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Abstract

An overview of the magnetic systems used in biological high-gradient magnetic separation (HGMS) is presented. The
magnetic design parameters of a range of separation devices are discussed. Such designs have distinct magnetic field
characteristics and are usually tailored to meet the needs of particular protocols. The various types of magnets and
particles are also discussed, with a comparison of materials available and their magnetic properties. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

In recent years, the use of high-gradient magne-
tic fields for separation has become widespread in
the fields of biology, biotechnology and other
bio-medical disciplines. Applications include cell
sorting, RNA and DNA isolation, preparation,
purification and sequencing, as well as immunology
and a wide variety of isolation techniques for biolo-
gical entities.

The two key magnetic components of such sys-
tems are the magnetic particles used in the separ-
ation of the biological entities, and the magnetic

* Corresponding author. Tel.: + 1-847-956-1140; fax: + 1-
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field used to separate them. Such a field is usually
generated by the presence of permanent magnets,
while some devices use electromagnets to achieve
the same aim — the generation of a static magnetic
field with a significant field gradient, within the
target volume. Simple magnet blocks typically gen-
erate field gradients in the order of 1-6Tm ™!
across the diameter of standard 15-50 ml laborat-
ory test tubes. High-gradient magnet separators
[HGMS] generate field gradients that are signifi-
cantly higher than this, through the use of optimal-
ly designed magnetic circuits. Across 15-50 ml test
tubes, such systems may generate gradients ranging
from 10 to 100 Tm ™ *. Even higher gradients can be
achieved with smaller bore containers and separ-
ator systems.

While simple ‘off-the-shelf magnets can be used
in the separation process, the field produced can be
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significantly optimized by the system designer,
through the careful tuning of the key parameters of
the system. These parameters include magnet ma-
terial, geometry, configuration and initial magneti-
zation. These parameters will directly affect the
separation time, total yield of target entities, target
retention, and integrity of the target entities.

In addition, selection of the magnetic particles
based on material, shape, size and size distribution
will significantly affect the end separation results.
The present work seeks to outline a number of the
above factors and how the system designer uses
them to give the end user what they want — an
optimized HGMS system.

2. Permanent magnets

Most commercially available HGMS systems
consist of an array or other configuration of perma-
nent magnets. System designers need to consider
the properties of magnetic materials when using
them in a HGMS system. The most common ma-
terial groups are listed together with their key char-
acteristics in Table 1.

Most commercially available magnetic separ-
ation systems utilize high-energy Nd-Fe-B mater-
ial to generate as much magnetic flux as possible for
a given volume of material. Nd-Fe-B has some
disadvantages over other materials however; it has
poor corrosion resistance and so should be coated
and sealed into its housing to prevent corrosion
through standard cleaning regimens. Its other dis-
advantage is that it is sensitive to temperature
— magnetic materials generally do not react fa-
vorably to temperature (there are some exceptions),
since the additional thermal energy will begin to

Table 1

negate the mechanism present for projecting an
external magnetic field. Nd-Fe-B magnets may
need to be re-magnetized after being exposed to
temperatures higher than 150°C, depending on
magnet geometry.

The advantages of Nd-Fe-B far outweigh the
disadvantages however, in normal room tem-
perature applications. By shaping magnets with
particular orientations, such magnets can be con-
figured to push flux out into the working volume of
an assembly with little difficulty. Such configura-
tions are only possible due to the ability of
Nd-Fe-B (and Sm-Co) to resist strong demag-
netizing fields (in this case, the external magnetic
fields of other magnets in the vicinity).

3. Fundamentals of magnetism

Nd-Fe-B is an obvious example of a ferromag-
netic material. While ferromagnetism is the most
commonly known form of magnetism, there are
other types of magnetic behavior that are parti-
cularly relevant to HGMS separation systems, and
the particles used within them. The designer can use
these characteristics to determine the appropriate
particles for use within a system.

In magnetic materials, a magnetic field is produc-
ed because of the movement of electrons within the
material, which produces the field around the ma-
terial and a magnetization effect within it. An elec-
trical charge moving through a conductor will also
produce a magnetic field; therefore the magnetic
field strength H can be measured in Am ~* [SI units
are used throughout the present work]. When
a material experiences a magnetic field, the indi-
vidual atomic moments contribute to the overall

Comparison of key characteristics of commercially available magnetic materials

Characteristic Ceramic Alnico Bonded Nd-Fe-B Sm-Co Nd-Fe-B
Highest energy product BH,, (kJm~3) 32 59 79 254 382
Maximum operating temperature (°C) 300 550 150 300 150
Resistance to demagnetization Moderate  Low High Very high High
Corrosion resistance [uncoated] Excellent Excellent Good Good Poor
Mechanical toughness Moderate ~ Tough Moderate Very brittle Brittle
Relative cost Very low Moderate High Very high High
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response of that material to the field. This response
is called the magnetic induction B and is an in-
herent property of the material; it is also known as
the flux density and is measured in tesla (T).

