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Immunoassays require high sensitivity and specificity for the detection of low-abundance analytes in

complex matrices such as blood plasma. The use of functionalized magnetic beads can increase assay

sensitivity by selectively binding and concentrating target analytes, facilitating their separation. However,

magnetophoretic bead collection still represents a critical bottleneck. It must be performed repeatedly

throughout sequential mixing, washing, and dilution steps, which is time-consuming and prone to

cumulative bead loss, ultimately reducing assay performance. Here, we present a comprehensive

framework for the design of magnetic bead collection systems integrated on a rotating microfluidic (lab-

on-a-disc) platform. We establish a finite-element multiphysics model of bead collection that couples

magnetophoretic forces, centrifugal effects, magnetophoresis-induced convection, and cooperative

bead motion. The model is experimentally validated on a dedicated setup using Dynabeads M270.

Increased bead collection speed is attributed to convection-enhanced transport and bead aggregation

into chains. The model enables systematic investigation of geometric parameters, fluid viscosity, bead

properties, and rotational

protocols,

as well as the efficiency of various permanent magnet

configurations. We investigate magnet arrangements, vary the rotational speed between 300 and

800 rpm, and the magnet-fluid distance between 2 and 6 mm. Within this range, our results show, for
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any targeted collection fraction, a linear decrease in collection time with increasing magnet-fluid

distance and an exponential reduction with decreasing rotational speed. Beyond performance gains, this

DOI: 10.1039/d5ra09842d

rsc.li/rsc-advances accelerate assay development.

1 Introduction

Centrifugal microfluidic platforms have established themselves
as a robust, automated solution for point-of-care diagnostics,
enabling rapid testing at the site of care. These systems utilize
a rotating microfluidic disc placed within a dedicated instru-
ment to control rotation, thermal management, and optical
detection. A key advantage of these systems over conventional
microfluidic chips is the automation of complex fluid handling
through precise rotational control, eliminating the need for
external pumps or valves. By integrating assay reagents on the
disc, these platforms can perform various diagnostic protocols,
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predictive in silico framework reduces the reliance on costly trial-and-error optimization and can

including immunoassays' and molecular diagnostics,”> with
minimal user intervention.** Immunoassays require high
sensitivity and specificity for the detection of target analytes,
which are often present at low concentrations in complex
samples like blood plasma. Magnetic beads functionalized with
specific biomolecules are frequently used to enrich and purify
these analytes by selectively binding them from the sample.
Applying a magnetic field draws them toward a defined region,
a process referred to as bead collection in this study. This
magnetically driven bead collection step concentrates and
separates the target molecules while leaving unwanted
components dispersed in the bulk, thereby increasing assay
sensitivity and reducing non-specific interactions.>”

In a typical workflow, target molecules first bind to the
functionalized magnetic beads during an incubation step,
forming bead-analyte complexes (see Fig. 1A). After this
binding step, a magnetic field is applied with permanent
magnets to collect the beads in a defined region (Fig. 1B),
allowing the bulk fluid to be aspirated and discarded. A robust
collection (left) is essential to quickly and efficiently concentrate
the beads, enabling subsequent washing steps without
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Fig.1 Typical workflow of magnetic bead-based lab-on-a-disc assays. (A) The antibodies are incubated with the magnetic beads and the sample
to be analyzed to form bead-analyte complexes. (B) Permanent magnets are used to collect the beads in a defined region magnetically. (C)
Several consecutive steps of collection, washing, re-suspension, and washing are typically performed. With efficiently collected beads (left), this
results in bounded analyte purification, while ineffectively collected beads (right) are partially washed out, potentially leading to a loss of assay
sensitivity. Created in BioRender. Rienmuller T. (2026) https://BioRender.com/gplykOc.

significant bead loss (Fig. 1C). Depending on the specific assays,
several successive collection, washing and resuspension steps
can be applied to reach appropriate analyte purification. In the
last step, an elution buffer is applied to release the target ana-
lytes and make them available for downstream detection.>**
Magnetic beads have become an attractive solid phase for
ELISA workflows because they can both accelerate immuno-
reactions and improve analytical sensitivity. In particular, well-
dispersed antibody-conjugated beads provide a high surface-
area-to-volume ratio, which promotes faster antigen-antibody
binding. In addition, the beads can be rapidly manipulated with
an external magnet so that bead-analyte complexes are effi-
ciently separated and pre-concentrated. As highlighted by Ha
and Kim,® this magnetic preconcentration step is a key
contributor to assay sensitivity, because the bead-analyte
complexes must first be collected by an external magnet and re-
dispersed into a smaller volume to effectively enhance the
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detectable analyte concentration. However, in practical labora-
tory and point-of-care settings, the performance of magnetic
bead-based assays often faces challenges such as incomplete
bead mixing, low or inconsistent bead collection, or bead loss
during aspiration. If the beads are not collected reliably and
within a sufficiently short time, a fraction of them may remain
dispersed in the chamber and be washed away together with the
supernatant (Fig. 1C (right)), which directly compromises the
amount of bead-bound analytes available for downstream pro-
cessing. These issues can negatively affect the sensitivity and
reproducibility, and sample loss during magnetic-bead-based
extraction has indeed been identified as a contributor to
reduced assay sensitivity.”'* Moreover, bead collection is typi-
cally performed multiple times during sequential binding and
washing steps. If each collection step is slow or poorly opti-
mized, the cumulative collection time can become comparable
to the biochemical incubation itself, limiting overall assay

© 2026 The Author(s). Published by the Royal Society of Chemistry
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throughput. By contrast, very rapid and robust bead collection
reduces dead time between incubation and washing, which is
beneficial for time-resolved measurements."* Reciprocally, in
systems designed for fast collection, models that do not prop-
erly account for convection and cooperative bead effects are
prone to substantial errors, highlighting the need for validated
quantitative models of the collection step that include these
mechanisms.**™*

Several studies have examined aspects of magnetic bead
behavior, but each addresses only a subset of the mechanisms
relevant for reliable bead collection on a rotating disc. A
seminal contribution by Kirby et al.*® introduced centrifugo-
magnetophoretic particle separation on lab-on-a-disc plat-
forms and modeled the underlying magnetic and centrifugal
forces, but did not resolve cooperative bead aggregation or use
in realistic chamber geometries. Building on this, Strohmeier
et al."” simulated the magnetic forces acting on beads in lab-on-
a-disc geometries, yet likewise they did not evaluate the result-
ing bead-collection dynamics under rotation. Other studies
focused on magnetophoresis-induced convection, such as the
mathematical framework presented by'® and the simulation
work by," which analyzed the flow patterns generated by mag-
netophoretic forces, but did not quantify bead transport or
accumulation. Complementary studies have examined
magnetic bead chain formation behavior in polymer solutions
or bulk fluids (e.g.,*), yet these investigations were not per-
formed in centrifugal microfluidic geometries and did not
consider the superposition of magnetic, convective, and
centrifugal effects in a unified framework. More general reviews
of magnetophoresis-based microfluidics similarly highlight the
complexity of coupling magnetic forces, flow, and particle
interactions, and point to the need for quantitatively validated
models in realistic device architectures."

