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A B S T R A C T

In this study, by placing two ferromagnetic wires with different diameters inside the microchannel, a non-
uniform magnetic field is generated. The magnetic force of this non-uniform field, separates different magnetic
particles from each other and collects them in different parts of the channel. Using this system, we are able to
collect and separate different particles from each other with an efficiency of 97%. This phenomenon depends
on parameters such as wire diameter and its magnetic sensitivity, external magnetic field intensity, particle
magnetic sensitivity, particle size and magnetic sensitivity of the carrier fluid. Here, these parameters are
examined individually for magnetic particles (M-280 and M-450) and the optimum parameters are specified.
Then, by comparing various cases, a system, for simultaneous separation and trapping is proposed. In addition,
one of the magnetophoresis problems, which is interaction forces between magnetic particles investigated for
the proposed system. The effects of effective parameters such as the distance between the wires and the fluid
velocity are optimized to obtain maximum efficiency. Particle M-280 and M-450 are collected by wires with
diameter of 100 [μm] and 50 [μm] respectively. The optimum distance between two wires is 800 [μm], so their
magnetic field distribution have positive effect on each other. Also, to maximize the system efficiency the
fluid velocity is set to 11 [mm∕s]. By selecting these parameters as obtained values, the system efficiency is
optimized. By changing wire diameter or magnetic field intensity, the proposed microchip can be used for
separation and trapping of different particles.
1. Introduction

Isolation and collection of particles at micro scale, in chemical
analysis [1], biological research [2], nutritional characteristics [3]
and disease diagnosis [4,5] are highly permissible. Due to the special
and unique properties of particles, different methods and techniques
have been established for accurate and fast collection of particles.
Advances in these methods make it possible to take advantage of this
in separating particles or cells on a micro scale. Separation based
on these methods requires smaller and less samples to perform the
experimental process, which is important in reducing time and costs.
Also, the smaller dimensions of the devices allow the synchronization
of several processes to achieve higher purity and efficiency.

In general, all the methods and theories used for this technol-
ogy is divided into active and passive categories. In passive meth-
ods, separation is done according to the structure of the channel,
properties of the particles and their physical characteristics and their
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effects on each other, and no external force will affect it. For ex-
ample, Pinched Flow [6], inertia [7], lateral displacement [8] and
filtration [9] methods are among the passive methods. In contrast, in
active methods, external fields in various forms are used for better
separation and collection with high efficiency. Dielectrophoresis [10]
Magnetoforsis [11] and Acoustophoresis [12] are examples of active
methods in microfluidic systems.

Magnetophoresis is one of the active methods in which a magnetic
field is used to manipulate microparticles and cells within the mi-
crochannel system [13]. Important factors in this method that affect its
efficiency are magnitude and non-uniformity of magnetic field, particle
or cell size, magnetic sensitivity of particles or cells, and magnetic
susceptibility of solute. This method is divided into two groups of
positive magnetophoresis and negative magnetophoresis.

The motion of magnetic particles inside the non-magnetic fluid is
called positive Magnetoforsis and the motion of non-magnetic particles
within the magnetic fluid is called negative magnetophoresis, in which
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Fig. 1. Model configuration used for numerical verification analysis; 𝑢𝑓 = 0, 𝑑𝑤 =
0 [μm].

errofluid is used as a magnetic fluid. In positive magnetophoresis, mag-
etic particles are attracted to the high magnetic field and in negative
agnetophoresis, non-magnetic particles are attracted to the low mag-
etic field. Magnetophoresis can be used in order to achieve a variety of
urposes, including separation [14], collection [15], sorting [16], mix-
ng [17], and concentration [18] of particles in microfluidic systems. So
ar, various methods and models for collecting, separating and sorting
articles and cells in microfluidic systems based on magnetophoresis
re proposed.

The following can be mentioned from researches in the field of parti-
le separation based on magnetoforsis technology. Smistrup et al. [19]
y designing and building a separator device, were able to separate
agnetic particles with a diameter of 1 [μm] from the carrier mixture.
amme and Wilhelm [16] have investigated separation of cancer cells
rom stream by labeling them using magnetic nanoparticles and using
ositive magnetophoresis. Kim et al. [20] with positive magnetophore-
is investigated the separation of malaria-infected red blood cells from
he bloodstream and to increased the efficiency of the process, they
ave optimized their system parameters such as microchannel height,
icrochannel length and flow rate. Kim et al. [21] have developed a

ell separation device that can separate tumor cells from a heteroge-
eous mixture, such as blood. The result of their work was isolation of
hese cells with a yield of 82.4%.

Adams et al. [22] have developed a device for separating two
agnetically labeled cell models by layering the ferromagnetic wires.
he purpose of using these wires was to create a strong magnetic field
radient inside the channel. With their device, they have been able to
chieve separations with a high purity of 90% and an output of 109

ells per hour. Zhu et al. [23] used lattice-distributed soft magnets
o separate magnetic beads with efficiency more than 80%. Huang
t al. [24] have collected THP-1 cells by placing a wretched layer
microwell) between the microchannel and the magnet at the top of
he channel. By placing this layer, the magnetic field became more
on-uniform and a local magnetic field gradient was created.

