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Abstract—A prototype micromachined magnetic particle sepa-
rator that can separate magnetic particles from suspended liquid
solutions has been realized on a silicon wafer. The requisite
magnetic field gradients are generated by integrated inductive
components in place of permanent magnets, which yields several
advantages in design flexibility, compactness, electrical and op-
tical monitoring, and integration feasibility (thus enabling mass
production). Preliminary experiments have been performed on
aqueous suspensions of magnetic beads. At 500 mA of dc current,
approximately 0.03 Tesla of magnetic flux density is achieved
at the gap between the quadrupoles, and the magnetic particles
rapidly move toward the quadrupoles, separate from the buffer
solution, and clump on the poles. The magnetic particles clumped
on the poles are also easily released when the dc current is
removed, achieving the primary purpose of a separator. The
device shows that micromachined magnetic components have a
high potential in biological or biomedical applications, especially
in separating small amounts of cells or DNA that are marked with
magnetic beads, especially when close monitoring and control of
the process is important. [152]

1. INTRODUCTION

URIFICATION techniques that are widely used in con-

ventional chemistry such as distillation and crystallization
become more difficult to apply as the quantity of material to
be purified becomes small. In addition, biological purification
requiring separations of biological cells or cell fragments from
suspensions can be difficult due to the fragility and ease of
aggregation of these materials [1]. The use of magnetic fields
for separating out small magnetic particles is a technique
that was first proposed by Kolm [2] in order to search for
the Dirac magnetic monopole in ocean bottom sediments.
While this search proved unsuccessful, the idea of using high
magnetic field gradients for separation of particles of small
size and magnetization was employed in other areas such as
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mineral purification, removal of pollutants from water, and
coal desulfurization [3]-[5]. Applications in biology were also
found in separation of red blood cells from whole blood by
using the magnetic moment of hemoglobin in its deoxygenated
state [6]-[8]. The most important strength of the magnetic sep-
aration techniques is that they provide probably the most rapid
and convenient method in separating appropriate particles from
diluted suspensions.

In conventional magnetic particle separators as shown in
Fig. 1, magnetic particles that are suspended in a fluid are
subjected to spatially nonuniform magnetic fields (0.01-0.2
Tesla) produced by an array of arbitrarily positioned, rectan-
gular, rare-earth permanent magnets. In practical separators,
in order to achieve a magnetic field gradient that is sufficient
to separate the particles, quadrupole or multipole permanent
magnet arrangements [9] are adopted and ferromagnetic wires
(or wool) are also introduced to generate the required magnetic
gradient in an otherwise uniform magnetic field. When the
magnetic particles are subjected to the field, magnetic forces
are generated on the particles. The particles then migrate and
coalesce into the magnetic poles or the ferromagnetic wires.
Fig. 2 shows a separator system that generates the magnetic
gradient internally in a microtitre well as well as a permanent
magnet-pair. The device consists of a nonmagnetic T-shaped
frame, which holds removable ferromagnetic wires, a pair
of permanent magnets, and a microtitre well to contain a
suspension.

In many of the systems, high magnetic field gradient values
were achieved by imposing a high background field (H) of up
to 2 Tesla (2 x 10* Gauss) using either a permanent magnet or
an electromagnet on a filter of closely packed steel wool of ap-
proximately 10 um diameter, with a saturation magnetization
M, = 0.8 Tesla (the convention in the field of magnetics and
magnetophoresis is often to use Tesla or Gauss for magnetic
fields (H) and magnetization (M), although strictly speaking
B = u(H + M), where B is the magnetic flux density and
4 is the permeability). Since the magnitude of the magnetic
field inside the steel wool is (H + M), while the field in the
empty space between the steel wool is close to the background
value of uH, one can estimate that the gradients generated
are of uM;/a, where a of approximately 10~100 pm is a
typical size of the gap between the steel wires. Given the
saturation magnetization of common ferromagnetic materials
of less than 1 Tesla, a typical field gradient produced in
such a system is then approximately 104~10° Tesla/m. Chikov
et al. [8] took a somewhat different approach to generating
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Fig. 1. Schematic diagram of a conventional magnetic separator with per-
manent magnets.
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Fig. 2. Practical separator system that generates the magnetic gradient
internally in a microtitre well as well as a permanent magnet-pair. (a) T-shaped
frame. (b) High gradient magnetic separator.