Collectively, these contributions provide valuable insights
into magnetic force fields, magnetically driven convection, and
bead chain formation, but none of them quantify how rotation
speed, convection, and magnet configuration jointly determine
bead collection fraction and accumulation behavior, in a lab-on-
a-disc environment.

To address this gap, we develop a finite-element multi-
physics framework for the design, simulation, and optimization
of magnetophoretic bead collection on a centrifugal micro-
fluidic platform. The model incorporates the relevant
phenomena governing bead motion on lab-on-a-disc systems,
including magnetic forces, fluid drag, centrifugal forces, and
collective effects, enabling a realistic three-dimensional
description of bead behavior under rotation with permanent
magnets. In contrast to previous models, which often rely on
oversimplified assumptions (see, e.g. ref. 19 and 21) or 2D
approximations, our approach allows quantitative prediction of
collection speed, efficiency, and bead accumulation patterns
across a wide range of operating parameters.

COMSOL Multiphysics is used to simulate the magnetic bead
collection process, enabling systematic evaluation of different
magnet configurations and rotational speeds. We experimen-
tally validate the model on a dedicated rotating platform by
comparing simulation results with absorption-based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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measurements, which provide space- and time-resolved esti-
mates of the particle concentration within the collection
chamber. Through combined mathematical modeling, simula-
tion, and experimental validation, we present a generalizable
tool for investigating and characterizing magnetophoretic bead-
collection dynamics on centrifugal platforms. This framework
enables informed design decisions and supports the develop-
ment of reliable bead-based microfluidic architectures.

2 System design
2.1 Experimental setup for magnetic bead collection

The collection mechanism for our lab-on-a-disc setup consists
of a ring of permanent magnets positioned axially above the
disc, as shown in Fig. 2A. The arrangement of at least four
magnets along the ring suppresses the need to spin them above
the disc as proposed by Ouyang et al,* who used only two
magnets. Further and in contrast to the design by Hin et al.,”
this magnetic ring can be moved axially (vertical arrow in
Fig. 2A), allowing selective interaction with the magnetic beads.
With sufficient proximity, the ring attracts the beads to the top
of the chamber and holds them radially in place. Disc rotation
leads to the formation of a stable liquid meniscus, facilitating
aspiration of the supernatant fluid into a downstream chamber.
This step is achieved by a capillary valve at the bottom of the
chamber that opens at a specific and adjustable rotation
threshold, thus enabling sequential washing and elution steps.

The axial position of the magnetic ring is then adjusted to
remove the magnetic field from the beads, allowing them to be
re-suspended in the wash buffer through the shaking mode.
This iterative collection and release process, controlled by the
rotational speed and axial positioning of the magnetic ring,
provides a high degree of control over bead handling and
ensures effective sample processing for an immunoassay per-
formed within the setup.

2.2 Disc design

The disc design consists of two primary chambers: an upper
chamber (collection chamber) and a downstream chamber
(waste chamber, see Fig. 2B), connected by a narrow micro-
channel. This 100 pm wide microchannel with a height of 70 um
effectively controls fluid flow between the chambers. The
interruption of the microchannel acts as a capillary valve. This
capillary valve is critical for staged fluid transfer and enables
precise fluid handling during the washing and elution phases.
The capillary valve passively controls fluid flow by balancing
centrifugal and capillary forces at the interface between the
microchannel and the valve. The valve holds the fluid in place
until the rotational speed increases to the point where the
centrifugal force overcomes the capillary force, causing the fluid
to burst. This threshold is called the burst frequency.* The disc
arrangement is shown in Fig. 2B.

2.3 Disc fabrication

The disc is fabricated by stacking laser-cut polymethyl meth-
acrylate (PMMA) sheets with cutter-plotted pressure-sensitive
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Fig. 2 Magnetic beads collection setup. (A) By controlling the axial position of the permanent magnet ring, magnetic bead collection can be
switched on and off. The radial position of the permanent magnets is fixed and corresponds to the outer edge of the collection chamber, which is
also the collection site of the magnetic beads. (B) The disc design consists of an upper chamber (collection chamber), a capillary valve, and
a downstream chamber (waste chamber). The upper chamber contains a filling hole (inlet) for liquid input and a microchannel to a venting hole
(ventilation hole). The downstream chamber also contains a microchannel to a venting hole and an outlet hole for liquid removal. The collection
site (yellow line) is shown at the top of the collection chamber. (C) Image of the test rig. (D) Studied permanent magnet configurations.

adhesive (PSA) layers. It consists of five primary layers: a PMMA
base layer for structural stability (1.5 mm thickness), a PSA layer
with microchannels to control fluid flow, a PMMA layer forming
the upper and lower chambers (1 mm thickness), a PSA layer
connecting the venting holes, and a PMMA layer with venting
holes for pressure regulation (0.5 mm thick). Each layer ensures
structural integrity, fluid containment, and reproducibility. PSA
layers seal the PMMA sheets, prevent fluid leaks, and precisely
align the microfluidic channels. The layered structure of the
disc is shown in Fig. S1 of the S>>’

2.4 Design of the lab-on-a-disc device for the analysis of
magnetophoretic bead collection

The experimental setup and the entire device are shown in
Fig. 2C. The device enables precise control of disc rotation,
permanent magnet positioning, and image acquisition for the
analysis of the bead behavior. It includes a BLDC motor

7484 | RSC Adv, 2026, 16, 7481-7495

controlled by a Nanotec driver and an Arduino microcontroller,
allowing adjustable rotational speeds. A Python-based GUI
enables intuitive control and monitoring of system parameters.