The relationship between the applied field and
the response of the material is known as the per-
meability of the material u. In free space

B
i 1
Ho H (1)
and the permeability of free space po =
4t x10""WbA " 'm~'. In any other medium,
however, the permeability u may not be a linear
function of H; although

B = uH 2)

1 may vary with the applied magnetic field, parti-
cularly in ferromagnetic materials. In order to re-
late the magnetic properties of a material to the
magnetic induction caused by an applied field, the
magnetization M can be defined as follows:
m
M=, G)
where m is the magnetic moment and V is the
volume of the material. The unit mass magneti-
zation can be defined in a similar fashion.
In the presence of an external magnetic field

B = uy(H + M). 4)

This equation is true for all magnetic systems.
Finally, the susceptibility y of a material can be
defined as

=7 (5)
A seldom-mentioned fact is that all materials
exhibit magnetic properties to some extent at all
times, depending on their atomic structure and
temperature. Some, like iron, cobalt and nickel can
exhibit strong external magnetic fields under cer-
tain conditions. Others display little magnetism
(paramagnetic) or are slightly antimagnetic
(diamagnetic).

With no external influence, atomic magnetic mo-
ments align themselves in their least-energy state
and cancel each other internally so a material dis-

plays no net magnetic poles (and thus, no external
magnetic field). Atomic magnetic moments are par-
tially the result of electron orbits, so as temperature
rises and the orbital path lengthens the strength of
the magnetic moment decreases. The other factor in
the strength of the atomic magnetic moment is
chemistry and the balance of electrons in the shells
of the atom. The chemistry of the material estab-
lishes how the electron shells are filled, so certain
alloys of normally magnetic materials can be non-
magnetic (e.g. monel) while other ‘non-magnetic’
materials can be combined in ways to allow them to
develop substantial magnetic moments.

Since magnetism originates at the atomic level,
from the state of a particular material’s electrons,
all materials fall into one of five major groups,
namely, ferromagnetic, antiferromagnetic, ferrimag-
netic, diamagnetic and paramagnetic. Ferromag-
netism, antiferromagnetism and ferrimagnetism are
ordered states; diamagnetism and paramagnetism
are transient states that exist as a result of an
applied magnetic field.

3.1. Ferromagnetism

On a microscopic scale, ferromagnetic materials
exhibit magnetism even without an applied field.
The atomic moments align parallel to each other,
because of an exchange interaction between elec-
trons — there is a significant imbalance in the
electron bands of coupled atoms, and there is there-
fore a large spontaneous magnetization present.
This is typically 10* larger than the field generated
by the total magnetic moment of the ferromagnetic
materials.

Weiss postulated the mean-field theory for fer-
romagnetic materials [to be found in any standard
text on the subject], based on the idea that atomic
magnetic moments were aligned parallel to each
other because in doing so, the energy within the
system was reduced.

In a small, applied field, a set of magnetic mo-
ments would experience that external field as well
as an extra aligning field, due to the presence of the
other magnetic moments. This extra field is propor-
tional to the magnetization of the material.

Weiss also postulated that ferromagnetic mater-
ials consist of many smaller regions or domains,
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containing similarly aligned magnetic moments,
with the net magnetic moment of these domains
being randomly oriented. This greatly increases the
potential for large external magnetic moments. On
the application of a field, these domains become
aligned, parallel to the field.

This ferromagnetic ordering will break down at
some critical temperature, known as the Curie
point, due to the randomizing of parallel alignment
with temperature. Above the Curie point, these
materials become paramagnetic.

3.2. Antiferromagnetism

The origin of antiferromagnetism is similar to
that for ferromagnetism. The difference is that
while the atomic coupling in ferromagnetic mater-
ials occurs in parallel, in antiferromagnetic mater-
ials, the coupling is anti-parallel, and thus the net
magnetic moment is zero. The susceptibility of such
materials is very small and positive. The analogous
point at which these couplings are destroyed due to
thermal agitation is known as the Néel temper-
ature. Above this temperature, antiferromagnetic
materials are paramagnetic.

3.3. Ferrimagnetism

Ferrimagnetic materials exhibit characteristics of
both ferromagnetic and antiferromagnetic mater-
ials. The magnetic moments of the coupled atoms
are anti-parallel but unequal in magnitude; there-
fore there is a net overall magnetization. The sus-
ceptibility is small and positive. The iron oxide
materials used in magnetic beads for HGMS sys-
tems are examples of ferrimagnetic materials. The
imbalance in moments is caused by the presence of
Fe ions in different oxidation states.

