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ABSTRACT

In this study, a novel system based on magnetophoretic chips for the manipulation and controlled size-based
separation of magnetic microparticles within a microfluidic environment has been designed and simulated. The
system consists of magnetic nanofilms patterned in the form of interconnected disks in a rotating magnetic field
generated by permanent magnets. The magnetic field generator setup, using a stepper motor and an Arduino
controller, allows adjustable magnetic rotation frequencies. Three-dimensional modeling was carried out using
SolidWorks, and the distribution of the magnetic energy on the chip was simulated using COMSOL Multiphysics.
Additionally, particle trajectories and magnetic forces were analyzed through custom-developed MATLAB codes.
To validate the simulations, the results were comparedwith experimental data from previous studies. The particle
trajectories showed good agreement, with an average/radial error of 2.61%, confirming the high accuracy of the
simulations. Using this validated model, the particle separation performance of the system was evaluated. The
results indicate that by selecting spacings of 2 to 7 micrometers within the magnetic tracks, under magnetic field
strengths of 50 and 100 Oersted and by adjusting the frequency, micrometric particles with different sizes could
be separated. By overcoming the challenges associated with coil circuits and undesired heating in previous

methods, this study provides a reliable, simple, and efficient solutionwith biological and medical applications.
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1. Introduction

Manipulation and separation of micrometer-scale
particles in microfluidic environments are essential for
lab-on-a-chip systems, with applications in single-cell
analysis,wcancer research, and drug screening [1].
Traditional ' methods require large sample volumes and
yield population-averaged data, making them inadequate
for studying rare.cell populations critical in diseases like
cancer/and HIV [2]. Single-cell analysis addresses these
limitations by requiring minimal samples and enabling
improved detection‘of rare-cell [3].

Existing _particle manipulation techniques are
classified as passive (hydrodynamic forces) or active
(external fields) [4].However, each has significant
drawbacks: hydrodynamic_methods induce shear stress
[5], optical approaches suffer from low throughput and
potential cell damage [6], acoustic'techniques are limited
at the single-cell scale [7], and electrical methods require
complex electrode arrays [8].

Magnetophoretic  circuits, «“whiech  synchronize
magnetic particle movement with external<fields via
nanometer-thick magnetic films, offer promising
alternatives [9]. However, previous systems [10] have
failed to maintain control over separated particles; which
is a critical limitation for single-cell applications.

This research presents a novel spaced magnetic track
approach using interconnected magnetic discs in a
microfluidic environment with a rotating magnetic field
system (Figure 1-a). Particle separation depends on size;
magnetic content, spacing dimensions, field strength, and
rotation frequency (Figure 1-b). Key innovations include:
(1) a spaced track design enabling separation while
maintaining continuous particle control, and (2) a simple
permanent-magnet rotating field system that offers more
effective control, lower cost, and simpler implementation
than previous methods.

2. Methodology

This section describes the experimental setup and the
numerical framework used to generate the rotating
magnetic field and analyze particle motion.
2.1. Rotating Magnetic Field System

A compact rotating magnetic field system was designed
and fabricated using a stepper motor, an Arduino-based
controller, and a disk housing permanent neodymium
magnets. By rotating the magnet disk at adjustable
frequencies, a controllable rotating magnetic field was
generated. The microfluidic chip was fixed at the center
of the disk, enabling direct observation of particle motion
under an optical microscope. The holder was designed to
ensure mechanical stability and minimize vibration
during operation. A schematic of the system and the
magnetic pathway with the spacing are shown in Figure
1.
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Fig. 1. (a) The designed and fabricated system used to
generate a rotating magnetic field. (b) Schematic of the
circular magnetic nanofilm arrangement with a spacing
within the pathway and the trajectory of microparticles.

2:2.'Modeling and Simulation

Magnetic disks on the chip in an external rotating
magnetic fieldicreate energy wells that guide particles
along the pathway. Particle motion was modeled by
considering magnetic potential energy, magnetic force,
and Stokes drag, assuming overdamped dynamics.

Two simulation‘approaches were used: (1) A 3D model
in SolidWorks and“analyzed using the finite element
method in COMSOL Multiphysics to calculate magnetic
field and energy distribution, with mesh independence
analysis and time-dependent  Simulations; and (2) a
MATLAB code developed ta predict particle trajectories.
The model was validated against experimental data with
~2.6% average error.

3. Discussion and Results

The chip separates magnetic ‘particles<by size using
circular magnetic nanofilms exposed to.an external
rotating magnetic field. The rotating field generates
moving energy wells that guide particles in asStepwise
manner.

Figure 2 illustrates the simulated behavior nearithe
spacing: smaller particles fail to cross and consequently
return along the pathway, while larger particles migrate
across. This size-dependent behavior arises because
energy wells overlap across the spacing only for larger



particles, enabling size-based separation without the need
for mechanical filters.
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Fig. 2. Simulated trajectories of magnetic
microparticles and the corresponding energy
distribution on the chip. (a) Non-migrating particle
(confined to the original pathway). (b) Migrating
particle (crossing the spacing). The arrows indicate
the direction of the external magnetic field. The
energy values are normalized.

MATLAB simulations confirmed the system’s ability to
guide particles with radii ranging from 1.4 to 5 um under
a rotating magnetic field. Particle trajectory is governed
by the field rotation frequency: at low frequencies,
particles remain near disk edges and cannot cross the
spacing, whereas at higher frequencies, larger particles
can migrate to adjacent disks.

Critical frequencies were calculated for spacing sizes of
2-7 pm at two field strengths, revealing a clear
relationship between particle size and the frequency
required for crossing. For example, at a field strength of
7960 A/m, with a disk radius of 5 um and a spacing of 4
pm, the critical frequency for a 4 um particle was 0.06
Hz, whereas for a 2 um particle it increased to 0.09 Hz.
This trend confirms that larger particles require lower

frequencies to cross the spacing. System performance
depends on particle size, spacing width, field strength,
and fluid viscosity. Brownian motion was considered
negligible, but particle—particle interactions at high
concentrations warrant further investigation in future
studies.

This proposed size-selective mechanism offers distinct
practical advantages for biomedical diagnostics. Unlike
conventional fluorescence-activated cell sorting (FACS)
or magnetic-activated cell sorting (MACS), which
require bulky equipment and complex labeling
procedures, our system performs continuous separation
using only a compact experimental setup composed of a
rotating disk with a small stepper motor and controller.
The ability to tune the cutoff size simply by adjusting the
rotation frequency makes the platform adaptable to
various target analytes, ranging from circulating tumor
cells (15-30 pm) to bacteria (1-5 pum). Furthermore, the
absence of Joule heating and valves ensures high cell
viability, which is critical for downstream analyses.

4. Conclusions

A microfluidic platform utilizing rotating magnetic fields
and spaced circular magnetic nanofilms is proposed for
size-based particle separation. The rotating field,
generated by permanent magnets without the need for
electrical wiring, enables frequency-tuned separation:
larger particles cross the spacing while smaller ones
remain confined. Model validation against experimental
data- demonstrated an average radial error of
approximately 2.6%. This simple, low-cost method is
well-suited for magnetophoretic lab-on-chip systems in
biomedical diagnostics and rare-cell analysis.
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Fig. 1. (a) The designed and fabricated system for applying a rotatingsmagnetic field.(b) Schematic of the circular
magnetic nanofilm arrangement with a gap within the pathway and the trajectory of microparticles.
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Fig. 3. Energy distribution simulation results. (a) Magnetic energy distribution around a single magnetic disk. (b)
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disks."Arrows indicate the direction of the external magnetic field. Energy is normalized.
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simulation, the energy is normalized.
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Design and Numerical Simulation of a
Magnetophoretic System with a Rotating-Field for
Manipulation and Separation of Magnetic
Microparticles

Atabak Mohammadi Moazed?® Roozbeh Abedini-Nassab?

2 Faculty of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran

ABSTRACT
In this study, a novel system‘based on magnetophoretic chips has been designed and simulated for the

manipulation and controlled size-based separation of magnetic microparticles within a microfluidic environment.
The system consists of magnetic nanofilms in the form of interconnected disks with a separation gap and a rotating
magnetic field generated by permanent magnets. The magnetic field generator setup, using a stepper motor and
an Arduino controller, enables adjustment of the rotation frequency. Three-dimensional modeling was carried out
using SolidWorks, and the distribution of the magnetic energy on the chip was simulated using COMSOL
Multiphysics. Additionally, particle trajectories and magnetic forces were analyzed through custom-developed
MATLAB codes. The simulation results, for validation purposes, were compared with experimental data from
previous studies, and the good agreement of the particle trajectories (with an average radial error of 2.61%)
demonstrated the high accuracy of the simulations. Then, using/this validated model, the performance of the
designed system in particle separation was evaluated, and it wasfound that by selecting gaps of 2 to 7 micrometers,
under magnetic field strengths of 50 and 100 Oersted and by adjusting the frequency, micrometric particles with
different sizes could be separated. By eliminating challenges associated/with’coil circuits and undesired heating in
previous methods, this study provides a reliable, simple, and efficient solution with biological and medical

applications.

KEYWORDS
Lab-on-a-chip, single-cell analysis, particle separation, magnetic particle manipulation, magnetophoretic
circuits
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