Ilumination is provided by a light pad beneath the disc,
ensuring uniform illumination. A camera above the disc
captures real-time images, synchronized to the disc's rotation.
An optical sensor detects a reflective tape mark, creating
a stroboscopic effect. This allows the bead movement to be
tracked with a typical spatial and temporal resolution of 17.6
pm and 0.12 s (for 500 rpm), respectively.

The permanent magnet array is mounted on a linear axis
with a stepper motor-driven timing belt for controlled vertical
movement. The displacement of the ring from the upper to the
lower position, i.e., switching the applied magnetic field from
near zero to its maximum value, takes 1 s. The magnets are
embedded in a transparent acrylic holder, allowing optical
monitoring while maintaining magnetic field alignment.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.5 Permanent magnet configurations

Six configurations of permanent magnets were tested to analyze
the influence of the magnetic field on the magnetic bead
collection, as shown in Fig. 2D. These configurations were
chosen to cover a representative range of magnetic conditions
that are commonly encountered in centrifugal platforms.
Furthermore, practical design criteria have been considered,
including compatibility with our experimental holder and the
ability to span a broad range of field magnitudes at the collec-
tion chamber. More precisely, we use:

e Configuration 1: four pairs of 20 mm x 4 mm x 3 mm N48
neodymium magnets, stacked vertically and equally positioned
in a circular manner (weak field magnitude).

e Configuration 2: six pairs of vertically stacked N48
magnets, equally positioned (intermediate field magnitude).

e Configuration 3: eight pairs of vertically stacked N48
magnets, equally positioned (intermediate field magnitude).

e Configuration 4: ten pairs of vertically stacked N48
magnets, equally positioned (strong field magnitude).

e Configuration 5: ten pairs of N48 magnet stacks with
alternating pole orientation to increase the magnetic flux
gradient.

e Configuration 6: eight pairs of 5 mm N45 cube magnet and
N48 stacks with alternating poles, horizontally interspersed,
creating a concentrated unidirectional magnetic field using
a so-called Halbach configuration.

Note that the permanent magnets used, N48 or N45, were
chosen as commercially available and cost-effective magnets
showing reasonable remanence flux density and polarization in
the direction of the shortest edge. Further, their geometric
dimensions enable us to place them along the ring with
appropriate orientation to the disc. Importantly, our model is
not restricted to the use of N45 or N48. To facilitate the trans-
position of our results to other systems, we provide the
magnetic flux densities in the collection chamber for all

View Article Online
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configurations in the SI. Associated slip velocities are also di-
splayed for completeness (Fig. S6).

Simulations were performed for all six configurations using
different distances to the disc: 2 mm, 4 mm, and 6 mm to
further assess the effects of magnet ring-to-disc distance on
magnetophoretic speeds in the collection chamber. Magnetic
flux densities and associated slip velocities are shown in
(Fig. S7) of the SI.

3 Experimental validation

3.1 Experiments to assess the collection speed and to
validate the model simulations

Using the experimental setup described in Section 2, bead
collection fractions were measured experimentally in the
collection chamber and used to validate the predictions of the
multiphysics simulation model. The bead collection process
was recorded with a temporal resolution of 0.12 s with a camera
mounted above the system (see Fig. 3A). We used the permanent
magnet configuration 1 in Fig. 2, with the magnets positioned
2 mm above the liquid surface. The disc rotation speed was set
to 500 rpm. A water-diluted Dynabeads M270 solution (60 pl, 1g
17") was used.?® The magnets were positioned so that they did
not interfere with the camera frames. The camera was posi-
tioned to maximize resolution, and the disc was uniformly
illuminated from below. Using the Beer-Lambert Law and
a calibration curve, the bead concentration was determined
from the image pixel intensities.*>*® The calibration curve,
generated from recorded images of the bead solutions (0g 17" to
1g 17" in 0.1g 17" steps), showed a strong correlation (R*> =
0.9975), validating the use of pixel intensities for concentration
calculation. The disc with the bead dilutions and the generated
concentration curve are shown in Fig S2 and S3 of the SI,
respectively.

Based on the calibration curves, the fraction of beads
collected in the collection area (see Fig. 3A) was determined by

Camera

Collection chamber

Bead collection area

Waste chamber

& Spectrophotometer

/’

|

|
Collection chamber _
-

Uncollected
beads

Waste chamber

Fig. 3 Experimental setup for the assessment of bead concentrations. (A) A camera above the disc captures real-time images of the collection
chamber using magnet Configuration 1. The bead concentration is determined from the pixel intensities of the camera images using a calibration
curve. (B) The reliability of the bead collection during supernatant aspiration is determined from absorbance measurements of the supernatant
taken from the waste chamber after opening of the valve using the best performing magnet Configuration 5. Created in BioRender. Rienmuller T.

(2026) https://BioRender.com/pjtkkf8.
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quantifying how many beads remained outside the magnetic
bead collection area. For this purpose, the collection chamber
was analyzed, excluding a 1 mm strip along the outer radius,
which represents the region where the beads ultimately accu-
mulate at the magnet. Beads detected in the remaining area
therefore correspond to beads that have not yet been collected.
A frame recorded after 120 seconds showed that the bead
accumulation did not exceed 1 mm in thickness.

The bead collection fraction (., determined with this
imaging method is defined as

 Ylog(L/1)

6i‘exp =1 m (1)

where I denotes the pixel intensities of the camera images, I, the
initial intensity of the bead solution, and I the final intensity of
the cleared water, the number of pixels in the region of interest
is denoted by A,,;. Intensity values range from 0 to 255. The
same quantity was calculated in the simulation and later on
declared as B sim-

3.2 Experiments for collection reliability and reproducibility

The best performing magnet configuration, Configuration 5, at
a distance of 2 mm, was used to assess the reliability of magnetic
bead collection during supernatant aspiration into the waste
chamber (see Fig. 3B). A disc with 20 collection chambers was
designed to perform 20 collection processes simultaneously. In
this experiment, the collection efficiency is determined by
analyzing the supernatant from each of the 20 parallel processes
after opening the capillary valve at the bottom of the collection
chambers. Each collection chamber was loaded with 60 pl of
Dynabeads M270 (1g 17 %). The magnetic bead collection process
began with a disc rotating at 500 rpm and the permanent magnet
ring in the bottom-most position, right above the disc. After 10
seconds of bead collection, the rotational speed was increased to
4000 rpm, opening the capillary valve and aspirating the super-
natant into the downstream waste chamber. The high rotational
speed ensured rapid aspiration, thus preventing prolonged
collection time. The centrifugal force pushed the remaining beads
into the supernatant against the outer wall of the waste chamber.
A shaking procedure was then used to homogeneously distribute
the beads in the supernatant for subsequent measurements.

In these experiments, the bead concentration in the waste
chamber was much smaller than in the previous experiments.
Thus, the bead concentration in the waste chamber was deter-
mined by measuring the absorbance spectrum of the superna-
tant at 700 nm, where the beads exhibit their maximum
absorption using a Shimadzu UV-2101PC Spectrophotometer.
Again, a calibration curve was created by measuring the absor-
bance spectra of known bead concentrations, which confirmed
a strong linear relationship (R* = 0.99). This validated the use of
absorbance for concentration calculation.

The collection fraction 8, determined using this absorbance-
based method was defined as the percentage of beads collected
from the initial solution and was calculated as

B=1-= )

Co
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where ¢, denotes the concentration of the supernatant and ¢y
denotes the initial concentration.

4 Mathematical modeling of
magnetophoresis

The collection of magnetic beads in the collection chamber was
simulated using COMSOL Multiphysics version 6.3, together
with the microfluidics module, the ACDC module and the CAD
module. The simulation combined the magnetic field of the
permanent magnet, the changing magnetic field due to the
disc's rotation, centrifugal forces, and fluid dynamics. The
solution was modeled as a single phase with the physical
properties of water (viscosity n of 1 mPas, density pguiq of 1000
kg m?). The beads were spherical particles with a radius R of
1.4 um, a density p of 1600 kg m >, and an initial concentration
of 1g17'.2®

To simplify the simulation and avoid computationally
intensive time-dependent rotational movement and remeshing,
the model calculates an average magnetic force over a complete
rotation cycle. This is justified by the fact that the time scales of
the primary forces acting on the beads (magnetophoretic
motion, centrifugal forces) are much slower than the duration
required for one disk rotation, as described below.

The particle slip or drift velocity induced by magneto-
phoresic effects only, Vg, can reach approximately 10 > ms™ ",
with a characteristic length scale L of 10~° m. Thus, the time
scale for magnetophoretic motion, Tpag, is

Trnag = =1s
mag

With a rotational frequency f of 10 Hz, the rotational period
Troc IS

Tit=-=0.1s

| —

The particle slip or drift velocity induced by centrifugal
acceleration only, Veen, which drives the beads towards the
chamber wall, is also in the order of 10 m s '. The corre-
sponding centrifugal drift time scale Tiep, is

L L

Teent = = =1s
Veent Veent

Since Tyo (0.1 s) is much shorter than Tr,ag (1 5) and Teene (1 ),
the disc completes multiple rotations before significant mag-
netophoretic or centrifugal particle drift occurs.

4.1 Modeling the prevailing forces

The movement of magnetic beads in a liquid is governed by
magnetic forces, viscous drag, effective body forces arising from
gravity or centrifugal acceleration (corrected for buoyancy),
inter-particle interactions such as chain formation and
agglomeration, magnetophoresis-induced convection, and
Brownian motion, as schematically illustrated in Fig. 4. A

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic of the physical mechanisms governing magnetic bead behavior in a lab-on-a-disc chamber. Bead motion is determined by
magnetic forces (Fm.g), viscous drag (Fg), and effective centrifugal body forces corrected for buoyancy (F.). Inter-particle attractions lead to chain

formation, while magnetophoresis-induced convection, represented

by the fluid velocity field (vquig), further influences bead transport and

accumulation. Brownian motion is not shown explicitly, as it primarily facilitates short-range bead—bead encounters contributing to chain
formation. Created in BioRender. Rienmdller T. (2026) https://BioRender.com/kvlipmg.

Eulerian approach is used to describe the concentration field
using the advection-diffusion equation. From these forces, the
velocity of the magnetic beads is then calculated and inserted
into the advection-diffusion equation.**

The collection of magnetic beads is based on a magnetic flux
density gradient. Under an external magnetic flux density,
a torque acts on the bead's magnetic dipole, aligning it with the
flux density. The bead's movement direction is determined by
the gradient of the magnetic flux density. A permanent magnet
generates a magnetic flux density with strong values near the
magnet and low values farther away, creating a gradient toward
the magnet. This causes the beads to migrate toward the
magnet.*>

The primary force acting on a bead during magnetophoresis
is the magnetic force Fp,,,. For a single magnetic bead, F,5 0N
the dipole moment m can be calculated as***”

(3)

where B is the magnetic field, |B| is the magnetic flux density
and mg, = p(4R*m/3)M,w is the saturation dipole moment.
Measurements® yield a saturation magnetization Mg, of 6.4
Am?*/kg and an iron content w of 14% for the M-270 beads.
The magnetization curve is derived from the Langevin function
#(«|B|) = coth(a|B|) — («|B|) " with the Langevin parameter a.
By examining the magnetization curve of the M-270 beads,
o« could be estimated as 53T '.3*%° A more detailed description
of the Langevin curve and a representation of the magnetization
curve of Dynabeads M270 can be found in Fig. S4 of the SI.
The drag force Fq on a magnetic bead suspended in a liquid
and subjected to Stokes flow (Reynolds number <1) is given by

Fd = —6Tt7]RV51ip (4)
This takes into account the relative velocity of a magnetic bead
to the fluid, also known as the resulting slip velocity vgj;,, which
is typically in the range of 50 um s ' to 500 um s ' for the
collection of target analytes in microfluidic chambers.?**

The gravitational force F, acting on a bead in combination
with the buoyancy can be calculated as

© 2026 The Author(s). Published by the Royal Society of Chemistry

4R1

Fy = (p — puia) 3 ¢ (5)
which roughly corresponds to 7 x 10~ '* N. Here, g is the grav-
itational acceleration.®

The centrifugal force F., depending on the mass of the bead,
the angular velocity w and the distance to the rotational axis in
x-direction and y-direction (with unit vectors €, and &, respec-
tively), is given by*’
_ 4Rr

F. 3 (P — pruia) @ (x&c + &),

(6)

which is about 7 x 10~** N at 500 rpm.

Other phenomena influencing bead motion are cooperative
movement and magnetophoresis-induced convection, which
lead to an increase in the bead collection speed and are
included in the modeling process, see Sections 4.2 and 4.3.

4.2 Cooperative movement of magnetic beads

Cooperative movement describes the increased migration
velocity of agglomerated magnetic bead clusters compared to
individual beads. This phenomenon increases with increasing
bead concentrations in the solution. Magnetic beads tend to
form chains rather than random patterns due to the interaction
energy between superparamagnetic particles. The anisotropy of
this energy leads to repulsion perpendicular to the dipole
direction and attraction along the dipole moment, which favors
chain formation.™ Chain formation results in faster movement
of the bead clusters due to a higher magnetic dipole moment
and a stronger magnetic force. Although drag resistance
increases, this remains a second-order effect.>

The aggregation parameter N* determines whether a coop-
erative movement takes place and is calculated as

N* = /@, el 7)

where @, is the initial volume fraction and I is the coupling
parameter. Values above 1 indicate cooperative motion, while
values below 1 suggest that the beads move in isolation from
each other.
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The coupling parameter I" describes the ratio of magnetic to
thermal energy and is determined as

_ pom” 7 (8)
16T RkT
where u, is the magnetic permeability in vacuum, m is the
magnetic moment of the particle, k is the Boltzmann constant, and
T is the absolute temperature. With the magnetic beads used and
the magnetic field applied in the setup, T is 3.1 x 10%, i.e., N* is
significantly higher than 1, which indicates cooperative move-
ment." High I values lead to high chain lengths under equilib-
rium conditions. However, equilibrium cannot be reached on the
time scale of the process, so the problem must be treated as
a sequence of non-equilibrium states, with the average number of
beads in a chain N(¢) growing with time according to the power law

Vo = (1) " ©)

Ipw

where tgw denotes the characteristic time scale, which physically
represents the mean time required for two initially separated
particles to encounter each other due to Brownian motion (and
which is modified by attractive dipolar interactions), given by**

9.16R?

= 607 (10)

Ipw
where @ is the volume fraction, which in turn depends on time.
To implement chain growth in COMSOL Multiphysics®, the
time derivative of eqn (9) is used, limited by a minimum growth
rate of 0. This results in

,00 +v,-VN,

D N(1) = max (18'32R2)_1/2<@+¢'> (11)

D, 3por? (@)

where v;, is the local particle velocity, and thus, also the local
bead chain velocity relative to the chamber. The term v,-VN
accounts for the advection of the chain length field N as the
chains are transported at v, through the chamber.

After calculating the chain length, the hydrodynamic drag and
the magnetic force acting on the bead chains can be determined.
The magnetic field direction at any point in space provides the
direction vector eg = B/|B| for further calculations. The magnetic,
centrifugal, and gravitational forces acting on a single bead are
summed and multiplied by the average number of beads in
a chain to obtain the resulting force Fges on the aggregate, i.e.,

FRes = N(Fmag + Fg + Fc) (12)
The resulting force Fges is projected onto the direction of the
magnetic field and results in

FRcsH = (FRcs'eB) € (13)
The perpendicular component Fges, is then calculated as
FResL = FRes - FResH- (14)

To go further, we assume that the chain can be modeled as
an ellipsoid. The drag force on an ellipsoidal aggregate is
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divided into parallel and perpendicular components, with the
orientation relative to the principal axis of the ellipsoid. Using
Newton's second law, this gives

—Fq = Freg)| = 6701 Regr f)Vslip|» (15)

—Fa1 = Fresi = 6T Rer f 1 Vstip 1, (16)
which allows determination of the particle slip velocity in the
direction of the magnetic field vy, and perpendicular to it v.
stip- The factors f| and f, are the Stokes correction factors,
defined as the ratio of the drag forces acting on a spheroid to
those acting on a sphere of the same volume. The effective
radius R is defined with the help of the bead radius R and
ellipsoidal aspect ratio E, approximated here by N, the number
of beads in a chain. It provides

Rer = RE' = RN'? (17)
The Stokes correction factors can then be calculated as**
, (4/3)E7'3(1 — E?
N = ( ) . (18)
(28>~ 1)in(E+ VE? 1)
E —
E?—1
8/3)E13(E? -1
(2> = 3)in(E+ VE? - 1)
E+

E?—1

Finally, the particle slip velocity resulting from magnetic,
centrifugal, and drag forces v, is determined by adding the
parallel and perpendicular components according to

Vslip = Vislip|| + Vslip L - (20)

4.3 Magnetophoresis-induced convection

The second phenomenon that can accelerate magnetophoretic
bead collection is magnetically induced convection. When
a permanent magnet is placed next to a well containing a magnetic
bead suspension, the magnetic field gradient is strongest near the
magnet. Beads in this region are therefore attracted and removed
from the bulk more rapidly than beads farther away, creating a local
depletion zone and a concentration gradient in the suspension. The
combination of this concentration inhomogeneity and the spatially
varying magnetic body force can drive fluid motion (induced
convection) that further accelerates bead transport.™

In a suspension, liquid movement influences that of the
suspended particles and vice versa. To account for these effects,
two-way coupling is used. This takes into account not only the
friction of the fluid on the particles, but also the momentum
transfer from the particles to the fluid, which may lead to
magnetophoresis-induced convection. This convection can be
modeled using the Navier-Stokes equations, which assume
incompressible flow with a Newtonian fluid. The Navier-Stokes
equation reads

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CNAFRes

e

p (% + (Viuia ‘V)Vﬂuid> = —Vp + vV Vg +
where vg,;q denotes the fluid velocity vector, p the pressure, v
the kinematic viscosity, ¢ the Eulerian concentration field of the
magnetic beads and N, the Avogadro constant. eqn (21) shows
a transient term and a convective term on the left side, and
a pressure force term, a viscous force term, and a volumetric
force term on the right side. One-way coupling would result in
the same equations without including the volumetric force
term, ie., without any influence of the particles on the fluid.
This volumetric force term represents the body force density
exerted on the fluid by the particle phase, obtained here as the
local number density of beads cN, multiplied by the force per
bead Fges/N. It increases with increasing concentration of
magnetic beads, as more momentum is transferred from the
beads to the fluid. The conservation of mass and the assump-
tion of an incompressible fluid result in the continuity equa-
tion, which leads to the divergence of the fluid velocity being
Zero.

When modeling magnetophoresis-induced convection, the
previously introduced particle velocity vector v, of the magnetic
beads can be calculated as a superposition of the particle slip
velocity relative to the fluid obtained from the force-drag
balance using the resultant external force Fges from eqn (12)
Vsiip and the fluid velocity vector vgyiq, reading

Vp = Vslip T VAuid- (22)

This velocity v, is used in the convection-diffusion equation
to advect the bead concentration field c. The latter enters into
the body-force term of the Navier-Stokes equation, leading to
magnetically induced convection. More precisely, the concen-
tration field ¢ of magnetic beads is obtained by solving

dc

at
where D is the bead diffusion coefficient, which determines the
diffusion part, and v, the convective part. The diffusion
constant in the convection-diffusion eqn (23) can be calculated
with the Stokes-Einstein equation using the hydrodynamic
radius R of the beads and the dynamic viscosity 7 of the liquid,
providing

= DV’c— V- (vye), (23)

_ ksT
~ 6mnR

(24)

where T is the absolute temperature, and kg is the Boltzmann
constant. For the fluid solver, we apply a no-slip boundary
condition at the chamber walls, i.e., the fluid velocity is set to
zero on the walls.”

Magnetic beads move through the fluid until they reach
a wall, where they leave the fluid domain and thereby increase
the surface density of magnetic beads s. The calculated steady-
state particle velocity should therefore remove magnetic beads
from the liquid at the boundary if it points outwards, without
adding beads to the system if pointing inwards. This concept
leads to a boundary condition for the Eulerian concentration
field according to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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N jbound = N[cVp, — DVC]OM-vy), (25)
where ® denotes the Heaviside step function, n denotes the
outward normal vector of the boundary wall and jyouna denotes
the bead flux at the boundary. The factor n-v, of the Heaviside
function enforces an outflow condition only: if positive, then ®
=1 and the beads leave the domain; if negative, ® = 0 so that no
inward flux is generated.

As the magnetic beads flow out of the fluid domain, they are
trapped at the boundary, increasing the surface density of the
magnetic beads s, defined at the boundary of the fluid domain.
The surface density is zero at the beginning of the bead
collection process across the boundary and increases over time
as more magnetic beads are trapped. The increase in surface
density corresponds to the magnetic bead flux jyound, as shown
in 25. The following partial differential equation (PDE) can now
be used to determine the surface density at any point of the
boundary:

9 _ n-[cv, — DV |O(n-v,) — V- (sv,).

3 (26)

The last term accounts for the movement of magnetic beads at
the boundary, assuming that there is no friction between the
beads and the wall.**

To determine the collection efficiency in the simulations, the
experimental approach is transferred to the numerical results,
allowing a direct comparison. First, the initial total number of
beads, say nipeads,0, in the region of interest is determined. These
are the beads inside the chamber, excluding the outer 1 mm
thick region, the bead collection area. Subsequently, three-
dimensional bead concentration can be projected onto the xy-
plane by integration over the z-direction, yielding the bead
surface density. The latter can be further integrated over the
region of interest (xy-plane) at each time step and is noted as
Tpeads,i- These two variables allow the definition of a collection
fraction according to

Hpeads,i

g isim — (2 7)

nbeads,O7
which is based on the same principle as the experimentally
determined collection fraction §; cxp, presented in Section 3.1.

4.4 Finite element simulations

Simulations of the bead collection process were performed
using the finite element analysis software COMSOL Multi-
physics® version 6.3. The ACDC module was used to simulate
the magnetic field, the transport of diluted species module for
the Eulerian concentration field, the laminar flow module for
the magnetophoresis-induced convection, and a coefficient
form boundary PDE for the surface density of magnetic beads.
To calculate the mean number of beads in a chain, a coefficient
form PDE was used. Note that these values remain local, as they
are a function of time and the current concentration at a given
point in space. Finally, the diffusion term, initially 1.5 x 10~ *?
m” s~', was increased by a factor of 5000 to stabilize the
simulation, which includes a large convective contribution. The
6 different magnet configurations were simulated at a rotational
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speed of 500 rpm and a magnet-fluid distance of 2 mm. The
rotational speed was varied between 300 and 800 rpm, and the
magnet-fluid distance between 2 and 6 mm.

5 Results and discussion

5.1 Phenomena increasing the collection speed and model
validity domain

The simulations demonstrated the importance of transport
phenomena that enhance the collection speed of magnetic
beads within the centrifugal microfluidic platform. Here we
distinguish between (i) magnetophoresis-induced convection,
i.e., the fluid flow generated by the motion of the beads, and (ii)
cooperative bead motion, ie., the formation and collective
migration of bead chains in the magnetic field. Switching off
both effects increases the time required to reach a collection
fraction of 50% by a factor of 3.875 compared to the full model.
The dominant effect arises from cooperative bead motion, while
magnetophoresis-induced convection provides an additional,
though smaller, reduction of the collection time, see also Fig. S5
of SI presenting the results of a simulation performed without
aggregation and/or without two-way coupling.

The magnetophoretic-induced convection developing within
the collection process is shown in Fig. 5A. At 0 s, the beads are
initially subjected to gravitational, centrifugal, and magneto-
phoretic forces, which drive them radially toward the collection
zone. Because the beads move relative to the surrounding fluid,
their slip velocity transfers momentum to the liquid and
generates a convective flow. As time progresses, and more beads
are accelerated toward the collection zone, the fluid velocities
increase due to the continuous influence of this slip. This
enhanced convection contributes to the transport of the
magnetic beads to the collection site with fluid velocities of vgyiq
=1 mm s~ ' that are comparable to, or even larger than the slip
velocity of the beads, which reaches a maximum of about vgj;, =
0.17 mm s~ " at the beginning of the collection process. Beyond
convection, bead aggregation plays a crucial role in the velocity
increase. As the beads move through the system, they aggregate
into chains under the influence of the magnetic field, further
accelerating the collection process.

Initially, the beads are dispersed and separated from each
other, but as the magnetic field is applied and the collection
process develops, they aggregate into chains of length N. Fig. 5B
shows the minimum and maximum local mean number of
beads in a chain over time. The aggregation of the beads
increases the collective magnetic force, resulting in stronger
magnetophoretic forces. Since the associated increase in drag
remains small compared to that of the magnetic force, this
effectively leads to an increase in the bead velocity and thus
improves collection efficiency. After about 3 s, the first chains of
8 beads form, but much smaller chains are still present in the
solution, shown by the minimum chain length of Fig. 5B. After
about 10 s, the minimum chain length also reaches saturation
with 7 to 8 beads per chain. This saturation is due to the rapid
decrease in bead concentration caused by the magnetophoresis
process.
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Fig.5 Bead collection speed enhancement phenomena. (A) Evolution
of magnetophoretic-induced convection in the collection chamber
along its cross-sections in the xy-plane (0.2 mm below the top
surface) and the yz-plane. The fluid velocity vqiq is shown at 0, 1, 2, 4
and 8 s. The flow was simulated with a two-way coupling that incor-
porated a volumetric term from centrifugal, gravitational, and mag-
netophoretic force contributions. At the end of the collection process,
convection disappears because only a few beads are present in the
solution. (B) Minimum and maximum mean number of beads in a chain
over time. Bead aggregation increases the effective collection speed,
reaching a plateau of 7 to 9 beads per chain after 10 s.

Note that the aggregation process considered in this model
only accounts for linear chain growth. Real systems may exhibit
cross-linked fiber structures or lateral aggregation, depending on
the bead volume fraction and magnetic coupling strength.*' For

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the beads and collection process studied here, modeling chains
is sufficient and computationally efficient. However, if magnetic
coupling is too weak to induce chaining, e.g., for sub-micrometric
beads, the aggregation sub-model must be adapted or disabled.
Yet, a key advantage of this modeling approach is that it does not
require fitting to experimental data, thus providing predictive
power and design flexibility without empirical calibration.
Indeed, since the model is parameterized by bead radius R,
density p, and magnetization curve (including the saturation
moment mg,), it can be adapted to other bead types. It includes
diffusion and assumes inertia-free particle motion (Stokes
regime), which is typically valid for micrometric beads.

5.2 Simulation versus experiment

To validate the simulation results, a comparison was performed
between the simulated and experimentally measured bead
concentration fields at different instants (0, 1, 2, 4, 8, and 10 s).
The experimental data were obtained from pixel intensities I of
the images of the collection chamber, where the bead concen-
tration was determined using the Beer-Lambert law (Section
3.1). The simulation data were obtained by integrating the bead
concentration along the z-direction and adding the surface
density of beads, making the simulation comparable to the
experiments (Section 4.3). Note that the gray scale levels of the
simulation were designed to match the gray levels determined
for the experimental light absorption, so that both datasets use
the same gray levels for the same concentrations. The upper
limit of the scale was set to 2 g 17" (1.68 x 10 '° mol m™ %),
which corresponds to twice the initial concentration, to visu-
alize regions of higher concentration within the collection area.
Fig. 6 shows the concentration maps from simulations and
experiments. Both the simulations and the experimental
measurements show similar distributions and evidence of
increasing concentrations near the collection region over time.
This suggests that the simulations accurately reproduce the
physical behavior of bead transport in the system. Furthermore,
the good agreement of the observed gray levels across the entire
region of interest shows the quantitative accuracy of our model.
A slight difference near the collection area is visible, with
a wider and smoother transition for the simulations. This can
be well explained by the artificial increase in the diffusion term,
which tends to homogenize the bead distribution.

To facilitate the quantitative comparison of simulation and
experiment, three areas of 10 pixel x 10 pixel were selected for
which the temporal evolution of the bead concentration was
tracked, see Fig. 7A. The evolution of the experimental and
simulated concentrations at these three points is plotted over 30
seconds. As can be seen, the results for all three areas are in
good agreement. Small deviations are observed, which can be
explained by some of the model assumptions. First, it is
noticeable that the concentrations predicted by the simulations
are slightly higher than those measured experimentally for
short time periods, typically below 10 seconds. This could be
due to increased diffusion, which counteracts the concentration
gradient and the absorption of the beads. After longer periods,
such as 20 seconds, the simulations show a concentration of
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Fig. 6 Bead concentration fields at different times for experiments
and simulations. The bead concentration fields in the experiments
were determined from the pixel intensities / of the camera image using
a calibration curve.

zero beads per square meter, while the experimental values
remain measurable at approximately 0.05 mol m 2. This could
be caused by the idealized collection process of the simulation,
which assumes that once a bead leaves the domain, it is irre-
versibly trapped. In reality, however, it cannot be ruled out that
some beads bounce off the wall or are re-dispersed by subse-
quent incoming beads or strong flows. Thus, it is not surprising
that the experimental values do not reach zero as easily as
predicted.

For application purposes, the overall collection fraction is
more relevant. Therefore, it is presented in Fig. 7B for both
experimental and numerical results. For this purpose, the pre-
dicted particle concentration in moles per square meter was
integrated across the entire collection chamber, excluding the
collection area. Both datasets demonstrate similar collection
trends, with the system reaching collection of 90% within
a comparable time frame of 13.7 s (simulation) and 15.7 s
(experiment). The comparison of the collection fractions
between the simulation and experiment shows good agreement
and confirms that the simulations provide a physical system.
Small deviations can be observed in the long-term local results
of Fig. 7A. For ¢ > 25 s, the simulated collection fraction reaches
the ideal value of 1.0, which is not observed experimentally. As
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Fig.7 Quantitative collection results. (A) Bead concentrations at three
different points in the collection chamber for simulations and exper-
iments. The bead concentration in the experiments was determined
based on the pixel intensities | of the camera image at the respective
locations. (B) Comparison of collection fractions over time between
simulations, B;sim. and experiments, @i, for permanent magnet
Configuration 1. The simulation and experimental results show similar
trends, reaching the 90% collection fraction at similar times, which is
13.7 s for the simulation and 15.7 s for the experiment.

mentioned above, potential bouncing, sliding, and re-
dispersion of the beads are to be expected in real systems, but
these phenomena were not considered in the present
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simulations as it goes beyond the scope of our work. Further-
more, the simulation considers a mean number of beads in
a chain, whereas in reality, individual beads can remain
migrating at significantly lower speeds. Small differences
between 5 and 10 seconds could be partly due to the increased
diffusion, which tends to slow the collection process. It must
also be noted that the model relies on the assumption that
chain growth follows a power law, which is valid for magnetic
bead aggregation in a non-equilibrium state. While the super-
paramagnetic microparticles commonly used in practice typi-
cally exhibit a high coupling parameter and therefore form
chains under non-equilibrium conditions, smaller super-
paramagnetic nanoparticles may instead reach equilibrium-
limited chain lengths. In this case and as already mentioned,
other formulations for the chain growth must be used.