3.4. Diamagnetism

When an atom has core electrons in filled shells,
and is subjected to an applied magnetic field, these
‘core’ electrons resist any tendency to align electron
spins. This gives rise to core diamagnetism and is
a manifestation of Lenz’s law, which states that
induced current flows always in a direction as to
oppose the change causing it. The diamagnetism

produced gives a slight reduction in the magnetic
flux present; diamagnets have a very small and
negative susceptibility, in the order of — 107° to
— 1073, Often the small magnetic moment in the
material resulting from diamagnetism is masked by
a larger paramagnetic effect.

3.5. Paramagnetism

In the absence of an external magnetic field, the
electron energy bands of a paramagnetic material
are equally populated with spin ‘up’ and spin
‘down’ electrons. Once a magnetic field is applied,
there is an imbalance of electrons due to the pres-
ence of unfilled bands, and a weak magnetic effect is
observed as the net magnetic moments are aligned
in the field. Paramagnetic materials exhibit typical
susceptibilities of 107°-10" 1. This paramagnetic
effect has a temperature dependence, since the mag-
nitude of the induced magnetic field is limited by
randomization due to thermal agitation within the
atom. Paramagnetic materials lose their magnetic
properties immediately when the external magnetic
field is removed.

4. Magnetic circuit design

As described above, ferromagnetic materials con-
tain domains. Within these, the spontaneous mag-
netization present is equal to the saturation
magnetization of the material, and so the individual
domains are fully magnetized at all times. In the
absence of an applied field, there is no net magnetic
moment or field generated by the material because
the magnetization direction of each domain is ran-
domly oriented.

During magnetization of the material, domains
whose magnetization directions have a component
in the direction of the applied field will grow at the
expense of those that do not. Once domain wall
movement has eliminated all of the unfavorably
oriented domains, the magnetization direction of
the single domain that remains will be rotated to be
parallel to that of the applied field (see Fig. 1).

During magnetization, an increasing magnetic
field is applied to the material until a saturation
point is reached. Upon removing this applied field,
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Fig. 1. Effect of applied field on the domain structure of a typi-
cal ferromagnetic material (after Jiles [1]).

a permanent magnet material will not follow the
same path down to flux density = 0 — instead, it
will retain some of its magnetism. The path that the
permanent magnet follows is called a hysteresis
loop and is a key tool in the quantitative analysis of
permanent magnet performance in magnetic cir-
cuits such as those found in HGMS systems.

These loops are a graphical representation of the
relationship between an applied magnetic field and
the resulting induced magnetization within a ma-
terial. Engineers sometimes use the polarization
J of a magnet instead of its magnetization M when
looking at magnetization, where

J = uoM. (6)

The B: H curve is known as the normal curve, while
the M : H curve is called the intrinsic curve. Exam-
ples of the hysteresis loops depicted by these curves
are shown in Fig. 2. They show the properties of the
magnetic material as it is magnetized and demag-
netized. The second quadrant of each loop displays
the magnetic properties of the magnet as it operates
in a circuit, such as those found in HGMS systems.
By comparing the second quadrant to known para-
meters within a given magnetic circuit, an approxi-
mation of the magnetic output can be determined.
The second quadrant also represents the energy
output of the magnet and is used extensively during
magnet design.

i (+) ]
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i 9 v

Fig. 2. The hysteresis loop.

When a magnetic field is applied to unmag-
netized material, the intrinsic induction B is estab-
lished within it, parallel to the applied field. If H is
sufficiently strong, the magnet will become fully
magnetized at the saturation flux density (B.).
When the field is reduced to zero, the magnet will
recoil to the residual value or remanence (B,), as
long as the magnet is within a closed magnetic
circuit. Unlike soft (non-permanent) magnetic ma-
terials, the absence of an external magnetic field
does not lead to demagnetization.

The permeability of a material was defined in
Eq. (2). Note that this is dependent on circuit ge-
ometry, not magnetic properties. A key parameter
that relates the geometry of a particular magnet to
its magnetic properties is the permeance coefficient
[defined in more detail later in the present work].
The magnetic characteristics of a particular magnet
can then be evaluated by adding a line [known as
the load line] to the second quadrant demagnetiz-
ation curve, drawn from the origin, with a gradient
equal to the negative of the permeance coefficient.
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The intersection of the load line and the second
quadrant demagnetization curve is called the oper-
ating point, where B,, and H,, for that geometry are
determined, as shown in Fig. 3. Long thin magnets
will have higher permeance coefficients [and thus
a steeper load line] than shorter, disc-shaped mag-
nets.

If a demagnetizing field is introduced into the
system (e.g. from an electromagnet or another per-
manent magnet), the net magnetic field generated
by the magnet is reduced in response to the demag-
netizing field. The operating point of the magnet in
the second quadrant of the hysteresis loop moves to
the left. If the magnet is in a closed circuit, and this
applied field reaches the value at H, there will be
no net magnetization. This value is known as the
normal coercivity. Ultimately, when the applied
field reaches the value H ; (known as the intrinsic
coercivity), the magnet is completely demagnetized.
These coercivity values are a measure of the mag-
net’s ability to resist demagnetization.

