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Design and Numerical Simulation of a Magnetophoretic System with a Rotating-Field
for Manipulation and Separation of Magnetic Microparticles
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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 compared with 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
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solution with biological and medical applications.

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, cancer
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, which 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-

*Corresponding author’s email: abedini@modares.ac.ir

cell applications.

This research presents a novel spaced magnetic track
approach using interconnected magnetic discs in amicrofluidic
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
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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.

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.

2- 2- Modeling and Simulation

Magnetic disks on the chip in an external rotating
magnetic field create 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 to predict particle trajectories. The model was
validated against experimental data with ~2.6% average error.
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Fig. 2. Simulated trajectories of magnetic microparti-
cles and the corresponding energy distribution on the
chip. (a) Non-migrating particle (confined to the origi-
nal pathway). (b) Migrating particle (crossing the spac-
ing). The arrows indicate the direction of the external
magnetic field. The energy values are normalized.

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 a stepwise manner.

Figure 2 illustrates the simulated behavior near the
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.

MATLAB simulations confirmed the system’s ability to
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guide particles with radii ranging from 1.4 to 5 pm 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 um 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 um, the critical frequency
for a 4 um particle was 0.06 Hz, whereas for a 2 pm 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 rotating magnetic field. (b) Schematic of
the circular magnetic nanofilm arrangement with a gap within the pathway and the trajectory of mi-
croparticles.

w“bbﬁ)hug&u‘dom O‘%ngo)sh}‘bkj‘%‘“ Ll
”ww]ﬂ'))’awé’(‘l)‘\b‘bb(;@ wdl%ﬁoma

()

Endds8 g (gusbliae Lo S8 iy 1 9 B (V) da) 0
bl go srugblise

O (V) dasly 5l o3l b qublize Jewiliy (6553l @395 (su0py2 b

S oo omablize Glyd b o (asuine (£55] sladu 5 ol

b lize a5 >0 (6940 )b (655 sl I b yed ¢ aels Ceaww

)95 by 9 silore =V ¥
sueblize ol o jed )3 Ally Gg) (oublie sSuns
SiAl SIS e J g SLBL iyl 2 el dwblise ()5

Dy e (V) ) I puboline

1
UZE/'IOVP(ZP_ZO)HZ (\)

)‘ J"")L"C W)’ 4 H 9 Zo ‘ZP ‘VP ‘Iuo ‘(\) d‘L"") )

sy ) Lpuugbolite (4580 10,3 o> M Luugbolite (g p0dydsi

yogy



250 G ile)igrd b olyen oloj &y ditunly Jeloo g Lol K> S5
b Suws ad d)).sl sleol> C;S)> 9 J.Sw,.: ogou Gl 0445 o3liiwl
CS o e 385 9 5 moter Sl g 0 P 3 T ke
S ol b 0ol drwg Cdie HlBley d Lolad] &S SS
Olee Gy ((F) alaly) e8> @Yolee (330 o> bo)d &S > puanno
D9y S5l polaie cpy el Caundas loj g L 4 dtunly wublize
bl 8 pa 303 K6 o 55 a8 s ool e3lw gl 4 g, Lol
el Cunday (LB 8 3 o] bl g e )l e
oM i e (il lE (oxwliel jglale
2 odbomlie L;Lm).w.m 1; GUMMJOL&O L_iau).) ;gv u}o‘).u ul)) uf)>
dalie [VV] ppmig ©Vlio 51 (S5 53 0280558 (028 slapivles]
sl u*’l*" JOgit uo)xJ 25y 9 Ls&...‘o‘..uw 0,3 CS o ymo A5
yolaie dy o l38le 5 5> (oilwand 5l ordzl ol pue g aEisle]
S s oo 5 (ol 53 NS w5 o 59y 2V USS p3 Clas (o)
) b lagly oL (e Slais ol )3 o gilodend 5 ()25
aold iy dais AD glysuiol I aS (lwdiuns (AG =5°
o 3 s a3 (P =X H YT ) S 50 5l 05 eled
b 008 awlis oo wlo o Hblie gleedly b odd g jluand
4SS gl pob Jbe 0 ¢S)> s o) iy sllas &S ob ol
Y/;’\/ L).sl).: ol dmwle dUa:- u.«i.»l...o L] V/\Y/ Al g ‘/’\/
By o 50 ddlidrwey Jdo (cYL Cdd sdiad lis oS Sol Cowd &

ol @y (Sl

oy g b Y
2 5Pl ol JSi g publise 55l @iy AT S
Sl (ubline (g Jlosl cowi3yite JSbislo pld (cusblize wldgil
Silwls g colin slbpune (Sl slie oS pl ey o ioles |,
S8 3wl (pid g (publise (e joi ) (caibliae Cldp)
sblg; cos blize slacSuns 5l Sl 55y 2 55l @iF Y
Sy S gl anl 005 03 Ui ebliie e cilieo
S sbglen mdee lis |y (Jloel plae asly S5 cnl 3 Soo8
Js> im0 5 1) (551 slaoly & S5y (25 g0 oanlie
a8 o Jite 5500 (Sawd & Swd 3l g 805 o S

S5 @i 3PS yn e gV U5 oy cnl §3:8 adllas pslaie

yogy

Sy gn dgulons () o §

Sealind (28 b Jbw )3 595 (ublise Cldj) &8> Co g
0> Cop o)l (pl ) dgde dmsle odied i Sl 45y
Dbien S (¥) datly bl 2 g (S gl (166 (Blae

F

- 67,7,

v

&L"z 9 Jlw 40jgSung Shas)le s Al 9 1], ‘(\‘) dbayl )
.D)S
2635 ool wilobs Juloo (ol liome 3,595 93 51 Lidefy oyl 52
oo csurblise (555l 5 e 22595 5l sy 5 A S50 polaie 4y
Ol B9y 5l o 9 48 (b TSyl 138l 5 53 4l gumaw
ool S Clibl blize (5500 9 (e dpule (gl dgae
st &l 4B )3 @ (gilwand ol g T guels il 00,5
P g b pbol a3l IMatwl Sldllas wluwlxe como jl luebl
Jo¥ g ¥ iy ol ojlul aieS g anuin) clie aSd oy
Soliley el jn blize e dbgl (gly 00,5 Gl (ieg,See
O eblie laplies (o3 by 5 Tl gliie o> Jsjle
SYoleo wlul p S yie Juab opl jd oSl &Y olee b oolisl T oLy

lords 1,1 () 5 (V) Llyy 5> sublize c¥sles o JouSle

V.B=0 (®)

Voo ool b (e 0929 59y p2 (omebline plbe (g5y0 L]y

s Jlosl 50 52 3 |y 5 390 uibliie £l 55 jiag S

(st ol 3 oss (58 o (pendolite e sl sl olhe

1. SOLIDWORKS

2. COMSOL Multiphysics

3. AC/DC

4. Magnetic Field No Current



VOB BADYY doas V¥ ¥ Jlo VY ojlais Y 693 (S pol Sl awdineo 4y i

Bl
| e J..Ln .[a.wg.l 0wy S*“‘—AU:"—'-E- e

9 229 SRy glagly (5,15 pdiged 9 (65 dmlie .ol oai ool 5 (538 ) 55 ABLdrwyl Jio (eiw,lisl Y IS
ol 8o &8 ,5 [V ] 51 0y (6 0515 .ol 0l 0315 i lod s 1aSlue dunwrlime g b0l g jlwrdmnss

Fig. 2. Model validation is performed in the phase-slip regime. Quantitative comparison and angular sam-
pling of experimental and simulated trajectories are shown for calculation of the mean error. Experimental
data are taken from [21].
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Fig. 3. Energy distribution simulation results. (a) Magnetic energy distribution around a single magnetic
disk. (b) Energy distribution of an array of magnetic disks. (¢) Magnified view of energy distribution in
the gap between disks. Arrows indicate the direction of the external magnetic field. Energy is normalized.
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Fig. 4. Trajectory of magnetic microparticles and energy distribution on the chip. (a) Non-migration of the
particle. (b) Particle migration. The arrows indicate the direction of the external magnetic field. In this
simulation, the energy is normalized.
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Fig. 5. Sample particle trajectory simulation results using the MATLAB code.
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