high gradient magnetic fields, using Stern-Gerlach magnets
that are normally used for measuring quantum mechanical
spin variables. Recently, a successful biological separator was
described, in which fields of 0.04 Tesla (400 Gauss) were
applied on a free-flow electrophoresis chamber, producing a
gradient of approximately 0.6 Tesla/m (60 Gauss/cm) [10],
[11]. Very recently, a new class of porous magnetic materials
has been synthesized by processing of random magnetic gels
designed specifically for magnetophoresis applications [12].
Most of these approaches, although very successful, have a
drawback in that close monitoring of the separation process
is difficult by the nature of the filter geometry. Recently,
planar-integrated magnetic microactuators [13], [14] that have
been realized using planar integrated inductive components
[15], [16] exhibit magnetic fields in air gaps (0.2 Tesla)
large enough to separate magnetic particles from fluid suspen-
sions. Thus, a prototype integrated magnetic particle separator
and manipulator has been reported by C. Ahn et al [17]
using the micromachined planar inductive components. The
microfabricated device allows us to visually monitor the
capture process by a simple optical microscope setup, and
the fabrication technology may be further employed to create
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Fig. 3. Schematic diagram of a micromachined magnetic particle separator
using integrated inductive components.

devices with which to manipulate magnetic particles with great
precision. In this study, an integrated inductive component
with completely insulated and integrated coils, as shown in
Fig. 3 [16], has been used in place of permanent magnets and
yields several advantages in design flexibility, compactness,
electrical control, close monitoring, and integration feasibility
(thus enabling mass production). In the prototype device,
magnetic field gradients realized (102-10° Tesla/m) are not
as high as those in steel wool filters, but control over the
field conformation is possible, and as experiments show, the
device is successful in capturing micron-sized magnetic beads
out of suspension. The captured particles can be easily eluted
from the device by turning off the current to the electromagnet
and flushing the particles out. The micromachined version of
the separator has a great potential for both biomedical and
biomedical applications, envisaging a miniaturized portable or
disposable magnetic particle separator.

II. PRINCIPLE OF MAGNETIC SEPARATIONS

Some aspects of the theory behind magnetic particle capture
in randomly packed steel wool filters has been worked out in
some detail by Watson [18]. Since the geometry of this sepa-
rator is quite different from his, it is necessary to derive some
relevant parameters from the underlying physical principles.

Consider the capture of a cell or a DNA molecule tagged by
a magnetic bead, which is the essential application of interest
for our system. The biochemical procedure for marking cells
and DNA in this manner is well established and has been
described in the literature [7], [19]. The magnetic particles of
interest are composed of magnetite (Fe3O4) and are approx-
imately 1 pum in diameter, with a magnetic moment of the
order of 107# Joules/Tesla.

It should be noted that the following calculations assume
that magnetic particles have a low density in the suspension.
This approximation allows us to neglect interparticle inter-
actions and allows us to work from Newton’s equations of
motion for a single particle rather than having to resort to the
theory of ferrohydrodynamics, where the effect of the magnetic
field on the bulk fluid cannot be neglected.

The interaction energy between a magnetic field and a
magnetic dipole has the form

U=-ji-B (1)

where [ is the magnetic moment of the particle and B is the
applied magnetic field. If the applied magnetic field is taken
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to be a modest 0.03 Tesla (300 Gauss), the interaction energy
is seen to be many orders of magnitude greater than energy
kT (where « is Boltzmann’s constant and T is temperature
in Kelvin) from Brownian motion. Therefore, the magnetic
moment of the particle can be considered as being parallel to
the field, which means that the dot product reduces to a simple
product of the magnitudes of the vectors, U = —uB.

