Integrated microfluidic platforms for magnetic separation,
mixing, trapping and counting
Andreia Sofia de Lemos Barroso
andreia.sofia@ist.utl.pt
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Abstract
Superparamagnetic particles integrate in microfluidic separation system. The particles with 300, 420
and 2800 nm of diameter and susceptibility of 5.0× 10−5 , 2.4×10−2 and 1.7×10−2 , respectively, will integrate the magnetophoresis system since they show the most distinguish magnetic force. FEM is used in
order to predict magnetic field and the dynamic behaviour of the magnetic particles inside the channel.
The discretization of system was defined on the basis of magnetic field variation, being refined near to the
source and the microchannel. COMSOL simulation of coils shows that the magnetic field vertical profile
in its centre is adequate to concentrate particles indiscriminately. Simultaneously, experimental resistive/
temperature coils tests reveal the necessity of a cooling system in order to minimize the heating of coils
by Joule effect. Consequently, a NdFeB magnet (12 mm3 ) was used as magnetic field source. Particles
trajectories inside a microchannel were simulated under the magnetic field created by the magnet using
COMSOL, to obtain the position of the permanent magnet and the place of the outlet for each particles
when those velocity is 1 mms. The results reveal that the particles with 2800 and 420 nm diameter are
correctly deflected toward the outlets, contrarily to the particles with 300 nm.
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material has a single domain, which means that
the magnetization can change its state only with
the fluctuation of thermal energy approximately
the order of kB T [4]. The magnetization in function of magnetic field describes a Langevin function: eq. (1) showing no coercive magnetic field,
and the linear part (low magnetic field range) can
also be simply eq. (2) [3].

1. Introduction
The microfluidic systems are useful in chemical
and biological application since they work with
well-defined flows within microchannels. The possibility of using smallest quantities of sample and
reagents (10−9 to 10−18 Liters), the reduction of reaction time due to the molecular diffusion length
being in the same order of microchannel dimension, and the large surface to volume ratio which
offer an intrinsic compatibility between microfluidic and surface based assays are some of their advantages. Using functionalized magnetic nanoparticles associated with a microfluidic system could
be used to concentrate substances or to separate
others[10]. The particles separation can be done
using passive (obstacle induced, hydrodynamics
filtration) or active separation strategies (SPLITT,
Magnetophoresis)[7, 10].
2. Overview Background
2.1. Magnetic Nanoparticles
A particular case of ferromagnetic is the superparamagnetic materials. The superparamagnetic
material appears from the reducing of the ferromagnetic until the critical size (sub- micron dimensions) [4]. When the critical size is achieved, the

Figure 1: Superparamagnetic material curve of
magnetization [6].
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current and r the radius of line; µ0 is the vacuum
permeability and µr the relative permeability of
the material; Vm is the magnetic potential and B~r
the remanent flux density.
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For the permanent magnets, the magnetic field
intensity depends on the ferromagnetic material,
while for current lines, it depends of their resistance material. Therefore, the resistance of a current line can change while it is working. The resistance can increase because of the heating by Joule
effect [eq. (11)]. R and T represent respectively, the
resistance and temperature, α is the temperature
coefficient of the resistance for the conductor material, R0 is the reference resistance of material at
20o C and T0 is the reference temperature that α is
specified at for the conductor material.

2.2. Magnetophoresis
In the microfluidic systems the regime flow inside
the microchannel is laminar (Re<<1). The mass
conservation and Navier- Stokes equations can be
simplified into eq. (4) and (5) respectively, because
fluid can be treated as incompressible and its velocity is normally lower than the sound velocity. In
eq. (5) left side is the inertial force term, specifically
the ρ(v.∇)v (ρ is the mass density). In the right side
of the equation, the ∇ p term represents the pressure force and the η∇2 v term represents the viscous force where p and η are the pressure and the
dynamic viscosity, respectively.

R = R0 [1 + α (T − T0 )]
∇.~v = 0.
ρ(~v .∇)~v = −∇p + η∇2~v .

(10)

(4)
3. Implementation and results
3.1. Particles characterization
Several particles with different sizes and FeOx
quantity were characterized using VSM (Vibrating sample magnetometer system). This system allows analysing the magnetic moment variations in
a particles solution sample in function of the external magnetic static field. Therefore, the objective was to find out the particles magnetic moment
and their susceptibility. So, 10 µl of each particle
type was measured in VSM, and then whole data
was normalize in terms of the particles size and the
particles number, which concentration parameters
were obtained from each particle datasheet [tab.
(1)]. Figure (2) presents all VSM results.