The maximum product of the values of B and
H for these curves gives the designer a value called
the maximum energy product, BH,,,. This is
a commonly used figure of merit to compare differ-
ent magnetic materials. The Nd-Fe-B materials
exhibit the highest BH,,,, values to date, although

Load B
Line

Normal
Curve

Operating

Point —_

m

Fig. 3. Graph to show the relationship of the operating point of
a magnet to its load line in the second quadrant of the hysteresis
loop.

as stated above, other considerations should also
be used when choosing a material for use in separ-
ator designs. Since there are two sets of units com-
monly used in magnetics, deriving from c.g.s. and
MKS-SI unit systems, Table 2 shows a list of the
common magnetic quantities and the conversion
factors between units.

A magnetic circuit can be analyzed using tech-
niques somewhat analogous to electrical circuit
analysis. However, there is one critical difference
that complicates magnetic circuit design. Since
there is no perfect ‘magnetic insulator’, one must
always account for leakage and fringing in the
circuit design. HGMS systems must therefore be
designed according to the 8§ magnetic ‘axioms’ de-
scribed in Table 3. Careful consideration of these
axioms will clearly show the causes of leakage and
fringing flux in a separator system design. The
dichotomy between ‘path of least resistance’ in Ax-
iom 1 and ‘repulsion of lines’ in Axiom 2 provides
the explanation for fringing effects. Axioms 1, 4,
7 and 8, readily explain leakage effects.

The often unexpected and unwanted increase in
leakage and fringing effects resulting from im-
proper design or other circuit elements is explained
by Axioms 7 and 8. For example, pole pieces with
inadequate cross sections of unnecessary lengths or
improper shapes result in a substantial increase in
‘losses’ at the expense of a working air gap flux.

A magnetic circuit is made up of one or more
magnets and often there is some soft magnetic
material to conduct the flux. When no soft mag-
netic material is present, the magnet is said to be in
open circuit, and this is the case for most HGMS
systems. On the other hand, when soft magnetic
material forms at least one closed loop that con-
ducts flux, the magnet is in a closed circuit. In order
to do useful work, a magnetic circuit normally has
one or more air gaps where the useful action is
performed — in the case of HGMS systems, these
air gaps will be the location where the magnetic
particles and the entities to be captured are located.

The load line or permeance coefficient for a mag-
net is wholly dependent on its geometry, not on its
intrinsic magnetic properties [2]. The permeance
coefficient is directly related to the effective pole
surface of the magnet, as well as its pole area.
The pole surface is half of the total surface area of
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Units and conversion factors for commonly used magnetic quantities
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Quantity Symbol cgs unit SI unit Conversion factor
(cgs unit/SI unit)
Permeability of free space Unity WbA 'm™! 1/(4m)x 10" Wb~ ! Am

Ho
Magnetic induction B G
Magnetic field strength H Oe
Unit mass magnetization M
Volumetric susceptibility z
Maximum energy product

Unity

BH,,,, MGOe

ergOe g~

1

T 1G=10"4T

Am™! 10e = 79.58 Am ™!

JT 'kg! lergOe 'g ' =1JT 'kg!
Unity 1/(4m)

kIm™3 1MGOe = 7.958kJm™3

Table 3
The 8 axioms of magnetic design

The eight axioms of magnetic design

1. Flux lines will always follow the path of least resistance. In
magnetic terms, this means that flux lines will follow the path
of greatest permeance.

2. Flux lines repel each other if their direction of flow is the
same.

3. As a corollary to Axiom 2, flux lines can never cross.

4. As a corollary to Axiom 1, flux lines will always follow the
shortest path through any medium. They therefore can only
travel in straight lines or curved paths, and they can never
take true right-angle turns. Meeting the terms of Axiom 2,
flux lines will normally move in curved paths; although over
short distances, they may be considered straight for practical
purposes.

5. Flux lines will always leave and enter the surfaces of fer-
romagnetic material at right angles.

6. All ferromagnetic materials have a limited ability to carry
flux. When they reach this limit, they are saturated and
behave as though they do not exist (like air, aluminum and
so on). Below the level of saturation, a ferromagnetic mater-
ial will substantially contain the flux lines passing through it.
As saturation is approached, because of Axioms 1 and 2, the
flux lines may travel as readily through the air as through the
material.

7. Flux lines will always travel from the nearest north pole to
the nearest south pole in a path that forms a closed loop.
They need not travel to their own opposite pole; although
they ultimately do if poles of another magnet are closer
and/or there is a path of greater permeance between them.