5.3 Permanent magnet configurations and simulation
parameters

With the validated simulation, it becomes possible to analyze
the collection fraction under various permanent magnet
configurations and other parameters, such as the disc's rota-
tional speed. This enables the identification of an optimal
configuration and parameter set that maximizes the collection
fraction, f;sim, Within a given time frame. Furthermore, the
approach provides deeper insights into the system's sensitivity
to specific parameters. Fig. 8 shows the time periods during
which each permanent magnet configuration and simulation
parameter set achieved the collection §; sim of 20%, 50%, 80%,
90%, and 95%, respectively. Despite substantial differences in
absolute collection times, the overall evolution of the collection
process is remarkably consistent across configurations. Differ-
ences observed at one threshold (e.g., Bisim = 50%) closely
mirror those at other thresholds (from 8 sim = 20% up to B; sim
= 95%), with their magnitude increasing over time. This
behavior indicates that evaluating a single representative
threshold, such as §; sim = 80%, is sufficient for optimizing the
magnet configuration.

We first performed simulations using magnet Configuration
1 placed at 2 mm from the fluid, focusing on the disc's rota-
tional speed, as illustrated in Fig. 8A. As expected, higher
rotational speeds generate greater centrifugal forces on the
magnetic beads, thereby increasing their radial velocity and
shortening the time required for collection. This trend is
evident from the times required to achieve 95% collection: 22 s
at 300 rpm compared to 12 s at 800 rpm. Within the investigated
range, the characteristic collection time ¢, for high collection
fractions (80 to 95%) decreases exponentially with the rotational
speed and can be described by an empirical relation of the form
t. (rpm) « exp (—1.24 10~ rpm) offering a good design rule for
selecting the rotation protocol in this regime. In the experi-
ments, a rotational speed of 500 rpm was employed as
a compromise between rapid bead collection and robust fluidic
control, since higher speeds may lead to premature and unde-
sired opening of the capillary valve.

Further, we investigated the influence of the distance
between the permanent-magnet ring and the fluid in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Simulated times required to reach specified bead-collection
fractions B;sim as a function of (A) magnet—disc distance for Config-
uration 1 under 500 rpm, (B) rotational speed for Configuration 1 and
disc-fluid distance of 2 mm (C) permanent-magnet configuration with
disc-fluid distance of 2 mm and 500 rpm. Circles, squares, triangles,
diamonds, and pentagons for collection times of 20, 50, 80, 90, and
95%, respectively.

collection chamber along the z-direction, to assess how critical
it is to position the magnets close to the disc. Simulations were
conducted for magnet Configuration 1 under 500 rpm with
magnet-disc distances of 2 mm, 4 mm, and 6 mm, which
resulted in times to reach B;m = 95% collection of 17 s, 35 s,
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and 59 s, respectively (Fig. 8A). These results highlight the
strong impact of minimizing the magnet-fluid gap on collection
performance. Within the investigated range, the time required
to reach a given collection fraction increases approximately
linearly with the magnet-disc distance, providing a simple
design rule for selecting the magnet position. As a consequence,
increasing the distance from 2 mm to 6 mm more than triples
the time needed to achieve a targeted collection fraction.

Finally, six different permanent magnet configurations were
selected (see Section 2.5) and their effectiveness on bead
collection process was assessed by simulations using a 2 mm
gap and 500 rpm, see Fig. 8C. Configuration 5 demonstrated the
best performance, achieving a 95% collection fraction in the
shortest time. This configuration provides optimal placement
and magnetic field orientation, resulting in stronger magneto-
phoretic forces and more efficient bead transport. The results
further show that increasing the number of permanent magnets
in the ring improves the collection time, and that an
alternating-pole arrangement, as used in Configuration 5, yields
a pronounced acceleration of the collection process, reaching
95% collection in approximately 9 s.

5.4 Reliability of the collection process

To evaluate the repeatability and reliability of the system,
experiments were performed using the best-performing magnet
configuration (Configuration 5) at a distance of 2 mm above the
fluid. With a rotational speed of 500 rpm. A total of 20 collection
processes were analyzed on a single rotating disc as depicted in
Fig. 3B. The results obtained on these 20 simultaneous tests
show a very high repeatability, with a mean bead collection
fraction of 8, = 98% and a standard deviation of 3%. This
demonstrates the high reproducibility and reliability of the
system and confirms that the centrifugal microfluidic platform
with collection parameters and design achieves extremely fast
and consistent bead collection.

6 Conclusion

This work presents a quantitative analysis of magnetophoretic
bead collection dynamics on centrifugal microfluidic platforms,
with a focus on the physical mechanisms and operating
parameters that govern bead collection speed. By combining
mathematical modeling, numerical simulation, and experi-
mental validation, we show how magnetic forces, centrifugal
effects, viscous drag, inter-particle interactions, and
magnetophoresis-induced convection jointly determine bead
transport and accumulation in rotating lab-on-a-disc chambers.
The developed simulation model accurately predicts the bead
transport dynamics, including effects often neglected in simplified
models, such as magnetophoresis-induced convection and bead
aggregation into chains. The agreement between simulations and
experiments is high: both achieve 90% collection within 13.7 s
(simulation) and 15.7 s (experiment), confirming the predictive
capability of the model. Although real-world aggregation may
involve more complex structures, the chain model used here
provides sufficient detail to capture the fast collection times.
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Within the investigated combinations, the shortest time
required to collect 95% is obtained with the magnet Configura-
tion 5, a magnet-disc gap of 2 mm, and a rotational speed of
500 rpm. This collection time lies below 10 s. For this configu-
ration, a collection fraction of 8, > 98% with a standard deviation
of only 3% across 20 parallel processes is achieved within 10
seconds in the experiments, highlighting both efficiency and
reproducibility. Our results further show that increasing the
rotational speed from 300 rpm to 800 rpm systematically
decreases the time required to collect a targeted fraction. For
>80%, this decrease can be well approximated by an empirical
exponential decay, providing a simple practical rule for opera-
tion. The collection speed is, as expected, also influenced by the
magnetic field. Within the explored domain, the time to reach
a given collection fraction increases linearly with the magnet-disc
gap. Thus, reducing the gap by a factor 3 from 6 mm to 2 mm
similarly shortens the 95% collection time from 59 s to 17 s.
Finally, comparing configurations shows that switching from
a basic design with 4 positions of a permanent magnet stack
(Configuration 1) to an alternating pole design with 10 stacks
(Configuration 5) further reduces the time to 95% collection from
17 s to 9 s. Overall, the combination of a validated multiphysics
model and systematic parameter studies yields transferable
design rules that link magnet configuration, magnet-disc
distance, and rotational speed to the characteristic time required
to reach a targeted bead collection fraction. Beyond the specific
implementation studied here, the framework can be adapted to
other disc layouts and bead types, providing a practical tool for
designing reliable and fast magnetic bead-collection steps in
centrifugal microfluidic assays.
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