(5)

Microfluidic channels can integrate magnetophoresis systems, which is a separation method
of magnetic particles. When superparamagnetic
particles flow inside a microchannel with low concentration, the particles/fluid and interparticles
interactions can be neglect as well as the Brownian motion since the magnetic force is larger than
the random collisions with fluid molecules. So, the
particle only experiences the magnetic [eq.(3)] and
drag [eq.(7)] forces. The particle motion equation
can be obtained from the Newton’s second law [eq.
(eq:8)] where F~ is the sum of drag and magnetic
forces [4, 8, 9].

Table 1: Number of particles per ml and FeOx .
F~drag = 6πηRvres
~ = 6πηR(~vf low + ~vmag )
dv~p
F~ = m
dt
2.2.1

Particle diameter (nm)
50
100
300
301
420
870
2800
500

(6)

(7)

Magnetic field source

particles number/ml
5.5 × 1013
6.9 × 1012
1.06 × 1015
7.0 × 1014
4.3 × 1011
2.9 × 1013
6.5 × 108
6.1 × 1010

% FeOx
48
48
70
54.1
43.5
59.6
-

The magnetic field can be created by current lines
~
[eq. (8)] or permanent magnets [eq. (9)] [12]. H
After data normalization, the points were fit~
and B represents the magnetic field and the mag- ted: (i) in all magnetic field range with Langevin
netic flux density respectively; I is the electrical function [eq. (1)] and (ii) in low magnetic field
2

Figure 2: Magnetization particles data from VSM.

with a linear function [eq. (2)]. Thus it is possible to find out the Ms and the χm , respectively.
Figures (3) and (4) are representative fits of each
particle data. In order to determined the saturation magnetic field which ensures the magnetization of whole particles, the linear fit equation in linear behaviour was intersected with the saturation
magnetization (Ms ) which was found out with the
Langevin fit. Once the magnetophoresis system
is based on the particle magnetic force, the magnetic force experienced by each particle type was
estimated using eq. (3) and is shown in table (3).
Analysing it, it is possible to see that the particles
with 300, 420 and 2800 nm of diameter, which experienced distinct magnetic forces, will be consequently split for different places.

Figure 3: Langevin fit for particles with 870 nm diameter.

3.2. Separation System
3.2.1 Electromagnet magnetic field
Micro current line (with 5 µm of radius and 500
µm of length), a circular coil with 5 turns (quadrangular section 15×15 µm2 ) separated by 15 µm
and a path of 5 circular coils, each one with 3 turns
(quadrangular section 15×15 µm2 ) and also separated by 15 µm [fig (5)], were simulated using
COMSOL Multiphysics software.
COMSOL Multiphysics uses a finite element
method (FEM) [2], which is a numerical technique for finding approximate solutions to boundary value problems for partial differential equations. FEM method has the objective of simplify
the problem starting by dividing the system into
small elements, so creating a discretization/mesh
of the system. All elements were defined with an
equations system. The elements were connected
at nodes where unknown variables were obtained.
The mesh element size is crucial for calculus precision. For small mesh elements size, the results
better describes reality, although, the computation

Figure 4: Linear fit at low magnetic field for particles with 870 nm diameter.
time increases a lot if the mesh element is extremely small. In order to find a balance, it was defined a physical characteristic length, which evaluates how much refine the mesh needs to be. In
these particular cases, the characteristic length is
the magnetic field. The magnetic field variation is
larger near the source (the line current or the coil).
Therefore, the mesh element should be smaller
3

Table 2: Fitting results.
Dparticle (nm)
50
100
300
301
420
870
2800
500

Langevin fit parameters
xc (cgs)
Ms (emu/cm3 )
−8.5
6.51
−2.0
1.32
−12.5
5.7 × 10−2
−11.7
2.2 × 10−1
−0.6
1.5 × 101
3.6
2.3 × 10−1
−11.4
1.2 × 101
−8.4
1.9 × 102

mp (emu)
1.9 × 10−16
1.6 × 10−16
1.1 × 10−16
1.3 × 10−16
1.8 × 10−16
2.0 × 10−16
1.5 × 10−16
1.6 × 10−16

Linear fit parameters
χm (cgs)
7.2 × 10−2
1.4 × 10−1
5.0 × 10−5
1.7 × 10−4
2.4 × 10−2
3.4 × 10−4
1.7 × 10−2
2.1 × 10−1

Table 3: Saturation Magnetic Field and Magnetic
Force.
Fmag
Dparticle (nm) Hsat (mT ) (∇H)
[N/(A/m2 )]
50
87.2
3.7E − 17
87.8
5.8E − 16
100
300
113.4
9.2E − 18
135.0
4.3E − 17
301
420
63.0
3.7E − 15
870
101.0
7.8E − 16
75.4
1.0E − 12
2800
500
101.7
1.3E − 13
300
57.7
2.5E − 15

near the source than near the system boundary. In
these cases, in 1000 µm, the magnetic field variation is in the case of the line current 630 times
larger near the wire than near the boundary and 11
times larger near the coil. On the other hand, the
number of mesh elements varied in one millimetre between 25 and 200 elements near the wire and
between 20 and 111 elements far from it. For the
coil, and near to it, the number of elements varied
between 14 and 33, and between 6 and 50 mesh elements if it was far from it. So, the mesh near of the
magnetic source was more refine. The mesh used
for the geometry in figure (5-c)) is equal for figure
(5-b)).
Figure (6) shows the magnetic flux density created by different geometries. In all geometries, the
magnetic flux density decreases from the source.
Analysing magnetic field intensity and the flux orientation is seen that at their surface, the coils produce a similar field intensity as the current line. Although, the coils magnetic field was more intense
in the centre than in the borders. The magnetic
field z-axis in the centre of coils (considering coils
in the xy-plane) has showed to be able to trap magnetic particles. Figure (5-c)) shows the COMSOL
Multiphysics layout displays 5 aligned coils, each
one with 3 turns separated by 15 µm.The coils were
fed by symmetric current creating different magnetic field areas where particles can be attracted or
repulsed. The first, third and fifth coils are biased
with +1 A, the second and fourth ones are fed with

Figure 5: a) Line current. b) A Coil with 5 turns. c)
A group of 5 coils, each one with 3 turns.[2, 1]

an opposite current value. Like that, a coil path
was created for manipulation of particles and as
can see in figure (6-c)).
INESC-MN and INL for NANODEM Project developed and characterized Cu coils for fluorescent
magnetic particles trapping. Some experiments
were done with biological samples attached to the
nanoparticles. During these experiments, the coils
started heating by Joule effect [11] damaging the
biological material attached to the coils. In order
to quantify the temperature variation, two different studies were performed: i) one consisted in the
analysis of the coils resistance variation with the
variation of the current applied, in order to determine how much current can be applied without
having significant increasing in resistance; ii) the
other one consisted in the analysis of the coils resistance variation with the temperature variation.
For both situations, the setups represented in figure (7) were use.
Using the setup represented in figure (7-a), while
current was applied in coils, their voltage was
measured in order to determine d those the coil
4

Figure 7: a) Setup used for coils resistance vs. current applied characterization. b) Setup used for
coils resistance vs. temperature

perature is 65 o C when 1 A is applied.
Figure 6: a) Magnetic Field created by a line current when 1 A is applied. Left: 3D image of magnetic flux density created by a line current. Right:
2D image of magnetic flux density created by a line
current. b) Magnetic Field created by a coil with 5
turns when is 1 A applied in each one. Left: 3D image of magnetic flux density created by a coil with
5 turns. Right: 2D image of magnetic flux density
created by a coil with 5 turns. c) Magnetic Field
created by a group of 5 coils with 3 turns when is
1 A applied in each one. Left: 3D image of magnetic flux density created by a group of 5 coils with
3 turns. Right: 2D image of magnetic flux density
created by a group of 5 coils with 3 turns.

After that, it was studied variation of coils resistance variation with the temperature. Using the
setup of figure (7-b) and doing thermal contact
between coils and the top surface of the hotplate
with a thermal paste. The temperature of hot plate
was confirmed using a thermocouple function in
a multimeter. The test was performed applying 1
mA in the coils assuring that their temperature increases because the increasing of hotplate temperature, and not by Joule effect. It was registered two
points for temperature, one when the hotplate set
the temperature defined, and another point after
10 min of hotplate set the temperature in order the
coils temperature stabilized.
In figure (8-b) it is clear that the stabilization
time was important to obtain the expected linear
dependency [eq. (10)]. Fitting the points with
stabilized temperature is determined that the experimental temperature coefficient of Cu coils is
α =8.7×10−3o C−1 . This value is consistent with
previous reported in literature [5].

resistance through Ohms Law. It was taken three
values for each current step. Then the average resistance of the coils was determined as represented
in the graphic [figure (8-a)]. In this exercise the error bar was obtained considering the module of the
major distance between the average resistance and
the resistance measured. In the graphic it is possible to see that the resistance does not change significant until 1 A.
Adding, using equation (10) and considering
α =3.9×10−3 [o C−1 ] at 20 o Cit was possible to predict the temperature of coils for each point. The
coils must be applied 1 A of current in order to
have the magnetic field intensity needed for trap
the magnetic particles. Although, the coils should
also maintain the room temperature but and looking to the graphic in figure (8-a)), the expected tem-

If there is limitations for the operational temperature of the system (for example in biological applications as for NANODEM project) a cooling system may be required. Based on NANODEM experiments and previous simulations, a system with Cu
coils as magnetic field source is not suitable for the
main goals of this work. Therefore, a system with
a permanent magnet was adopted to produce the
magnetic field for particles separation. Then, simulations with a permanent magnet were performed.
5

Figure 8: a) Black graphic: coils resistance variation with current intensity applied. Red graphic:
Temperature predicted for each point using equation (10). Inset: Cu coils SEM image from INL. b)
Resistance analysis with temperature when a current of 1 mA is applied. Inset: Cu coils SEM image
from INL.

Figure 9: Environment for magnetophoresis system for COMSOL simulation. Geometry of the permanent magnet and the microchannel simulation.

size inside the microchannel. For it the element
mesh size was defined evaluating also the force
variation of force of the particles and the minimum
3.2.2 Permanent magnet field
size in the channel. The mesh elements sizes are
Figure (9) shows the final magnetophoretic system discriminated in figure (10).
simulated using the COMSOL Multiphysics softUntil the final geometry being achieved, the miware. The simulation was performed in 2D dimen- crochannel did not have the apertures for the parsions since the microchannel height is 15µm. The ticles. So, The first simulation tracked where the
microchannel has 2 inlet [the buffer (0.25 mm/s) particles beat with the lateral wall and then it was
and the particles fluid (1 mm/s)], and 5 outlets (3 considered these positions as the centre of each
for each particles type and 2 for control). Firstly, aperture. All apertures were set with the same difluid flowing inside a microchannel was simulated mension, 250 µm. Although, when the apertures
with a magnetic field created by a cube perma- were open, only the particle with 2.8 µm diameter
nent magnet (123 mm2 ) of neodymium (NdFeB) flew through its aperture. Small changes in the mifrom Supermagnete located 3 mm from the chan- crochannel geometry affect the particles trajectory
nel [13]. Then, the magnetic particles trajectories of the other ones, because of their nanometric sizes.
were simulated inside the channel using the previ- Therefore, the apertures for the particles with 420
ous results as input, namely the fluid velocity and nm and 300 nm of diameter were increased in orthe magnetic field.
der to create a larger deflection in the laminar flow.
For each simulation step, the mesh elements size In table (4) is presented the aperture size for each
was defined evaluating the magnetic field varia- particle.
tion for whole space excepting for the elements
Simulating the geometry presents in figure (9):
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Figure 10: Mesh elements size for discretization of figure (9).
entered in its outlet. Observing, its forces graphic
[figure (13-b))], the components x and y of magnetic force continues to compensate, respectively,
the components of the drag force. Although, x and
y drag force components start to oscillate in turn
of a fixed value because the small size of the particle turns the particle velocity turned vulnerable
to small changes in flow due to apertures. For this
particle the x component of the magnetic and drag
forces intensity tends to zero.
For particle with 300 nm of diameter, the perturbation in drag force was more pronounced. The
x component of both forces tended again to have
zero of intensity. Although, when the particle
was flowing from the position x=10400 µm until
x=11050 µm (which corresponds to the position of
the aperture for this type of particle) the y component of drag force intensity is larger and in the
opposite direction of the magnetic force. So, balancing the y component of forces it is explain why
the magnetic particle with 300 nm was not guided
to its outlet.

Table 4: Apertures size for particles coming out
from the mixture flow to the buffer flow.
Particle identification
p1
p2
p3

particle diameter (nm)
2800
420
300

aperture
(µm)
250
275
820

size

the first simulation step had the objective of calculating the magnetic field, and the velocity and pressure profiles in the microchannel considering a stationary study. Figure (11-a)) shows the magnetic
field created by the magnet and the figure (11-b))
and (11-c)) the velocity fluid and pressure intensity and profiles inside the microchannel, respectively. Observing the velocity profile [figure (11b))], it shows small distortions near to the aperture
regions, which can contribute for splitting particles
to buffer fluid.
Figure (12) shows the particles motion inside the
microchannel at different time instants. These results came from the time dependent study performed, where eq. (8) is solved for each particle.
The particles entered together in the same position
of the microchannel. The first particle deflected
is the micrometric particle, then the nanometric
particle with more magnetic material (the particle
with 420 nm of diameter). Observing the 300 nm
particle trajectory, it is shown that particle was deviated for buffer channel. Although, the particle
returned to the mixture channel until beating with
its lateral wall. Apart from the positions of the particles, the time dependent study calculates numerically others parameters of particles, like forces and
velocity. So, taking the data of particles positions,
time, magnetic and drag force components, it was
possible to plot the graphics present in figure (13).
Looking to figure (13-a)), the particle with 2800 nm
took 0.6 s to achieve the its outlet. The x component of magnetic force tends to be compensated by
the x component of drag force. The same situation
occured with the y component forces.
After 10.8 s, the particle with 420 nm of diameter

4. Conclusions
Several superparamagnetic particles were characterized using VSM, to assess their properties affecting the ability to be deflected under a magnetic
field. The choice of the particles to be studied was
based on the higher contrast in the calculated magnetic force actuating in each one particle, when located inside a microfluidic system under a magnetic field. Particles with 300, 420 and 2800 nm
diameter and 5.0× 10−5 , 2.4×10−2 and 1.7×10−2
[cgs] susceptibility, respectively, were chosen.
Then, the magnetic field created in the system
for splitting the particles could be created by current line, by coils or by permanent magnets. In
order to define the most efficient magnetic field
profile for particles separation the current line,
coils and permanent magnet were simulated using
COMSOL Multiphysics. This software uses a finite
element technique, where the mesh definition was
optimized to have the highest resolution near the
magnetic source and the microchannel (few tens of
7

Figure 11: Stationary study results: a) magnetic field created by permanent magnet (12×12); b) velocity
profile inside the microchannel; c) pressure profile inside the microchannel.
micrometer wide and several tens of millimeters
long), so to maximize the computational time for
such a large system. The mesh elements size was
adapted upon the magnetic field variation verified.
The simulations were first done for integrating
current paths, generating local magnetic fields. Micrometric current lines and coils (with 5 turns)
showed different magnetic field profiles but with
similar magnitude of magnetic field intensity
(fields the order of 25−45 mT, for currents of 1 A
in the current lines/coils). The coils magnetic field
was much more intense in the centre than in the
borders. The z-axis magnetic field in the coil centre (considering coils in the xy-plane) has values of
the order of 20 mT, which successfully traps magnetic particles. Therefore, this kind of magnetic
field profile allows the concentration of particles
independently of their physics and magnetic characteristics. Moreover, reversing the current direction inverts the magnetic field, and the method can
be used to release the particles as well.
Simultaneously, a coil system developed by
INESC-MN and INL within the European NANODEM Project was made available for this thesis, to
validate the models developed by COMSOL Multiphysics. During the trap experiences with bio-

logical samples, it was observed that the coils temperature increases by Joule effect and damaged the
sample. In order to quantify the coils heating, two
different tests were performed: (i) measurement of
electrical resistance with variation of current applied and (ii) measurement of electrical resistance
with temperature with an applied current of 1 mA.
The thermal coefficient for 10 µm thick Copper
lines with 10 µm width was found to be 8.7×10−3
o −1
C . When electrical current of 1 A is applied,
the coils resistance increased 0.05 Ohm, causing a
temperature increase of ≈15 o C. The test (ii) confirmed that the resistance increasing with temperature and the overheating of Cu coils was due to the
Joule effect. Since the NANODEM trapping system was dimensioned to operate with an electrical
current of 1 A at a room temperature, a cooling system was required (not shown in this thesis).
Based on NANODEM experiments and previous simulations, a second design was implemented, using a permanent magnet to produce
the magnetic field for particles separation. Therefore, simulations were implemented with a permanent magnet (NdFeB with 12 x 12 mm2 ) and
a microchannel with 2 inlets (particles and buffer)
and 5 oultets (2 for control and the other 3, each
8

Figure 12: Time dependent study results: time sequencing of particles motion inside the microchannel
since t=0 s to t=8.5 s.
one for each particle). The simulation conditions included a common inlet of particles fluid
(1 mms) and integrated another fluid line for the
buffer (vbuffer =0.25 mms), channel dimensions of
250×1500 and 120×1500 µm2 (particles mixture

fluid and buffer respectively), and a single magnet located laterally the channels, at a distance of
3 mm. The particles were deflected to the buffer
solution through the apertures, which modify the
particles trajectory towards the outlet. The simula9
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