The magnetic force of attraction felt by the particle is then

—

Fnag = —VU = BV + uVB. 0)

At the magnetic field strengths used, the magnetization of the
particles is saturated, and one can assume that g is independent
of B. The particles have a constant dipole moment and the first
term can be ignored, and thus the (2) can be rewritten as

Fmagm = vaﬁ% 3
where Fag, is the force on the particle in direction z,V is
the volume of the particle, y, is its magnetic susceptibility
per unit volume, H is the strength of the magnetic field, and
OH /Oz is the magnetic field gradient. In (3), the shape of
particle is assumed to be spherical and interactions between
magnetic particles are not considered. The variable of interest
in the trapping force is then seen to be the magnetic field
gradient.

In addition to the magnetic force, the biological particle-
magnetic bead composite experiences a hydrodynamic drag
force. Assuming that there is no macroscopic fluid flow in the
suspension, the hydrodynamic interaction may be most simply
modeled by Stokes’s law for the drag on a sphere

Figrag = —67nRY @

with the rough assumption that the cell-bead composite has
the approximate shape of a sphere of radius R, where 7 is the
solution viscosity and ¥/ is the particle velocity. The drag force
on a DNA molecule has the form

Fiirag = —6mnLi 5)

where L is the length of the polymer [20].

The drag on the magnetic bead-DNA system can be mod-
eled by this term if the polymer is long enough. In both cases,
the force is a velocity-dependent damping term. The effect of
gravity is assumed to be negligibly small due to the extremely
small size of the particles. In addition, the Reynolds’ number
of the system is low (approximately 0.01), which allows us to
neglect the inertia term in Newton’s law [21]. The resulting
equation of motion (for a spherical particle) is

—

dz

prE ©

,uVB = —6mnR

which can be integrated with the assumption that the gradient
of the field is constant to yield the time-dependent equation

for the position
T = Lo + Vsept )
where the velocity of separation s is given by

ﬁsep = _MVB/f(ﬂ) (8)

For a spherical particle of radius R, f(n) is often assumed
to be given by Stokes’s law and is set to 67nR. This
velocity can be maximized by reducing the drag forces on
the bead—cell composite and/or increasing the magnetic force
on the magnetic beads. In practice, the drag forces are fixed,
so trapping speed can be improved only through the magnetics
of the system. When separation velocity is worked out for the
microseparator using appropriate values, it is seen to be on
the order of 1 mm/s, which is a value consistent with our
experimental observations [22].

HI. DESIGN

_From the above analysis, it is clear that the parameter to
be maximized is the gradient of B, while maintaining a value
of H that is large enough to ensure complete alignment and
saturation of the particles. Desirable design parameters are then
seen to be: 1) reasonably moderate field values (approximately
0.01 Tesla) that are enough to ensure full alignment and
saturation; 2) high field gradients approximately 10* Tesla/m;
3) ease of coupling to fluid flow; and 4) compatibility with
optical microscope stage for easy visual monitoring.

To realize an integrated separator on a silicon wafer while
achieving the design parameters described above, all the
functions of the hybrid components used in the conventional
separator should be integrated together on the substrate. Thin
film electromagnets with integrated coils have been used in
place of the permanent magnets and a flow channel to guide
the magnetic fluid suspension has been introduced in place of
the vessel containing the fluid. The integrated device concept
is shown in Fig. 4, where two integrated inductors are placed
between the flow channel used to guide magnetic fluid. In this
separator, suspended magnetic particles are subjected to the
magnetic fields (generated by the integrated inductive compo-
nents) and field gradients (generated from the component pole
geometries) and, thus, are forced to move from the suspension
to the surface of electromagnetic poles. The collected particles
on the surface of the poles can be released by removing the
current excitation of the electromagnets.

The achievable magnetic field strength H depends on the
performance of the inductive component, which is limited
by the allowable size and planar fabrication processes. The
device discussed is designed to be implemented in an area
of 2 mm x 3 mm. The achievable magnetic field strength is
strongly affected by the width of the flow channel that acts
as an air gap in magnetic circuits. From the point view of
reluctance in the magnetic circuit, a narrower width of the
channel would be preferred, but it should have an appropriate
width since the flow rate of a viscous magnetic fluid will be
limited as the channel width is reduced [23], [24]. Thus, in this
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Fig. 4. Integrated toroidal-meander-type inductor. (a) Schematic diagram of
the integrated toroidal-meander-type inductor. (b) Analogous structure o a
conventional inductor.

device, the width of the flow channel is designed to be 100 pm,
which allows an appropriate flow rate for the magnetic fluid
as well as provide compatibility with optical microscope stage
for easy visual monitoring, while a magnetic flux density of
0.03 Tesla can be achieved in the air gap by flowing 500 mA
of dc current through the coil conductors.

In contrast to the conventional separator, the magnetic core
in this device has a shape of a bar and the electromagnet poles
located at the end of the core are almost similar to the tip of a
needle in shape. Thus, a high magnetic field gradient will be
generated at the tip of the poles. In this small pole geometry,
in order to achieve a high magnetic field gradient in the air
gap, appropriate positioning and allocation of the poles is a
dominant design consideration. An electromagnet quadrupole
is adopted using two inductive components placed at both sides
of the channel, and thus two combinations of quadrupoles can
be produced flexibly by switching dc excitation polarities at
the coils as shown in Fig. 5. In order to achieve high magnetic
field gradient at the tip of the poles, magnetic flux leakages
should be prevented between cores that are placed in proximity
to each other, ensuring that as much of the flux as possible
is concentrated at the tip of the poles. For this purpose, a
magnetic shield layer as shown in Fig. 6 is introduced, which
reduces the flux leakage at the cores and maximizes the flux
at the pole tips.

IV. FABRICATION

A meander-type integrated inductive component [15], [16]
was fabricated using a polyimide multilevel metal intercon-
nection technique, in which an electroplated high permeability
Ni(81%)-Fe(19%) permalloy was used as the magnetic mate-
rial. A brief fabrication process of this separator is shown in
Fig. 7. The process started with 2-in. (100} silicon wafers as
a substrate, onto which 0.3 ym of PECVD silicon nitride was
deposited. Onto this substrate, titanium (1000 A) /copper (2000
A)/chromium (700 A) layers were deposited using electron-
beam evaporation to form both a seed layer for electroplating
and a bottom layer for the flow channel. Polyimide (Dupont
PI-2611) was then spun on the wafer in multiple coats to build
electroplating molds for the bottom magnetic core. After the
deposition of all coats, the polyimide was cured at 300°C
for 1 h in nitrogen, yielding an after-cure thickness of 40 um.
Holes that contained bottom magnetic cores were etched in this

Supplying Reservoir
Fluid Channel /_

(@)

Magnetic Poles

'Supplying Reservoir
Fluid Channel

(b)

Fig. 5. Two different quadrupoles generated by using different dc excitations
in coils. (a) N-N-S-S pole combination. (b) N-S-N-S pole combination.

Shield Layer

Supplying Reservoir
Fluid Channel

Fig. 6. Schematic diagram of quadrupole with a magnetic shield layer.

polyimide using a 100% O3 plasma etch and an aluminum hard
mask until the titanium/copper/chrome seed layer was exposed.
The electroplating molds were then filled with Ni(81%)-
Fe(19%) permalloy using standard electroplating techniques
[25]. To build a magnetic shield layer, a shield trench was
made around the quadrupole region using the same dry-
etch process described above. A dc-sputtered titanium (500
A) layer was deposited and then patterned over the region,
which requires the magnetic shield. In order to insulate the
bottom magnetic core and the shield layer from the conductor
coil, polyimide was spin-coated (as above) and hard-cured at
300°C for 1 h. To construct a thick planar meander conductor
coil, copper was plated on a chromium (500A)/copper (2000
A)/chromium (700 A) seed layer through a thick photoresist
mold, in which a 70-pm-wide copper plating mold was formed
in 8- pm-thick positive photoresist. The copper conductors
were plated through the defined molds using standard electro-
plating techniques [15]. Upon completion of the electroplating,
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Fig. 7. Fabrication steps of the micromachined separator: (a) polyimide
deposition; (b) dry-etching lower core molds; (c) plating lower core and
magnetic shield layer deposition; (d) conductor deposition; (e) dry-etching
via molds; (f) plating magnetic vias; (g) plating upper core; (h) dry-etching
fluid channel.

the photoresist was removed with acetone and the copper
seed layer was etched in a sulfuric-acid-based copper etching
solution.

One coat of polyimide approximately 10 um in thick-
ness was deposited for conductor insulation and cured as
described above. Via holes were dry-etched through the poly-
imide layer between the meander conductors using 100%
oxygen plasma and an aluminum hard mask. The vias were
filled with nickel-iron permalloy using the electroplating bath
and conditions described previously. After completing the via
electroplating, top magnetic cores were processed on the same
level using the same process used for conductor plating with
thick positive photoresist. Upon completion of the top core
electroplating, the photoresist and seed layer were removed.
The final thickness of the device relative to the substrate was
approximately 90 pm. The details of the inductive component
fabrication are covered in [16].

Finally, fluid flow channel and bonding pads were opened
in the polyimide layers by using the via etch process sequence
described above. To remove the copper/chrome layer located
on the bottom of the channel, the structure was dry-etched
to the bottom achieving 90 pm of channel depth, and the
copper/chrome layer was then selectively wet etched. A bright
titanium layer, which can serve as a mirror for the optical
monitoring, is thereby exposed on the bottom of the channel.
Fig. 8 shows a photomicrograph of the fabricated particle
separator with a size of 2 mm x 3 mm. A scanning electron
micrograph (SEM) of the quadrupole region is shown in Fig. 9,
where the magnetic shield layer is not included.

Flectromagnetic
quadrapole:

Fig. 9. Scanning electron micrograph (SEM) of the quadrupole, where the
magnetic shield layer is not included.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The magnetic particles used in this experiment are
commercially available superparamagnetic particles (Estapor
carboxylate-modified superparamagnetic particles, Bangs
Laboratories, Inc.) that are supplied as a aqueous dispersion
with 60% solid content of magnetite. This magnetic particle
consists of a ferrite crystal (magnetite) with median diameters
of 0.8-1.3 pum. The magnetic particle density is 2.2 g/ml.
The particles are surrounded by the usual polystyrene and
carboxylic acid-modified shell to isolate iron from the surface,
so that they can be used for adsorption as well as covalent
attachment.

Separation tests can be performed either by flowing a
suspension through the channel or by dipping the quadrupoles
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Fig. 10. Electrical and optical test system. Particle separations and move-
ments can be monitored easily using this electrical and optical system while
the particle separations proceed.

of the separator into the suspension. It was mentioned earlier
that the major advantages of this separator come from a
simplicity of separation steps, an ease of device handling,
and a flexibility of optical monitoring as compared with
the conventional hybrid separator in Fig. 2. As described
in Fig. 10, the particle separations and movements can be
monitored easily using an optical system (CCD or laser
scanning techniques) while the particle separations proceed.

In this study, the magnetic suspension is placed first in a
syringe for handling convenience. To begin the experiment,
approximately ten drops of suspension are applied to the
supplying reservoir resulting in fluid flow through the channel.
Because of the surface tension of liquid, the suspension is able
to be confined inside the supplying reservoir at the beginning,
and then it continuously flows toward the receiving reservoir
through the channel until the fluid level between the two
reservoirs is equal. While the suspension flows through the
channel, the separation experiment is performed. With no
current applied to the coils (i.e., without a magnetic field), no
significant sedimentation or attachment of dispersed particles
on the poles occurs even over a time span of several hours.
An initial movement of magnetic particles is observed through
a microscope when the dc current in coils reaches 100 mA.
To achieve a magnetic flux density of 0.03 Tesla at the air
gap, it is estimated that the applied coil current should be
at least 500 mA. When 0.8 V of dc voltage is applied to
each inductor, resulting in a current flow of 500 mA, the
particles move rapidly toward the quadrupole, separate from
the buffer solution, and clump on the poles. Upon removal of
the current, the particles are immediately redispersed from the
poles without clumping (from Brownian motion). While the
dc voltage is continuously applied to the inductor, however,
the separator that is holding the particles can be moved and
emerged into a new buffer solution, and then the particles can
easily be released into the new buffer solution by removing
the dc excitation.

The separation velocity of approximately 1 mm/s was
measured using the video camera (CCD based) and a frame
grabbler to estimate the speeds [26]. There is a variation in
the speeds due to the nonuniformity of the field gradient as
well as a nonuniformity in the particle magnetic moment. A
detailed comparison between the theory and the measurement
is really difficult for these two reasons; the measured sepa-
ration velocity, however, shows a rough agreement with the
estimated value in the order of magnitude.

As shown in Fig. 5, two different combinations of electro-
magnet quadrupole can be produced by changing the polarities
of the dc excitation in the coils. The effect of the magnetic
polarity on the separation was qualitatively assessed by apply-
ing 500 mA of dc current to each inductor for 10 s for both
magnetic polarities. In the separation of the magnetic particles
using dc excitation, any significant difference between without
and with the shield layer was not observed. This would be due
to the easy penetration of dc magnetic flux through the thin
titanium metal film. Thus, to improve the magnetic shielding
for the dc excitation, a ferromagnetic film should be deposited
as the shielding layer. The results of this experiment are
shown in Fig. 11, where the separated particles on the poles
of polarity N-N-S-S and N-S-N-S quadrupole (clockwise in
series) are shown. From Fig. 11, it is qualitatively observed
that the magnetic particles are attracted more strongly from
the N-N-S-S pole combination than the N-S-N-S combination,
which may be due to a stronger magnetic field gradient attained
from the N-N-S-S pole combination because of differing
magnetic flux paths.

The inductance of a inductor usually varies as the reluctance
of the magnetic path is varied. As particles are clumped on the
poles, the reluctance in the air gap between poles will vary,
resulting in a change in the inductance of the drive component.
If this inductance variation as a function of separation time
and current can be detected, the amount of separated particles
may be approximately evaluated from the inductor geometry
and the magnetic properties of the particles. This in-situ
evaluation of particle separation efficiency is currently under
development.

VI. CONCLUSION

A micromachined magnetic particle manipulator that can
be used to influence magnetic particles suspended in liquid
solutions has been realized on a silicon wafer. A meander-
type integrated inductor with fully integrated and insulated
coils has been used as a basic component for the manipulator
electromagnet. One potential application of this manipulator
is magnetic particle separation from solution. When 500 mA
of dc current with a drive voltage less than 1 V is applied to
each inductor, particle separation is observed. The magnetic
particles clumped on the surface of electromagnet poles can
be released and resuspended easily by removing the applied
current. This separator can be used repeatedly for different
separations after washing using acetone- and methanol-based
cleaning steps. Simple tests using this prototypical device
show that application of microfabrication technology to mag-
netic particle separation is a promising field of research with
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(2)
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Fig. 11. Magnetic particles that are collected on the edges of magnetic
clectrodes: (a) before applying current; (b) 10 seconds after applying current
at N-N-S-S quadrupoles; and (c) 10 s after applying current at N-S-N-S
quadrupoles. The magnetic particle size is approximately 0.8-1.3 um and
the width of channel is 100 pm.

many possible applications in solving biological or biomedical
problems.
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