Smistrup et al. [25] used three microfabricated electromagnets in
heir microsystem to separate magnetic beads. Watarai and Namba [26]
ith addition of two iron blades to the surface of the magnets has been
ble to create a relatively strong magnetic field gradient at the tip of
hese blades and examined the collection of red blood cells in their
ystem. Guo et al. [27] have designed a system in which using nickel
2

ferromagnetic wires, samples were first dynamically separated and then
statically collected. In this system, the collection of pathogens has been
investigated.

Eshaghi et al. [28] investigated non-magnetic particle separation
in a ferrofluid. They studied the motion of polystyrene particles with
different sizes and effect of magnetic fields and fluid flow in a T-
shape microchannel. In addition to these researches, for collection
of magnetic particles using magnetic field generated by the electric
current through wires, various designs have been proposed [29]. Using
these electric coils, can produce large magnetic gradients and magnetic
forces.

Also concentrating microparticles and cells in a narrow area of
the stream is important in many microfluidic applications such as
separation and collection [30]. This prevents particles from hitting the
microchannel wall. In general, positive magnetophoresis is not suitable
for this process because the particles tend to be attracted to the walls
(magnets). However, negative magnetophoresis can be used to guide
the particles to one side for better sorting [31]. Peyman et al. [32]
developed a device that used two magnets to concentrate a 10 microm-
eter diamagnetic particles in their system. Zhu et al. [18] were able to
concentrate diamagnetic particles of different sizes, which flow into the
magnetic fluid, for different flow rates, using two permanent magnets.

However, microfluidic systems based on magnetophoresis have
problems and disadvantages, one of which is the force of attraction
between magnetic particles. This force causes the particles to be at-
tracted to each other and form a chain of particles, which reduces the
efficiency of the system. Cao et al. [33] have proposed the use of an
alternating magnetic field to overcome this problem. In their system a
coil is used which, by changing the direction of current in the coil, it
changes the force direction between the magnetic particles and causes
the particles to maintain their distance.

By investigating these researches in the field of magnetophoresis
and in order to collect magnetic particles inside the microchannel, a
local magnetic field gradient is needed. In this study, we used magnetic
wires inside the microchannel to achieve the magnetic field gradient.
Furthermore, as we want to collect two types of particles with different
sizes simultaneously, so two magnetic wires with different radius are
used.

In this research, we used M-280 and M-450 particles, because these
particles have different sizes and have been used frequently in the
literature and their properties are well known [34].

Also, by determining the radius of the effect of the particles inter-
action force and in order to prevent the formation of particles chain,
the concentration of the solution is obtained.

2. Governing equations

The motion of a particle or cell within microfluidic systems is a
function of a variety of factors. In the present microfluidic system which
works by magnetophoresis technic, magnetic properties of the contents
and the hydrodynamic properties of the fluid are important factors. In
this system, magnetic, hydrodynamic and interparticle dipole forces are
applied to the particles each of which follows its own equations. These
equations can be divided into two categories, the governing equations
on the fields including the magnetic field and the fluid flow field, and
the governing equation on the motion of particle.

2.1. Hydrodynamic field equations

The equations governing the fluid flow field are the two equations
of continuity and Navier–Stokes [35].

𝜌𝑓∇ ⋅ u⃗𝑓 = 0 (1)

𝜌𝑓
((

u⃗𝑓 ⋅ ∇
)

u⃗𝑓
)

= ∇ ⋅ 𝜎 + 𝐹𝑏𝑜𝑑𝑦 (2)

here 𝜌𝑓 fluid density, u⃗𝑓 fluid velocity, 𝜎 stress tensor and 𝐹𝑏𝑜𝑑𝑦
ndicates the external force acting on the fluid (such as gravity).
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Fig. 2. Magnetophoresis force applied on M-280 in wire vicinity based on its distance from the wire; 𝐵𝑜 = 0.5 [T], 𝑑𝑤 = 50 [μm], 𝜇0 = 4𝜋 × 10−7 [H∕m].
Fig. 3. Magnetophoresis force applied on M-450 in wire vicinity based on its distance from the wire; 𝐵𝑜 = 0.5 [T], 𝑑𝑤 = 50 [μm], 𝜇0 = 4𝜋 × 10−7 [H∕m].
2.2. Magnetic field equations

The basic equations that govern magnetic fields are generally
Maxwell’s equations . The general form of Maxwell’s equations is as
follows [36]:

∇ ⋅ D⃗ = 𝜌𝑒 (3)

∇ × H⃗ = J⃗ + 𝜕 D⃗
𝜕𝑡

(4)

∇ × E⃗ + 𝜕 B⃗
𝜕𝑡

= 0 (5)

∇ ⋅ B⃗ = 0 (6)
3

Assuming that the following conditions are true: the microparticles and
fluids used in the micromagnetofluidic device are electrically neutral
and have no electric charge, 𝜌𝑒 = 0 so D⃗ = 0, a permanent magnet is
used to generate the magnetic field and no external current is applied
to the microfluidic system, J⃗ = 0, no voltage difference is applied to the
microchannel, E⃗ = 0; Maxwell’s equations can be simplified as follows:

∇ × H⃗ = 0 (7)

According to the above relation, a quantity such as 𝜑, which is called
the magnetic scalar potential, can be defined so that the following
relation holds:

H⃗ = −∇𝜑 (8)



Journal of Magnetism and Magnetic Materials 560 (2022) 169424A. Nameni et al.
Fig. 4. Particle M-280 motion path for different grid sizes; �̄�𝑖𝑛 = 10 [mm∕s], particle
initial position: (𝑥0 , 𝑦0) = (−400 [μm], 300 [μm]).

2.2.1. Magnetic field around wire
Whenever a ferromagnetic wire is perpendicular to the uniform

one dimensional external magnetic field, H⃗𝑜 = 𝐻𝑜𝑒𝑦, the magnetic
potential 𝜑 around a ferromagnetic circular wire whose radius is 𝑎
whose center is in the coordinates (0, 0), is defined according to the
following equation [37]:

𝜑 = −𝐻𝑜𝑦 + 𝑘𝐻𝑜𝑎
2 𝑦
𝑥2 + 𝑦2

, 𝑟 =
√

𝑥2 + 𝑦2 > 𝑎 (9)

𝑘 =
𝜇𝑤 − 𝜇𝑜
𝜇𝑤 + 𝜇𝑜

(10)

In the above relation, 𝜇𝑤 is the magnetic permeability of the ferromag-
netic wire and 𝜇𝑓 is the magnetic permeability of the fluid (which is
approximately equal to the magnetic permeability of the vacuum, 𝜇0).

Using (8) and (9), the magnetic field around the ferromagnetic wire
is obtained from the following equation [38]:

H⃗ = −∇𝜑 =
𝐻𝑜

(𝑥2 + 𝑦2)2
[

[2𝑎2𝑘𝑥𝑦]𝑒𝑥+

[

(𝑥2 + 𝑦2)2 − 𝑎2𝑘(𝑥2 − 𝑦2)
]

𝑒𝑦
]

(11)

As can be seen in the above relation, when a ferromagnetic wire is
placed vertically inside a uniform magnetic field, the field changes
around wire, so that the external field becomes non-uniform and be-
comes two-dimensional and finds horizontal and vertical components.
As a result, the magnetic field has a gradient, which causes the mag-
netic particles around the wire to have a magnetic force.

2.3. Particle movement equation

Consider a particle in the microchannel of a magnetophoretic de-
vice. Important forces that act on this particle are: hydrodynamic
drag, magnetophoresis and interparticle forces [13]. The movement of
particles in the microchannel is affected by the interaction of these
forces. To determine the motion of each particle within a microfluidic
channel, Newton’s second law is used.

𝑚
𝑑u⃗𝑝 = F⃗ + F⃗ + F⃗ (12)
4

𝑝 𝑑𝑡 𝑑 𝑚 𝑝𝑝
With 𝑚𝑝 particle mass, u⃗𝑝 particle velocity, F⃗𝑚 magnetophoresis force,
F⃗𝑑 drag force and F⃗𝑝𝑝 as particles magnetic interaction force. Other
forces such as gravity and lift and buoyancy are neglected, as a result,
they have no impact on particles lateral displacement.

2.3.1. Hydrodynamic drag force
Large particle. If we consider the particles as large particles, the hy-
drodynamic drag force applied on them is calculated according to the
following equation [39].

F⃗𝑑 = ∫
[

−P𝐼 + 𝜂𝑓 (∇u⃗𝑓 + (∇u⃗𝑓 )𝑇 )
]

⋅ n̂d𝐴 (13)

Where P is pressure, 𝐼 is identity matrix, n̂ is surface outward normal
vector and 𝐴 is the particle surface.

Point particle. For microparticles located within microchannels with a
low Reynolds number, the drag force is given by the Stokes relation
and the relative velocity of the particles [13].

F⃗𝑑 = 6𝜋𝜂𝑓 𝑟𝑝(u⃗𝑓 − u⃗𝑝)𝐶𝑤 (14)

Where 𝑟𝑝 is the particle radius and u⃗𝑓 and u⃗𝑝 are fluid and particle
velocity respectively. Also 𝐶𝑤 is a constant used to exert the effect of
wall on the drag force on microparticles [13].

𝐶𝑤 =

[

1 − 9
16

( 𝑑𝑝
𝑑𝑝 + 2𝛿𝑤

)

+ 1
8

( 𝑑𝑝
𝑑𝑝 + 2𝛿𝑤

)3

− 45
256

( 𝑑𝑝
𝑑𝑝 + 2𝛿𝑤

)4

− 1
16

( 𝑑𝑝
𝑑𝑝 + 2𝛿𝑤

)5]−1

(15)

where 𝛿𝑤 is the distance of particles from microchannel wall.

2.3.2. Magnetophoresis force
Large particle. If we consider the particles as large particles, the mag-
netic force applied on them is calculated using the Maxwell stress tensor
according to the following equation [40]:

F⃗𝑚 = ∫

[

−1
2
(H⃗.B⃗) + H⃗B⃗𝑇

]

⋅ n̂d𝐴 (16)

Where H⃗ is the magnetic field intensity, B⃗ is the magnetic flux density,
n̂ is the outward surface normal vector and 𝐴 is the particle surface.

Point particle. If a magnetic particle is considered as a point magnetic
dipole, the magnetic force acting on it is equal to [38]:

𝐹𝑚 = 1
2
𝜇𝑜𝜒𝑉𝑝∇ H⃗2 (17)

Due to the magnetic field within the microchannel near the wire
(11) the horizontal and vertical components of the magnetic force are
obtained from the following equations [38]:

𝐹𝑚𝑥 = −2𝜇𝑜𝜒𝑉𝑝𝐻2
𝑜 𝑎

2𝑘
(𝑘𝑎2 − 𝑥2 + 3𝑦2)𝑥

(𝑥2 + 𝑦2)3
(18)

𝐹𝑚𝑦 = −2𝜇𝑜𝜒𝑉𝑝𝐻2
𝑜 𝑎

2𝑘
(𝑘𝑎2 − 3𝑥2 + 𝑦2)𝑦

(𝑥2 + 𝑦2)3
(19)

Where in these relations: H⃗𝑜 = 𝐻𝑜𝑒𝑦 external magnetic field intensity
(that is in 𝑦 direction), 𝑎 ferromagnetic wire radius and 𝑘 is a function
of wire magnetization saturation, 𝑀𝑤𝑠, is defined according to the
following relation [38]:

𝑘 =

{

1.0, if 𝐻𝑜 ≤
𝑀𝑤𝑠
2 ; (non-saturated)

𝑀𝑤𝑠
2𝐻𝑜

, if 𝐻𝑜 >
𝑀𝑤𝑠
2 ; (saturated)

(20)

The above equations show that the magnetic force applied to the
particles is a function of their location, and this force changes as their
distance from the wire changes.
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Fig. 5. Grid structure around wire; (a) 2660 elements, (b) 7394 elements (c) 27316 elements (d) 105938 elements. More details listed in Table 2.
Fig. 6. Comparison between large particle and point particle assumption (one way and two way coupled) for a single M-280 particle; �̄�𝑖𝑛 = 10 [mm∕s].
Table 1
Definition and quantity of parameters.

Parameter Value Definition

wires 𝜇𝑤 100000 wires magnetic permeability
𝑀𝑤𝑠 8.6 × 105 wire’s saturation magnetization

M-280
𝑑𝑝 2.8 [μm] particle diameter
𝜌𝑝 1578 [kg∕m3] particle density
𝜇𝑝 1.923 particle relative permeability

M-450
𝑑𝑝 4.5 [μm] particle diameter
𝜌𝑝 1538 [kg∕m3] particle density
𝜇𝑝 2.58 particle relative permeability

fluid
𝜌𝑓 1000 [kg∕m3] fluid density
𝜂𝑓 0.001 [Pa s] fluid dynamic viscosity
𝜇𝑓 1 fluid relative permeability

3. Numerical model verification

In this study, COMSOL® 5.3a software is used to solve the equations
which is available in our laboratory of advanced numerical simulation
and trace particles numerically. In order to model the motion of mi-
croparticles within a magnetophoresis system, first of all, forces and
fields need to be calculated accurately.

Here, to measure the validity of the obtained results, they are
compared with the existing analytical relations and error is determined.
This comparison is made for the magnetic force acting on a particle.
5

3.1. Analytical magnetophoresis force

To obtain the analytical magnetophoresis force consider a ferromag-
netic wire perpendicular to the external uniform magnetic field. The
components of this force are obtained using (18) and (19) relations.

By substituting 𝑦 = 0 and 𝑥 = 0 in (18) and (19) respectively and
using Table 1 values, magnetic force components are obtained for each
particle M-280 and M-450, in terms of particle distance from the wire.

3.2. Numerical magnetophoresis force

To calculate MAP force, we modeled system showed in Fig. 1. With
given boundary condition, (8) is solved time independently and in a
steady state then, distribution of magnetic field within the system is
obtained. Once the field distribution is known, the force acting on
the particle is calculated. Changing particle position and repeating this
process, gives MAP force based on particle position.

3.3. Analytical and numerical force comparison

Calculated MAP force is shown in Figs. 2 and 3 for M-280 and M-
450 respectively. As can be seen, the results of the numerical model
has an error of 97% and it can be concluded that the simulation of the
numerical model is acceptable and reliable.
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Fig. 7. Magnetic interaction force between two particles in various configurations (force applied on P2 from P1); �̄�𝑖𝑛 = 0, 𝐵𝑜 = 0.5 [T].
4. Grid independency

Grid generation directly affects the results of numerical analysis
and cannot be ignored. Therefore, one of the steps of simulation and
analysis of numerical model is to examine the dependency of the
results on the generated grid or so-called grid study. To investigate
the independence of the results from the grid size, the motion of a
particle (M-280) for 5 different sizes of grids, was compared. Results
are shown in Fig. 4. Also these grids features are listed in Table 2 and
their structures are shown in Fig. 5.

5. Simulation method

In this research, two basic assumptions have been used. The first
assumption is that the effect of particles on the magnetic field and the
fluid flow field is negligible, and the second assumption is to ignore the
effect of the particles on each other.
6

Table 2
Grids features.

Case number Minimum
element size
[μm]

Maximum
element size
[μm]

Number of
elements

I 0.125 37 2660
II 0.075 20 7394
III 0.02 10 27316
IV 0.015 5 105938

5.1. Point particles

This assumption causes the equations of fields and particle motion
to be one way coupled, i.e. first fluid flow field and magnetic field
are solved stationary and independent of the presence of particles, and
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Fig. 8. Effect of interparticle magnetic force on set of M-280 particles (initial position and current position are shown in black and red circles respectively); 𝐵𝑜 = 0.5 [T],
�̄�𝑖𝑛 = 10 [mm∕s], 𝛿𝑥 = 𝛿𝑦 = 10 [μm].

Fig. 9. Microfluidic system from different views and its geometric dimensions.
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Fig. 10. 𝐻 and 𝐻 = 𝑐𝑡𝑒 lines around wire for two different wire diameter; 𝐵𝑜 = 0.5 [T].
Fig. 11. Magnetic field intensity and its gradient in 𝑥 and 𝑦 directions across wire; 𝐵𝑜 = 0.5 [T], 𝑑𝑤 = 50 [μm].
the fluid velocity and the magnetic field distribution within the mi-
crochannel are obtained. The magnetic and drag forces on the particle
are calculated at any point within the channel using (14) and (17)
respectively. Then, using the values of these forces, the particle motion
equation is solved time dependent. By repeating this process, the path
of the particle within the channel is obtained.

On the other hand, when the assumption of point particle is not
taken into account, so-called two-way coupling, the fields equations
and the particle motion equation are not independent of each other
and all equations are solved simultaneously and time dependently. In
the two-way coupling, the geometry of the particles is modeled and
to calculate the forces, the stress tensors are integrated on the particle
surface.

To validate this hypothesis, a special case in which only one M-280
particle is released into the flow, with certain parameters, was first
8

modeled by one-way coupling method and the particle trajectory was
obtained. Then, under the same condition it was modeled by the two-
way coupling method and the particle path was obtained. The results
of these models are compared with each other and showed in Fig. 6.
The results show that due to the small size of the particles relative
to the dimensions of the system, the assumption of point particles is
acceptable with 96% accuracy.

5.2. Interparticle magnetic force

In this research, the magnetic force between the particles is ne-
glected. When the particles concentration is low and the particles are
relatively far apart, this force is negligible and can be ignored. But
if the number of particles and their concentration is high, this force
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Fig. 12. Effect of wire diameter (four different sizes) on the particle motion path; �̄�𝑖𝑛 = 10 [mm∕s], 𝐵𝑜 = 0.5 [T].
Fig. 13. Particle motion path for different initial release position; �̄�𝑖𝑛 = 10 [mm∕s], 𝑑𝑤 = 50 [μm], 𝐵𝑜 = 0.5 [T].
is important and cannot be ignored. Due to the difference between
particles and fluid magnetic properties, magnetic particles act like
a magnetic wire, making the uniformity of the magnetic field non-
uniform around them. This magnetic field gradient around particles,
creates a force field around them; which is activated at short distances.
This force value, is shown in Fig. 7 for different placement of particles
M-280 and M-450 relative to each other.

The motion of a set of 9 M-280 particles that were 10 [μm] apart
from each other, by considering interparticle magnetic force and using
two-way coupled model, was also examined. Fig. 8 shows the motion
of these particles over a short period of time. It is observed that the
particles after a short time, in the vertical direction, they approach
each other and stick together and in the horizontal direction they are
separated from each other. From Fig. 7, it can be seen that the effected
area of this force is small. For particle M-280 this area has a radius
of 7 [μm] and for particle M-450 it has a radius of 10 [μm]. Also the
sign of this force shows that particles under the effect of this force are
9

attracted to each other in the vertical direction (form particles chain)
and repelled from each other in the horizontal direction. Knowing the
area of effect of this force, the concentration of the particles solution
is chosen in such a way that the particles are far enough apart so this
force does not get activated along their path.

6. System configuration

Fig. 9 shows the micromagnetofluidic system designed here, for si-
multaneous separation and collection of two magnetic particle models.
In this system, a permanent magnet is used to create magnetic field,
and to create local magnetic field gradient, two nickel ferromagnetic
wires, with different diameter, are placed inside the microchannel. The
first wire with smaller diameter, W1, is used to collect larger particles,
M-450, and the second wire, W2, with larger diameter is used to collect
smaller particles, M-280.
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Fig. 14. Motion of particles for different fluid inlet velocities; 𝑦0 = 250 [μm], 𝑑𝑤 = 50 [μm], 𝐵𝑜 = 0.5 [T].
Fig. 15. External magnetic field effect on particle displacement; �̄�𝑖𝑛 = 10 [mm∕s], 𝑦0 = 250 [μm], 𝑑𝑤 = 50 [μm].
Through the depth of the channel, magnetic field and flow field
are relatively uniform and there are no force applied to the particles,
so there is no particle movement in this direction. Also, the depth
of channel is 100 [μm], but the system is modeled in 2D with this
assumption that particles are far away from top and bottom of the
channel (in the center of depth).

7. System performance

Distribution of a magnetic field within a material is a function of
magnetic permeability of that material, so, since the ferromagnetic
wires have a much larger magnetic permeability than the particle-
carrying fluid (which in this study is water), magnetic field distribution
near these wires comes out of uniformly and finds a strong gradient
locally.

Magnetic field distribution around a wire is shown in Fig. 10. It
can be seen that on the left and right of the wire, the magnetic field is
10
minimum and at the top and bottom of the wire, the magnetic field is
maximum.

The interaction of magnetic force and drag force determines the
efficiency of this system. If the magnetic force is greater than the drag
force, particles will accumulate on the wires, otherwise they will pass
through the channel. (14) shows that the hydrodynamic drag force
increases with increasing particle size or particle velocity relative to
the fluid. Also (17) shows that the magnetic force is directly related to
the magnetic field gradient, particle size and its magnetic permeability.
Therefore, due to the fact that the particles M-450 are larger in size and
have a greater magnetic permeability than particles M-280, it results in
greater hydrodynamic and magnetic force being applied to them.

Figs. 11(a) and 11(b) show the intensity of the magnetic field and
its gradient, in the horizontal and vertical directions, respectively. From
Fig. 11(b) can be seen that on the left side of the wire and upstream
of the flow, the magnetic gradient sign is negative, which by passing
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Fig. 16. Magnets placement and resulting magnetic field inside channel.
Fig. 17. Magnetic field distribution around two wires; 𝑢𝑓 = 0, 𝑑𝑤1 = 50 [μm], 𝑑𝑤2 = 100 [μm], 𝐵𝑜 = 0.5[T].
through the wire, on the right side, the magnetic gradient sign changes
and becomes positive. Since according to the relation of magnetic force,
(17), the force sign is the same as the sign of magnetic field gradient, it
is concluded that the magnetic force on the left and right of the wire is
the repulsive force and removes the particles from the wire. In contrast,
the magnetic gradient above the wire is positive and below the wire it
is negative, causing attractive force to be applied on particles, therefore
particles move toward the wire. This attractive force is called particles
trapping factor. Using this theory, we placed a wire with small diameter
to collect large particles at the beginning and a wire with large diameter
to collect small particles at the end of the channel.
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8. Results analysis

As mentioned, in our proposed device, two ferromagnetic wires
were used to create a strong magnetic gradient inside the channel so
that particles could be separated and collected using the magnetic force
that this gradient exerts on them. We have investigated the important
parameters involved in this system. To do this, first a system in which
only one wire is in the center of the channel is considered, then its
parameters, which include the wire diameter, particle release location,
fluid flow velocity and magnetic field strength are studied in order
to trap each particle. Then a system with two wires is used to study
the effect of distance between the wires. Finally, the efficiency of the
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Fig. 18. M-280 vertical displacement and its motion path through channel for various
distances between wires, 𝑑𝐻 ; �̄�𝑖𝑛 = 10 [mm∕s], 𝑦0 = 250 [μm], 𝑑𝑤1 = 50 [μm], 𝑑𝑤2 =
100 [μm].

wires for this system is calculated and its value in terms of the distance
between the wires and the flow rate of the fluid is obtained.

8.1. Single wire analysis

8.1.1. Wire diameter
One of the important parameters in this system that has a great

effect on the microparticles displacement is the wire diameter. Fig. 12
shows the motion of a single particle for wires with different diameters.
It is observed that as the diameter of the wire increases, the magnetic
force applied to the particle increases due to the increase of the
magnetic field gradient. As the particle approaches the wire from the
left, it is first in the repulsion region of the wire, also because the
velocity of the fluid has a component in the 𝑦 direction, the particle
moves slightly upwards. By moving in the direction of the channel,
it enters the attraction area of the wire and moves toward the wire.
In wires with small diameters, the magnitude of the magnetic force
is small compared to the hydrodynamic force, and the particle has a
small displacement in the vertical direction, but as the diameter of the
wire increases, the magnetic force on the particle increases and causes
the particle to move vertically more. This increase in wire diameter
continues until the magnetic force on the particle is large enough to
overcome the fluid hydrodynamic force, and as a result, the particle
could not leave the attractive field of the wire and is collected on the
surface of the wire. As shown in Fig. 12, the critical diameter of the
wire for trapping particle M-280 is equal to 100 [μm] and for particle
M-450 is equal to 80 [μm].

8.1.2. Particle release position
Depending on where the particles are in the vertical direction of

the channel, different hydrodynamic forces are applied to them. Also
the magnetic force on the particles, changes with the displacement of
the particles. Therefore, the movement of microparticles within the
microchannel can be considered as a function of their initial release
position. Particle motion for different initial release position for the two
particles models under consideration, is shown in Fig. 13. It can be seen
that if M-280 particles are released in the range of 0 to 200 [μm] from
12
the center of the channel at the inlet, they can be trapped with this
wire diameter. This interval for particle M-450 is from 0 to 350 [μm].

8.1.3. Fluid inlet velocity
Hydrodynamic force is one of the most important forces in the mi-

crofluidic systems. This force is due to the velocity difference between
the fluid and the particle, so that this force increases with increasing
velocity of the fluid. Fig. 14 shows the motion of particles within
a microchannel for different inlet velocities. As a result, the M-280
particle can be collected at velocities less than �̄�𝑖𝑛 = 2.5 [mm∕s] and the
M-450 particle at velocities less than �̄�𝑖𝑛 = 15 [mm∕s] for the specified
wire diameter.

8.1.4. External magnetic field
In magnetophoresis-based systems, magnetic force plays the most

important role in achieving the goal of the system. This force depends
on the external magnetic field applied to the system. As can be seen
from Fig. 15, M-280 particle needs stronger field to be absorbed by
the wire due to its smaller size (𝐵𝑜 = 1 [T]), but M-450 particle with
larger size can be collected in weaker fields (𝐵𝑜 = 0.5 [T]). In this
research, a permanent magnet has been used to create an external
magnetic field. Also, in order to external field be uniform, two magnets
are used on the sides of the channel so that the opposite poles face each
other. This, not only intensifies the field, but also distributes it evenly.
Permanent magnet B222G-N52 (Kjmagnets), 1∕8 [in] × 1∕8 [in] × 1∕8 [in]
with magnetization M⃗ = 𝑀𝑒𝑦 = 1.18 × 106 [A∕m] is selected. Given that
the external field is considered 𝐵𝑜 = 0.5 [T], when distance from center
of each magnet to the center of channel is 3.1 [mm], the required field
is created, which is quasi-uniform. This field can be seen in Fig. 16.

8.2. Pair wires analysis

Depending on the diameter of the wires and their distance from
each other, the effect of the wires on the magnetic field of the other
wire will be different. Fig. 17 shows magnetic field distribution and
𝐻 = 𝑐𝑡𝑒 lines, with first wire diameter 50[μm] and second wire
diameter 100 [μm] (this diameters are selected based on section ‘‘Single
wire diameter analysis’’ results) in two different wires distances. It is
observed that by increasing the distance between the wires, their effect
on each other decreases to the extent that the effect of each wire on the
magnetic field becomes independent of the presence of the other wire.

8.2.1. Distance between wires
Motion of a particle M-280 for different distances between wires

is shown in Fig. 18. When the distance between wires is small and
the wires are close to each other, the magnetic field around each wire
affects the magnetic field around the other wire, and the magnetic force
on the particle intensifies relative to the single-wire state. At small
distances, it is observed that the effect of two wires is like the effect
of a wire with a larger diameter and the motion of the particle has one
peak. It is observed that as the distance between the wires increases,
their effect on each other decreases and the particle motion diagram
finds two peaks; until this effect disappears and each wire operates
independently and the particle is not affected by the other wire when
it reaches each of the wires.

8.2.2. Particles set motion
Consider the motion of a set of particles inside a channel with two

wires. As the particles move through the channel, they first reach the
small wire (large enough to trap M-450 particles), and M-450 particles,
because they are larger in size, do not pass through the wire and they
are gathered around it. M-280 particles, which are smaller in size and
have a smaller magnetic force, pass through the first wire and move
toward the second wire. The second wire is larger in diameter than
the first wire so magnetic gradient around it is stronger. As a result,
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Fig. 19. Motion of particles set (blue: M-280, red:M-450); �̄�𝑖𝑛 = 10 [mm∕s], 𝐵𝑜 = 0.5 [T], 𝑑𝑤1 = 50 [μm], 𝑑𝑤2 = 100 [μm].
Fig. 20. Trap efficiency of each wire by distance between them; 𝐵𝑜 = 0.5 [T]𝑑𝑤1 = 50 [μm], 𝑑𝑤2 = 100 [μm].
stronger force is applied to small particles (M-280). This wire is con-
sidered to be large enough so, the resulting magnetic force is sufficient
to overcome the hydrodynamic force and causes the absorption and
accumulation of smaller particles around it.

The motion of a set of particles in a system in which the diameter of
the first wire is 50 [μm] and the diameter of the second wire is 100 [μm],
is shown in Fig. 19 versus time. In this model, particles from two inlets,
each 100 [μm] wide, as shown in Fig. 9(d), are released into the fluid.
How these particles are released at the inlets is defined as follows: at
𝑡 = 0 [s] started and each 0.005 [s], 5 of each particle (M-280, M-450)
with random distribution is released in to the fluid by time 𝑡 = 0.1 [s].

8.3. Efficiency

Here we define the efficiency for ferromagnetic wires. The efficiency
of the first wire means the ratio of number of particles M-450 collected
by this wire to the total number of particles M-450 released into the
microfluidic system, also the efficiency of the second wire is the ratio
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of number of particles M-280 collected by this wire to the total number
of particles M-280 released into the system. According to the model
of previous section, 105 of each of the M-280 and M-450 particles
are released into the system. Efficiency of each wire is calculated by
counting number of particles trapped by each wire and divided by this
number.

8.3.1. Efficiency based on wires distance
The efficiency of wires is calculated as a function of the distance

between them for three different fluid inlet velocities and is plotted
in Fig. 20. It is observed that if the distance between the two wires
is small, the first wire will have a very low efficiency. At a distance
less than 400 [μm], the efficiency of the first wire is zero, which means
that no particle is collected on the first wire. As the distance increases,
it is observed that the efficiency of first wire also increases, and this
is because the effect of second wire on the magnetic field of first
wire decreases. But as the distance between the wires increases from
a certain value (500 [μm] for inlet velocity of 5 [mm∕s] and 500 [μm] for
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Fig. 21. Wires efficiency as a function of fluid inlet velocity; 𝑑𝐻 = 900 [μm], 𝐵𝑜 =
0.5 [T], 𝑑𝑤1 = 50 [μm], 𝑑𝑤2 = 100 [μm].

inlet velocity of 10 [mm∕s]), the efficiency of the second wire decreases
because the particles pass through the first wire and enter its repulsive
zone and move away from the wires. Therefore, here is the optimization
of the system for distance between the wires, which in this model for
inlet velocity of 10 [mm∕s] is (800 [μm] − 900 [μm]).

8.3.2. Efficiency based on inlet velocity
In the previous section, the optimal distance between the wires was

calculated to maximize the efficiency of each wire. In this section,
since the inlet velocity directly affects the efficiency of wires, the inlet
velocity for the optimal distance between the wires is also examined
and its value is determined. In this model we set wires 900 [μm] away
from each other (based on last section) and increase fluid inlet velocity
from 3 [mm∕s] up to 19 [mm∕s]. Results are shown in Fig. 21. As can
be seen, when the fluid velocity is very low, the hydrodynamic force
on the particles is so small that all particles are collected on the first
wire and cannot pass through its attractive field. As the velocity of the
fluid increases, the magnitude of the hydrodynamic force increases, and
particles that are farther away from the wires and receive less magnetic
force pass through the first wire and are attracted to the second wire.

It is observed that the optimal velocity in which both wires have
maximum efficiency is �̄�𝑖𝑛 = 11 [mm∕s]. By increasing inlet velocity, the
hydrodynamic force becomes so strong that it prevents particles from
being absorbed by the wires, thus reduces the efficiency of both wires.

As shown in Fig. 21, increasing the fluid velocity has a negative
effect on efficiency of wire 1, so increasing the fluid velocity decreases
its efficiency. In the other hand, this figure shows that increasing the
fluid velocity has a positive effect on efficiency of wire 2, therefore,
by increasing the fluid velocity the efficiency is increased. Thus, the
point where these two lines (wire 1 efficiency and wire 2 efficiency
in Fig. 21) intersect determines the optimal state of the system, which
here occurs at fluid velocity 11 [mm∕s]. The efficiency corresponding
to this fluid velocity is 97% (vertical axis). Therefore, efficiency of the
proposed system is 97%.
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9. Conclusion

In this research, a microfluidic system based on magnetophoresis
was designed and presented in which two ferromagnetic wires can be
used to collect and separate two types of magnetic particles according
to their properties (difference in diameter or difference in magnetic
properties or a combination of both). These particles can be separated
and collected simultaneously from a mixed inhomogeneous sample
using two ferromagnetic wires.

The circular cross-section of these wires creates repulsive and attrac-
tive zones for magnetic particles. The magnetic force on the particles is
directly related to their size and diameter of the wires, and this force
increases with increasing particle size or wire diameter. Combining
these two features, we used two wires with different sizes to collect
two particle models. A smaller diameter wire is placed upstream of the
channel to collect larger particles from the sample. Other wire with a
larger diameter is placed downstream to collect smaller particles.

Here, the performance of this system is investigated for collecting
M-280 and M450 microparticles within the microchannel. The parame-
ters involved in this system (including wire diameter, distance between
them, fluid inlet velocity, magnetic field strength and particle inlet
location) were investigated separately and their value to collect each
of the particles was determined. The system efficiency was obtained as
a function of the distance between wires and the fluid inlet velocity.

Finally, by analyzing the results, values of the parameters were
determined in order to have maximum efficiency. Using this system, we
were able to separate and collect M-280 and M-450 particles with an
efficiency of 97% under conditions of �̄�𝑖𝑛 = 11 [mm∕s], 𝑑𝑤1 = 50 [μm],
𝑑𝑤2 = 100 [μm], 𝐵𝑜 = 0.5 [T] and 𝑦0 in the range (200 [μm] − 300 [μm]).

In this research, our aim was to collect the two mentioned particles
type and analyzed the parameters and determined their values for this
particular application. All materials we have used in this research are
available and values are real and there is no limit to model this system
experimentally, that is our next work to do. Also, by changing some of
these parameters, such as fluid inlet velocity, wires diameter or external
magnetic field strength, this system can be used for other applications,
for example particles or cells with different properties.
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