8. Magnetic poles are not unit poles. In a magnetic circuit, any
two points equidistant from the neutral axis function as
poles, so that flux will flow between them (assuring that they
meet the other Axioms stated above).

the magnet, whereas the pole area is the area of the
end face of the magnet. This is an approximation
based on a spherical magnet, and it breaks down
when the magnet is very long — however, it is

a good approximation for the types of magnets
used in HGMS systems.
The relevant equation is thus:

(7)

where L, is the magnet length, 4,, the pole area,
and s the pole surface.

From this concept, other equations can be de-
rived for specific geometries such as rectangles and
cylinders. Using the Biot-Savart law, which deter-
mines the magnetic field contribution of a current
carrying element, it is possible to calculate the flux
density along the axis of a permanent magnet of
simple shapes. Only the dimensions and residual
induction (B,) of the material are required. This
approach equates permanent magnets to solenoids
(or current sheets) with the same shape. These
equations are very useful tools for permanent mag-
net design. Note that the direction of flux will be
normal to the pole surface along the axis.

One such equation can be used for cylindrical
magnets (as shown in Fig. 4)

d+1 d }

_2|:\/(d+1)2+r2_\/d2+r2

where B is the flux density at a point d away from
the pole face [parallel to the axis of the cylinder],
B, is the remanence or residual induction of the
magnetic material being used, r is the radius of the
cylinder and [ is its length.

It should be noted that d can be a negative value
— 1.e. one can determine the value of B within the
magnet material itself. From empirical results,
the value obtained for d = — 0.5/ should give

B,

)
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a good approximation of the flux density of the
magnet at its operating point, when compared to
the B,, value for the second quadrant demagneti-
zation curve for the material (see Fig. 3). Also note
that any units for dimensions can be used.

This equation can be used to compare magnet
geometries of the same volume, and the effect that
these dimensions will have on the separator sys-
tems being developed. One geometry configuration
may generate a strong flux density close to the pole

2r —M— - =

Fig. 4. Dimensions of a cylindrical magnet used to calculate flux
density at a distance from the pole face.

face, but may be very weak at a distance — while
another may have a weaker flux density close to
the pole face, but will have more ‘reach’ and have
higher values of flux density further away from the
pole.

Egs. (7) and (8) were used to generate the graphs
that appear in Figs. 5 and 6. A material with B, of
1000 mT was used in the calculations. The variable
d (the distance from the pole face at which flux
density is calculated) was set to 0.5 of the magnet
length. Altering the diameter and length of the
magnet, while conserving the unit volume of the
magnet, is a good method of determining the opti-
mum dimensions for a cylindrical magnet.

Fig. 5 shows that increasing the length of a mag-
net will increase the flux density at its pole face, but
will decrease the flux density away from the pole
face much more quickly than for shorter, more
‘stubby’ magnets. In other words for the same vol-
ume of material, long, thin magnets have a higher
strength at their pole faces, but they do not have as
much reach as shorter ‘stubby’ magnets. In the case
of the magnet used in Fig. 5, the average between
these two values will give an indication of the
optimum magnet geometry to make best use of the
material for a given unit volume. In this case,

500 - —
"d=0
a0 | d=051
// Average

= /
E /
S 300
<
]
Z
[}
c
$ 200 |
X
=]
c

100 |

0 . r T
3 4 5 6

length/diameter ratio

Fig. 5. Graph to show relationship of the length/diameter ratio to the resulting flux density at a distance, d, from the magnet pole face for

a cylindrical magnet with B, of 1000mT.
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the optimum value was obtained for a length/dia-
meter ratio of 0.737 as shown in Fig. 5. This gives
dimensions (any units) of » = 0.600 and [ = 0.885
for a unit volume.

Fig. 5 also shows that the benefits from making
a magnet longer diminish quickly. The flux density
at the pole face of the magnet converges asymp-
totically to a value of 500 mT, or a value of half the
B.. This is to be expected from the presence of the
B, /2 term in Eq. (8).

Fig. 6 shows a quick way to determine the per-
meance coeflicient of a cylindrical magnet based on
its length/diameter ratio. Many other curves for
different geometries (including rectangular blocks
and rings) have been published [2]. The authors’
company has also made many other equations,
curves and other design data freely available in the
form of a complimentary Reference and Design
Manual, available at the above address [3]. Such
data will show that there is an optimum shape for
all magnet geometries.

The above equations can be used to generate
spreadsheets that will allow the user to design
simple separators by making d equal to the far side
of the interior wall of the vial or container used for
separation. Appendix A lists the appropriate equa-
tions that can be entered into an Excel or other
spreadsheet, to generate data that can then be plot-
ted as a graph, and an optimum design chosen. The

100
3
o
S 10
L
£
[
]
o
[]
g
s 1
; /
[
o
0.1 y .

0 2 4 6
length/diameter ratio

Fig. 6. Graph to show relationship of the length/diameter ratio
to the permeance coefficient of cylindrical magnet.

spreadsheet can be freely obtained from the authors
at the address above.

5. Considerations specific to separator unit design

All magnetic separation is based on a source of
magnetic flux inducing a magnetic moment in the
target to be captured. The value of the magnetic
moment in the source, and the target, is the product
of their respective pole strength and the inter-polar
distance. Pole strength in the source is the total flux
produced; this value is determined by magnetic
properties and geometry. Pole strength in the target
is the total number of magnetic flux lines induced in
it. The inter-polar distance is often difficult to
measure precisely, but its value is not really needed
unless derivation of unit properties is the goal.

Coulomb found that the force exerted between
magnets is proportional to the product of pole
strengths and inversely proportional to the square
of the distance between the poles. Since magnetic
point poles do not exist, the effect between both
poles in the source on both induced poles in the
target must be considered. However, the particles
used for HGMS are much smaller than the distance
between the poles of the source, so the point value
of flux density at the location of the particle can be
used here.

The value of flux density in space diminishes with
the square of the distance from the source magnetic
poles. Sources with great distances between their
poles will then tend to have a ‘dog bone’ field about
them, and particles will see a greater attractive force
near the poles. When the distance from particle to
pole greatly exceeds the source pole spacing, the
force on a particle will diminish as the cube of the
distance. Values are not important here, but it
should be apparent that magnetic capture efficiency
is much greater when the target is closer to the
source than one-half of the source pole spacing.
The magnetic gradient will also be greatest in
a mid-plane normal to magnetic axis of the source.

In tramp iron separators, the properties and geo-
metry of the targets contribute to system efficiency.
Long objects with a high magnetic permeability see
the source field as a magneto-motive force (mmf),
which gives rise to an induced magnetic field in the
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target object. Because the mmf increases as the
source is approached, and the induced field
strength increases with mmf, there is a non-linear
acceleration of the object toward the source. If the
object length and position are such that it gives
source flux a preferred low reluctance path between
its own poles this effect is maximized. This favor-
able effect occurs when several smaller objects join
together, because of the polarity of their induced
fields, and act like a longer object to give source
flux a more desirable path. Tramp iron separators
have other physics to contend with, like mag-
netic properties and viscosity of the medium, and
gravity.

Macro separation systems function in a similar
manner. The classic example of iron filings in
a magnetic field vividly illustrates what takes place.
Iron particles build up initially at the source poles
and extend toward each other as separation con-
tinues to connect the induced north and south
poles in the filings. When the source is removed,
some of these particles may cling together for long
periods because their combined geometry produces
enough anisotropy to retain some level of magnet-
ization until shock or temperature overcome this
effect. As described below, such an effect would be
undesirable in the magnetic particles used for
HGMS systems, since the lack of a magnetic mem-
ory is essential to the process. In addition, the
typical magnetic bead does not have a high concen-
tration of magnetic material (the rest typically be-
ing a polymer or protein carrier), so they do not
form a more efficient combined geometry as they
are attracted to source poles.

Because these particles have no intrinsic perma-
nent magnetic properties, and induction is so low,
they contribute little to the efficiency of the mag-
netic system. The properties of the magnetic field
source are therefore dominant in the separation
process.

Sizing and arranging magnets for each system as
described above achieves improvements in the
shape and strength of a source magnetic field. Fur-
ther optimization of field strength and gradient are
possible by combining magnets with their orienta-
tions in quadrature, taking advantage of the prin-
ciple of superposition. In quadrature arrangements,
the coercivity of the material used must be greater

than the fields generated to avoid demagnetizing
portions of the adjacent magnet. Such utilization of
superposition in the design of permanent magnet
sources has only recently become practical, with the
availability of modern high-coercivity materials.

It has been shown [4-6] that in an applied mag-
netic field, the force on the particles can be approxi-
mated by

Ll

F =
2 o

V(B?), ©)
where y is the difference in susceptibility between
the particle and the fluid, V/, is the volume of the
particle and B is the magnitude of the flux density,
equivalent to the magnetic field, V(B?) is the part of
the equation dependent on the magnetic field. Since

V(B?) = 2(B-V)B (10)

the resultant force on a particle in a magnetic field
is proportional to the strength of the magnetic field,
and to the field gradient that the particle experien-
ces. The (B-V)B portion of Eq. (10) is called the
magnetic force density. Since the size of the particle
is very small in comparison to the inter-polar dis-
tance, a point value can be used to closely approx-
imate the effects experienced by the particle.

At any point on a plane within the active volume
of the separator, we can approximate the gradient
of field B at point (x, y) by averaging the change in
field between point (x, y) and its neighbors, as illus-
trated in Fig. 7, and described as follows:

0B(x, y) _ Bi-1.j — Bi+1,j

11

Ox 2 ’ (1)

0B(x,y) _ Bi.j-1 — Bij+1 (12)
oy 2 '

Such values can be obtained by mapping the mag-
netic field within the separator or by modeling such
systems in boundary or finite element analysis
packages. The calculated flux density in the bore
[diameter = 7mm] of a typical quadrupole separ-
ator is shown in Fig. 8a, as generated by Magneto,
a 2D boundary element modeling package. Fig. 8b
shows the flux lines within the bore of the quadru-
pole. Using Egs. (11) and (12), we can then plot the
magnetic force density in the operating gap as
shown in Fig. 8c [low values in the middle, higher
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Fig. 7. (x,y) and neighboring coordinates used to calculate field
gradient in a plane.

values towards the magnets — note that the range
of values in this plot is relative to the range shown
in Fig. 8a].

It can be seen that the general profile of the force
density plot does not differ much from the B plot.
Since there is a similarity in the type of information
shown in Figs. 8b and c, most comparisons between
separator designs can be made by looking simply at
the flux density plot. However if one is not sure
which separator design will produce a faster separ-
ation (through increased force acting on the par-
ticles), force density values can be summed for the
area of interest for quantitative comparison. This is
illustrated by comparing the results shown in
Fig. 8, with those for an improved patent-pending
quadrupole configuration [7] shown in Fig. 9.
Zborowski et al. [4] showed that the magnetic
force acting on a magnetized particle in an ideal
quadrupole has a centrifugal character. It can
clearly be seen that the improved quadrupole de-
sign in Fig. 9 produces a higher magnetic force
density, resulting in a more efficient field source and
faster separation time than the classic quadrupole
design.

This technique also answers decisively the ques-
tion of the effectiveness of using a high-field dipole
for similar separations. While B is very high in these
systems, (B-V)B is quite low. A larger mass of
permanent magnet material is required to generate
the same force density sum as that which can be
obtained from a quadrupole.

For such closed structures, a 2n-pole
(n=2,3,4...) structure gives the best results for
HGMS systems. Using magnets in quadrature to
maximize B, and which have a null point in the

middle to maximize (B-V)B makes for the most
efficient use of magnet material. Such systems will
lend themselves well to continuous magnetic separ-
ation systems [4], but not so well to automated
discrete tube-based tests, and so a natural extension
of this technique would be to analyze open linear
structures designed to act upon test tube racks.

6. Particle material considerations

The primary evaluation process for selecting the
appropriate magnetic particles for use in an HGMS
system will naturally center around the ligands and
other binding coatings that are attached to the
particles, which will be customized to match the
specific entity being targeted for capture. However,
the manufacturers of such particles have to take
into account the underlying properties of the par-
ticles, which act as a substrate to the biochemistry
that occurs at the particle surface. Although it is the
presence of active ligands and other coatings that
ultimately interact with the entities being captured,
it is the specific magnetic and physical character-
istics of the substrate particle that will determine
the time for separation, its efficiency and retention
rate.

Most of the magnetic particles used in HGMS
systems have some form of iron oxide at their core.
Typically these iron oxide phases are ferrimagnetic
in the monolithic form (see Table 4), but when
particles are manufactured from bulk material, and
the diameter of these particles is carefully control-
led, a distinctly different magnetic phenomenon is
observed.

By reducing the particle size to below some criti-
cal diameter, the particles become so small that the
magnetic moments present in each particle (by vir-
tue of the underlying ferrimagnetism inherent to
the material) are constantly being re-oriented by
random thermal energy vectors in the system (even
in ambient conditions). Thus the particles have
a coercivity (ability to resist demagnetization) of
zero and the net magnetic moment of the powder is
zero. The bulk powder is thus essentially ‘non-
magnetic’.

However, the particles are still susceptible to
applied magnetic fields, and in this regard they are
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Fig. 8. (a) Flux density [magnitude] plot in bore of classic quadrupole magnet [diameter = 7mm]. (b) Flux line plot for classic
quadrupole magnet. (c) Force density plot in bore of classic quadrupole magnet.

similar to paramagnetic materials. Because of the plied magnetic field from the particles will instan-
presence of so many large magnetic moments with- taneously reduce the overall net magnetic moment
in the individual powder particles, the susceptibility of the powder back to zero. Thus, the powder has
of the powder is very large, and thus the particles no ‘magnetic memory’, and it is possible to use

behave like ‘super’ paramagnets. Removing the ap- these particles within a system that uses a number
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Fig. 9. (a) Flux density [magnitude] plot in bore of improved quadrupole magnet [diameter = 7mm]. (b) Flux line plot for improved
quadrupole magnet. (c) Force density plot in bore of improved quadrupole magnet.

of recurring separation cycles. The superparamag-
netic limit or particle diameter, below which this
phenomenon is observed, is usually in the 1-30 nm
range.

If the particles are slightly larger than their
superparamagnetic limit diameter, the time for ran-

domization of the magnetic moments will become
discernible. Kotitz et al. [8] discuss the ad-
ditional influence of Brownian motion on this
process.

It is important to note that this superparamag-
netic limit diameter is material-specific. Particles
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Table 4

A summary of common iron-based oxide and hydroxide compounds

Mineral name Composition

Common chemical name

Mass susceptibility y

Woustite (rust) FeO

Hematite a-Fe, 05

Maghemite v-Fe, O3

Magnetite Fe;O4

Goethite a-FeO-OH

Akagangite B-FeO-OH

Ferroxyhite §'-FeO-OH
Lepidocrocite v-FeO-OH

Limonite a-FeO-OH + y-FeO-OH

Ferrous oxide ~2JT 'kg™!
Ferric oxide ~1JT kg !
Ferric oxide ~70JT 'kg!
Ferrous-ferric oxide ~90JT kg !

Ferrous hydroxide
Ferrous hydroxide
Ferrous hydroxide
Ferrous hydroxide
Hydrated ferrous oxides

with a diameter larger than this limit become resis-
tant to the thermal demagnetization effects out-
lined above, and thus will exhibit an undesirable
‘magnetic memory’ after being exposed to an ap-
plied magnetic field. However, as shown above, in
order to maximize the force upon magnetic beads
within the applied magnetic field (which leads to an
increased velocity of the particles and a reduced
separation time), individual bead size should be as
large as possible.

The system designer must therefore balance the
need to eliminate magnetic memory within the par-
ticles, with the need to minimize separation time
during the separation process. This is usually
achieved by mixing quantities of nanophase mag-
netic particle crystals with a protein or polymer
(e.g. polystyrene, silane or dextran), to form a mag-
netic bead, that is then coated with activated target
capture coatings that are specific to the target enti-
ties to be captured (e.g. avidin). Manufacturers can
alter the fraction of magnetic media within each
magnetic bead to control the separation behavior
in situ.

In addition, the active surface area of the particle
needs to be as large as possible in order to maxi-
mize target capture and retention of the biological
entities being captured. Altering the smoothness of
the final surface of the particles allows the particle
manufacturer to control the active surface area of
the powder being used.

Materials with a high magnetic anisotropy
will require crystals with a smaller diameter
than isotropic particles, in order to get below

the superparamagnetic limit. Some factors of the
overall anisotropy are material-specific, but the
shape of a given magnetic particle will also affect
the magnetic anisotropy. A spherical particle will
minimize this anisotropy and such a particle is also
less likely to retain magnetism once an applied field
has been removed. However, this benefit is offset by
the slightly reduced polarization of such particles
when a field is applied, which will affect the velocity
of the particle’s movement within the liquid me-
dium of the HGMS system. The reduction in an-
isotropy is usually the dominant factor, and thus
the ideal magnetic bead will generally be spherical,
and contain iron oxide crystals with low aspect
ratios and average diameters in the 1-30 nm range
to achieve superparamagnetism.

Additional methods to decrease the separation
time and to improve yield and efficiency include
those that utilize an oscillating magnetic field,
through the movement of the magnets surrounding
the magnetic particles. In addition, the particle con-
tainer can be rotated [9] in cycles to allow for
better mixing of the particles within the mixture
containing the target entities, without damaging
them.

Acknowledgements

The authors wish to thank Mr. Ging-Li Wang,
Mr. Richard Bennett, Mr. Bruce Toyama and Mr.
Jeff Foy, all of Dexter Magnetic Technologies, for
useful discussions.



276 G.P. Hatch, R.E. Stelter | Journal of Magnetism and Magnetic Materials 225 (2001) 262-276

Table 5

Equations for spreadsheet calculations of flux density for cylindrical magnets

A B C

1 Value Equation or value Example
2 Remanence of material, B, (mT) See published data 1000

3 Radius of magnet, r Set for particular magnet 0.6

4 Distance from pole face, d Set for particular container diameter 0.442097
5 Length of magnet, L Set for particular magnet 0.884194
6d+L =B4 + BS 1.326291
7 Volume = B3"2*PI()*B5 1

8 L/D = B5/2/B3 0.736828
9 B/H = 1.77*B5/B3"2/PI()*(B3"2*PI() + PI()*B3*B5)"0.5 2.314538
10 B,,, at pole face (mT) = 0.5%B2*((B5/(B5"2 + B3"2)"0.5)) 413.735
11 By, at d (mT) = 0.5%*B2*((B6/(B6"2 + B3"2)"0.5 — B4/(B4"2 + B3"2)"0.5)) 158.957
12 Average B,,, (mT) = (B10 + B11)/2 286.34
13 B,,, ratio = B11/B10 0.384199

Appendix A. