

3De z*
2(r)®

where r* is the dimensionless distance from the origin. Notably, the
first-order density deviation, 3De z* /2(r* )3, from the far-field state,
n?, = 1,depends solely on De and is independent of the rotational
rate, Q. Linearly proportional to z*, this deviation indicates a dipolar
distribution of polymers, revealing their accumulation at the front
(z* > 0) and depletion at the rear (z* < 0) of the moving particle
(see Figure 2A). While the emergence of a concentration dipole
was postulated in Cao et al.” based on a phenomenological model,
we elucidate here its microscopic origin. The asymptotic solution,
Equation 4, agrees with simulations up to Pe/De ~ 10 for De = 0.3
and Q* = 0.5. Remarkably, the perturbation expansion remains
valid even when flow advection exceeds stress-gradient-induced
transport of polymers. At large Pe/De, the concentration dipole tilts
away from the colloid’s translational orientation (e,) (see Figures 2C
and 2D), a signature of growing rotational convection effect—as
also identified by Cao et al.”

*

n=1+

+ O(De”,De Pe), (Equation 4)

Asymptotic predictions capture experimental data
without fitting

By further extending the asymptotic analysis through the Lorentz
reciprocal theorem, we derive the leading-order transversal ve-
locity of the colloid, signifying the Magnus effect (see methods):

‘/X = — 74 5
witl |tS d| T ensional for 1.

(Equation 5)

Mp o V, Q

V, = — T2
4(ns+1p.c0)

(Equation 6)

This asymptotic prediction captures the experimentally identi-
fied trend, V,/V, = —a Q (where a > 0),” in both sign and scaling,
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as further examined below. Moreover, Equation 5 is cross-vali-
dated against FEM simulations, as evidenced in Figure 3. In
the weak rotation limit, Q* <« 1, the numerical and theoretical
data match closely for small De (e.g., 0.1) and Pe/De (e.g., 0.1
and 1). However, deviations emerge when De > 0.3 and system-
atically grow with Q*. Evidently, as the colloid spins faster, the
numerical results fall increasingly below the linear asymptotic
trend. Specifically at De = 0.3, they approach a saturated value
when Pe/De = 0.1 (see Figure 3A) or 1 (see Figure 3B), similar
to the velocity saturation reported in the experiments.® It is not
surprising that the numerical results shown in Figures 3A-3C
deviate from the asymptotic theory as Q* increases. The latter
is only valid for Q* ~ ©O(1), and it breaks down at Q* ~ O(1 /De)
even for small De.

Additionally, simulations performed at Q* = 0.5 show that the
velocity decreases with increasing Pe/De, eventually becoming
negligible when Pe/De = 100 (see Figure 3D). Indeed, in this
regime of dominant advection, the OB model is recovered, re-
sulting in no colloid migration, as we find in our initial attempt.
In the opposite limit—Pe = 0 (no advection) and Pe/De = 0.1
(weak advection)—the numerical data for both cases nearly
overlap and quantitatively reproduce the asymptotic linear
dependence of —V; on De at low values of De. Beyond that
regime, the velocity changes non-monotonically with De and
peaks at De ~ 1. Notably, such a peak was reported in studies
of micro-locomotion in viscoelastic fluids.****

We now apply the numerically validated theory to characterize
the experimental observations of Cao et al.” on colloidal trimers
in a micellar solution. Its rheological properties, measured and
previously reported by the same group,’® make this character-
ization possible. Particularly, these properties include 1 = 0.9 s
(see methods) and 7, o/(1s + 7p,) = 1 (s€€ methods). Using
the experimental colloid radius R ~ 2 pm and maximum speed
V,~0.17 pm s™', we find that De ~ 0.07 < 1in the experiments,
consistent with the small-De limit assumed in the asymptotic
theory. Further, by taking a characteristic diffusion coefficient
D ~ 1072 m2s~', the experimental Péclet number is approxi-
mately Pe ~ 0.3. The errors associated with the asymptotic anal-
ysis are of orders (‘)(Dez) and O(De Pe), which are both small.
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Figure 3. Numerical Magnus velocity — V; compared to the asymptotic prediction, Equation 5, versus the particle’s dimensionless spinning

rate Q*

(A-C) The ratio of advection to stress-gradient-induced transport is (A) weak, Pe/De = 0.1; (B) intermediate, Pe/De = 1; and (C) strong, Pe/De = 10.

(D) — V;; versus De at a varying Pe/De < [0, 100] when Q* = 0.5. Here, = 0.1.

This suggests that the asymptotic theory should be applicable to
the experiments of Cao et al.®

Indeed, by substituting the experimental values into Equation
6, a quantitative agreement emerges between the theory and ex-
periments (see Figure 4A), where the trimers were forced to
translate at three speeds and spin at various rates. A similar
agreement holds for a trimer spinning at || ~ 1.2 s~ but trans-
lating at various speeds (see Figure 4B). Remarkably, this agree-
ment does not rely on any fitting parameters. Admittedly, the
asymptotic prediction overestimates the Magnus effect of strong
spinners (large Q)—a discrepancy that grows more pronounced
at higher translational velocities V, (subject to the increased e,-
oriented force F). In fact, numerical simulations have revealed
a similar deviation, where a larger De = AV,/R in simulations cor-
responds to a higher V, in experiments (see Figures 3A-3C).
Indeed, as De increases, higher-order effects become increas-
ingly important, leading to larger deviations from the asymptotic
theory. Note that in the experiment, the authors used a colloidal
trimer, while we consider a spherical colloid here. Nevertheless,
in the methods, we show that the trimer’s lateral migration, which
is much harder to compute than that of a sphere, closely agrees
with that of a volume-matched sphere.

Based on our findings, we attribute the experimentally
observed Magnus effect to two mechanisms. First, the
colloidal translation and the concomitant stress-gradient-
induced transport cause the polymer concentration, n, to be
higher at the front and lower at the rear of the colloid, yielding

a dipolar distribution of polymeric viscosity, 1, = nikgT, around
it. Notably, the quantitative velocity prediction of our asymp-
totic theory (Equation 6) implies a concentration dipole
perfectly aligned with the colloid’s forced translational direc-
tion, e,. This contrasts with the misalignment highlighted by
Cao et al® as the key mechanism driving their reported
colloidal migration. Second, the colloidal rotation in such a vis-
cosity profile results in a fore-aft stress imbalance, driving the
transversal migration. Indeed, the migration velocity, Equation
5, is very similar to that of a force-free sphere rotating in a
Newtonian fluid with a small viscosity gradient aligned along
the z axis.® This analogy indirectly suggests that the Magnus
effect stems purely from the spatial viscosity variation due to
an inhomogeneous polymer distribution. Normal-stress differ-
ences and shear thinning might play a secondary role, most
likely becoming important at much higher De numbers. These
findings align with recent studies highlighting the importance
of local microstructure and viscosity inhomogeneities in the
dynamics of active particles.®* %2

DISCUSSION

By testing OB fluids, we have established that the inverse Magnus
migration of a spherical colloid and a trimer, experimentally
observed in polymeric solutions,” cannot be explained by
normal-stress differences—a typical driver for many other
colloidal migration phenomena. Shear-thinning rheology modeled

A B Figure 4. Quantitative agreement between
our asymptotic prediction, Equation 6, and
0.5 o F — 180 fNe 0.4 the experimental results for a rotating
F — 321 fNe ]Experiment L trimer in a micellar solution
0.4f o F — 468 fNe: o .° 7] 0.3t R Asymptotic It experienced (A) three e,-oriented forces F with
S - - - Asymptotic Lot > F---g-¢-""=-=---=-%==- i various rotating speeds |Q| and (B) varying trans-
\0-3 r L o ¢ ] ° o ° lational velocities V, at a prescribed |Q| ~ 1.2s7 .
Sg L-° R N 0.2¢ ° ° See Figure 1B. Adapted from Cao et al.” under CC
| 0.2 ,:, -7 . A BY 4.0 (https://creativecommons.org/licenses/
.
. by/4.0/).
0.1+ A 1011 o 0] ~ 1.257! (experiment)
¢
0" 0 : : :
0 0.5 1 1.5 2.0 0.05 0.1 0.15 0.2
9] (s71) V. (pms™)
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by the Giesekus model likewise fails to explain this migration.
Instead, our analysis reveals that the effect arises from a dipolar
distribution of polymer density and the resulting dipolar profile of
local viscosity. As a side note, we find that particle shape (sphere
or trimer) plays a minor role.

While a polymer density dipole was phenomenologically pro-
posed in Cao et al.” to model migration—attributed to finite poly-
mer stress-relaxation time—the inability of the standard OB
model (treating polymers as Hookean dumbbells) to reproduce
migration indicates that stress relaxation alone is insufficient
for the polar polymer-density distribution or, more broadly, any
marked inhomogeneity. Theory,®® experiments,®* and simula-
tions®® imply that polymer relaxation is neither necessary nor suf-
ficient for such inhomogeneous distributions (see discussions in
the methods).

Indeed, using cross-validated theoretical modeling and nu-
merical simulations, we have identified the microscopic origin
of the dipole: stress-gradient-induced transport of polymers.
Stress-gradient-induced migration of microstructure has been
largely overlooked in the context of colloidal motion through
complex fluids, despite representing a general mechanism appli-
cable beyond the current observation. We speculate that the
Magnus effect described here may occur on colloids translating
and spinning in other microstructured flows where coupling be-
tween the flow and microstructure concentration plays an impor-
tant role.®®” However, additional experiments considering
different kinds of microstructured liquids are required to confirm
this speculation.

Crucially, our mechanistic interpretation is validated by the
quantitative agreement between experimental data and our
theoretical model, which incorporates these mechanisms—
notably, without adjustable parameters. Finally, our results un-
derscore the necessity of reassessing standard constitutive
models predicated on homogeneous polymer distributions,
both for modeling the behavior of (sub)micro-scale objects—
including passive and self-propelling colloids,®® microorgan-
isms,°® and microrobots’®—in complex fluids and, more
broadly, in (sub)micro-scale polymeric flows. In these cases,
macromolecules can feel the curvature of the streamlines, lead-
ing to significant concentration inhomogeneities, which can play
a more important role than viscoelastic stresses. From an appli-
cation perspective, our results would inform strategies for steer-
ing and controlling colloids in microfluidic setups via external
fields. However, throughput might be limited by the small lateral
migration speeds, typically hundreds of nanometers per second.

METHODS

OB and Giesekus models

Using the characteristic scales defined in the main text, we
obtain the dimensionless governing equations. The momentum
balance and continuity equations are

V*-(2E" — p*l + t¥) =0and V*-v* = 0. (Equation 7)
The OB model for the polymeric stress is

v
Det +t=2(1 — p)E, (Equation 8)
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and the Giesekus counterpart is

v De
Det + 1 + ffﬁr*-r* =2(1 - p)E’, (Equation 9)
where a must be between 0 and 1.2 The force-free condition is

given by

/(QﬂE* —p'l + ) :neds = 0. (Equation 10)
S

The velocity far from the particle is

*

Vi = —e, — Ve, (Equation 11)

and that at the particle surface reads

Vi = Qe xr. (Equation 12)

Perturbation expansion: we seek a solution in the form of a
perturbation expansion for small De values, expanding the rele-
vant variables as v* = v; + Dev; + O(De?), p* = pj +
Dep; + O(De?), ©* = 1y + Det; + O(De?), and V; =
De V;, + O(De?).

Zeroth-order problem: the zero-order equations are ob-
tained by substituting the perturbation expansion into
the main equations and retaining only the terms that do
not depend on De. The polymeric stress is 15 = 2(1 —
P)Ey. The zeroth-order momentum and continuity equa-
tions are

V*-(2Ey — pgl) = 0and V*-vj =0, (Equation 13)

corresponding to the Newtonian Stokes flow. Its flow field can be
obtained by superimposing the flow past a sphere and that
around a spinning sphere, resulting in

. 3 1 3/1 1Y\ ...
Vozez' F‘le‘f‘zm*ﬁrr
+Q*ey><r*/r*37ez.
(Equation 14)

First-order problem: the first-order equations are obtained
by substituting the perturbation expansion into the equations
and retaining only the terms proportional to De. The first-order
solution of the polymeric stress is

v
1 =2(1 - P)E; — 15 (Equation 15)

for the OB fluid and

M De .
v =2(1-pE — 1) — ;’7/}13-13 (Equation 16)
. . v .
for the Giesekus model. In the equations above, 7 is a short-
hand notation for

\Y%

Ty = vV — (VW) -1 — TV (Equation 17)

The momentum and continuity equations are

V-(26E; — p;l +1}) =0and V-v; = 0. (Equation 18)
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The far-field velocity v; = —V;, e, and vj = 0 at the particle
surface. The first-order force-free condition is [, (26E; —
pil + T}) :ne.dS = 0.

Generalized reciprocal theorem: using the Lorentz reciprocal
theorem,”"*""" we compute the first-order velocity V;, by the
volume integral over the fluid domain, V. For the OB model,

1 v
Vi, = —/VV* TdV, (Equation 19)
6r/y
where V* is an auxiliary velocity field corresponding to Newto-

nian Stokes flow with an ambient velocity 1e, past a stationary
sphere, that is,

Vi=e, —¢e i+1 I+§1—1r*r*
T = \dre T 48 4\r3 s ’

(Equation 20)

The integration in Equation 19 involves multiplication of quan-
tities known analytically from the zeroth-order problem and can
therefore be evaluated symbolically, as we do in Wolfram Math-
ematica. Specifically, we employ spherical coordinates and first
perform the angular integrations to obtain

co_ B0 2 B —
VX‘1_ - 61 L_1

)r- —5]ré+6

;
9 ar*.

(Equation 21)

It is straightforward to show that the resulting integral is zero.
Likewise, for the Giesekus model,
V*

x,1

1 ., v De .
= 6n VVV* : (13 - %ﬁ:é . rg) dv. (Equation 22)

We have already shown that the integral of the first term in the
bracket is zero. Using Wolfram Mathematica, we find that the in-
tegral of the second term is also zero.

Stress-gradient-induced polymer transport

The OB and Giesekus models assume a uniform far-field num-
ber density n = n,. Here, we extend the OB model by
incorporating a non-uniform density n. Taking n., as the char-
acteristic scale, the dimensionless number density n* = n/n,.
While the momentum and continuity equations remain un-
changed, the polymeric stress follows an adapted constitutive
IaW4O,48

Dn*
Dt~

Det + v + (1 —/5)( )I - 2(1 - pr°E",

(Equation 23)

where D()/Dt* denotes the material derivative. Specifically, the
spatiotemporal evolution of n* is governed by

Dn* B De .
Pe Dt* = V<Vn — mV'r )

The force-free condition and boundary conditions for the ve-
locity are the same as Equations 10, 11, and 12. The boundary
condition for n* at the particle surface reads

(Equation 24)

¢? CellPress

OPEN ACCESS

n-(— vn* + 1De

V~t*) =0, (Equation 25)
and that far from the particle is n* = 1.

Perturbation expansion: we seek a solution in the form of a
perturbation expansion for small De and Pe. We find that all
asymptotic terms proportional to powers of Pe only are
zero. The variables are expanded as v* = v; + Dev) +
O(De?,De Pe), p* = py + Dep; + ©O(De? DePe), t*
i+ Det; + 0©O(De*DePe), n* = 1+
O(De*,De Pe), and V; = DeV;, + O(De? De Pe).

Zeroth-order problem: the zeroth-order equations and their
solutions, vi and pg, are the same as those for the OB and Gie-
sekus models because the zeroth-order polymer density is uni-
formly equal to its far-field value.

First-order problem: the first-order polymeric stress takes
the form

Denj +

\Y Dn:
o =20 - i+ E) - - (1 - ()
(Equation 26)

We note that the last term is an isotropic tensor not contrib-
uting to the velocity field. It can be absorbed by defining a modi-
fied P} = pj + (1 — p)Dn;/Dt, yielding

v
T = 2(1 — p)(mEy + E}) — 1. (Equation 27)

The momentum and  continuity equations are
V-(2E; —Pil + w3) = 0 and V-vj = 0. The velocity far from
the particle is vi = — V;, ey, and at the particle surface, vj =
0. The force-free condition is [g, (28E; — P;l + 1)) : ne,dS* =
0. To proceed, we first solve for the number density nj. Its
steady-state solution follows

1
V- (an - Wv.rg) =0, (Equation 28)
which can be reduced to the Laplace equation V2n} = 0, real-
izing VV : 1y = 0. The zero-flux boundary condition at the parti-

cle surface becomes

* 1 *
n-(— vny + ﬂV-fco) =0,

and nj =0 in the far field. We obtain nj= 3z /2r
that is independent of QF, implying that the particle
rotation does not cause the polymer inhomogeneity at the first
order.

Generalized reciprocal theorem: employing again the recip-
rocal theorem, we derive the first-order velocity as

(Equation 29)

v
Vi, = E%/VV* :[2(1 — pmEy + 15 |dV,  (Equation 30)
1 6y

where V* is the auxiliary flow field introduced in Equation 20.

v
Noting that the integral involving t; is identical to that for the
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Figure 5. An illustration of near-particle elements with a minimum
element size of 0.1

OB model (see Equation 19) and is thus zero, the first-order
velocity is given by
1 N .
Vi, = 6—/Vv* :[2(1 = p)niEg Y, (Equation 31)
: )y
which crucially depends on the first-order inhomogeneous poly-

mer distribution nj derived above. The integral is evaluated
analytically using Wolfram Mathematica.

Numerical methods

We solve the dimensionless equations using the FEM package,
COMSOL Multiphysics, employing its partial differential equation
interface. Specifically, we solve Equation 7 for fluid motion, com-
bined with Equation 8 for the OB model or Equation 9 for the Gie-
sekus counterpart, or Equations 23 and 24 when considering
stress-gradient-induced polymer transport.

Exploiting the mirror symmetry about the x*z* plane, we
consider a fluid domain in the form of a semi-spherical shell
with an inner radius of 1 and an outer radius of 200. The inner
and outer boundaries represent the particle surface and far
field, respectively.

The domain is discretized by ~ 198,000 tetrahedral elements,
with polynomial order two for velocity u* and order one for the
other variables (pressure p*, polymeric stress t*, and number
density n*), respectively. The mesh is refined near the particle

Newton

surface, yielding a minimum element size of 0.1 (see Figure 5).
We perform a mesh-independence study, as summarized in
Table 1. An investigation into the domain size, summarized
in Table 2, indicates that the selected domain is sufficiently large.

To stabilize the simulations, streamline diffusion is applied to
the equations for t* and n*. Imposing the force-free condition
to compute the migration velocity of particles is achieved
through a “Global Equations” node. We solve the steady-state
equations (removing the time-derivative terms) in a fully coupled
manner, utilizing the direct solver MUMPS with a relative toler-
ance of 1 x 1078,

Magnus effect for a colloidal trimer

Besides the spherical colloid presented in the main text, we have
also numerically investigated the Magnus migration of a volume-
matched colloidal trimer. Notably, trimers were mostly examined
in the experiments® for their visualization advantages over
spheres—yet simulating a trimer is substantially more chal-
lenging, as detailed below.

We build the trimer by unifying three spheres of radius R;
centered at the vertices of an equilateral triangle, as shown
in Figure 6A. Each sphere center is offset from the trimer cen-
ter by the radius, i.e., R;. We choose R; so that the trimer vol-
ume matches that of the spherical colloid of radius R. As for
the sphere, we harness the mirror symmetry about the y =
0 plane and compute on half of the domain. The 3D geometry
and corresponding mesh are shown in Figure 6B.

Like the spherical colloid, the trimer is forced to translate at a
constant velocity V,e, and to rotate constantly at Q about the
y axis, hence potentially migrating laterally along the x axis with ve-
locity V.. While the governing equations, boundary conditions,
and colloidal force balance remain the same, it is considerably
more complicated to simulate a trimer. The complication arises
from its 3-fold rotational symmetry: the trimer’s orientation relative
to the imposed translation along e, varies periodically in time.
Consequently, the flow and colloidal kinematics are unsteady—
unlike the steady scenario of a sphere—so time-dependent simu-
lations are required. We employ an arbitrary Lagrangian-Eulerian
(ALE) approach’® in COMSOL by rotating the entire mesh with
the trimer’s angular velocity. This avoids mesh distortion and the
otherwise inevitable, cumbersome remeshing.

As expected, the lateral migration velocity of the trimer oscil-
lates periodically in time. Its dimensionless velocity V; over
one period is plotted in Figure 6C, alongside the sphere’s time-
independent values, where De = 0.3, Pe = 0.03, and g = 0.1.
Notably, these oscillations are typically within 10% of the
period-averaged velocity. More importantly, despite the geo-
metric difference, this average of the trimer agrees reasonably

Table 1. Mesh dependence evaluated for two cases: #1, = 0.1, De = Pe = 0.3, and Q* = 0.5 and #2, /= 0.1, De = 0.5, Pe =5, and Q* = 1.0

Minimum element size Total number of elements Migration velocity — V;; (case #1) Migration velocity — V (case #2)
0.2 ~136,000 0.0252 0.0190
0.135 ~165,000 0.0287 0.0217
0.1 (used in this study) ~198,000 0.0296 0.0237
0.07 ~262,000 0.0298 0.0227
0.05 ~359,000 0.0297 0.0222
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Table 2. Influence of the domain size—the radius of the outer sphere—on the numerically calculated migration velocity — V; at varying

De and Pe values, where Q* = 1.0 and g = 0.1

De Pe — V; (outer radius: 200) —V; (outer radius: 400)
0.1 1 0.019324 0.019042
0.3 3 0.033575 0.033175
0.5 5 0.023732 0.023342
0.1 0.1 0.021349 0.021057
0.3 0.3 0.052833 0.052408
0.5 0.5 0.057282 0.056870
0.1 0.01 0.021456 0.021163
0.3 0.03 0.055109 0.054674
0.5 0.05 0.064177 0.063743

well with the steady velocity of a sphere. This finding supports
comparing the experimental data on trimers® and our asymptotic
predictions for spheres in the main text.

Rheological properties of the micellar solution

For the theory-experiment comparison shown in Figure 4,
the rheological fluid tested by Cao et al.” was a wormlike
micellar solution composed of about 5 mM equimolar cetyl-
pyridinium chloride monohydrate (CPyCl) and sodium salicy-
late (NaSal) dissolved in water. Its rheological properties
were measured by the same group.’® As reported, its
zero-shear viscosity is 0.045 + 0.005 Pa-s, substantially
larger than the viscosity of water, thereby leading to p—0.
The inset of Figure 6C in Gomez-Solano and Bechinger*® in-
dicates that the solution’s largest relaxation time is approx-
imately 0.9 s, which we choose as the relaxation time 4 in
our constitutive model.

Stress-relaxation of polymers and their dipolar
distribution

In the discussion, we have asserted that stress relaxation of
polymers alone is neither necessary nor sufficient for their

€y

A & Bl

t 1 r

dipolar distribution around the colloid. This argument is sup-
ported by prior theoretical,®® experimental,®* and numerical®
studies.

Theoretical perspective

Even in a Newtonian fluid (1 — 0), the theoretical study®® demon-
strates that actively pulling a particle through a colloid suspen-
sion results in a fore-aft asymmetric distribution of colloidal den-
sity—a “bow wave” of colloids in front and a wake of lowered
concentration behind the particle. Notably, the theoretical sys-
tem exhibiting this asymmetry excludes relaxation, i.e., 1 = 0,
indicating that relaxation of suspended microstructures (colloids
or polymers) is not a necessary condition for their asymmetric
distribution. In fact, this asymmetry is induced by convection
and finite colloidal mobility.

Experimental observations

Experiments on microbeads pulled through polymer solutions (en-
tangled and unentangled)®* provide direct evidence that stress
relaxation (1) alone is neither sufficient nor immediately respon-
sible for polymer concentration changes. The experiments
observed localized regions of altered polymer density along the

0.25 - o'e-o ____________________ _4‘:,;\'““/;"(“1%)
o =05 o
< o0 o s%* =05
sphere
Q (0] o .
—~ Q*=1.0
S 0.2+ (sphere)
| Q*=1.0
=
— * __ 1 &
R o o Q(s[)l_x(!l'](-")O
~0.15¢ 0 0 =157 % 0
0 05 1 .5 2 25

tQ*

Figure 6. Numerical simulations of a translating and rotating trimer in viscoelastic fluids

(A) The trimer is formed by fusing three identical colloids of radius R;, which are centered at the vertices of an equilateral triangle. The colloidal center is offset from
the trimer center by R;. R is chosen such that the volume of the trimer matches that of the original colloid of radius R. The trimer translates along the z axis at a
constant velocity, V,, and rotates around the y axis at a constant angular rate, Q. Its velocity in the x direction, V,, is unknown. The Cartesian reference frame

translates with the trimer center.
(B) 3D geometry and corresponding mesh for the simulation of a trimer.

(C) Rescaled migration velocities of a trimer (symbols) over one period for Q* = 0.5 (circles), 1.0 (squares), and 1.5 (diamonds). Horizontal lines denote the
asymptotic (dashed) and numerically obtained (dotted) steady velocities of a volume-matched sphere. Here, = 0.1, De = 0.3, and Pe = 0.03.

Newton 2, 100373, May 4, 2026 9




j.newton.2025.100373

Please cite this article in press as: De Corato et al., Colloidal Magnus effect in polymer solutions, Newton (2025), https://doi.org/10.1016/

¢ CellPress

OPEN ACCESS

path of a dragged bead. Importantly, once the bead stopped, the
polymer density homogenized to equilibrium separately from the
stress relaxation of the polymers. Even more, the post-strain ho-
mogenization of polymers did not interfere with their intrinsic
stress relaxation but rather behaved as an independent mode of
stress decay. This implies that a finite relaxation time allowing
stored elastic stresses does not by itself suffice to restore uniform
polymer density; the polymers must physically move to refill the
depleted wake or to dissipate the crowded front.

Numerical evidence

Z6ttl and Yeomans®® numerically simulate the motion of a parti-
cle in explicitly modeled polymer solutions, identifying polymer-
rich and polymer-poor regions at the front and rear of the particle
when polymers are very dilute (see the first column of Figure 6 in
Z6ttl and Yeomans®®). This asymmetric profile originates from
convective deformation, namely, the particle forces the poly-
mers out of its way. It pushes polymers forward, causing their
accumulation. Conversely, the rear polymer-poor region ap-
pears because polymers require time to diffusively re-enter this
area. Importantly, this convection-induced inhomogeneity of
polymers is unrelated to the their relaxation time. The irrelevance
of polymer relaxation is directly supported by the sister work of
the same authors,”® which studies a self-propelled model bacte-
rium in similar polymer solutions. They observe microstructural
inhomogeneity even near a bacterium swimming in monomer
suspensions (see Figure 3K, right column, in Zo6ttl and
Yeomans®®), confirming that polymer relaxation time is not
necessary for such inhomogeneity.
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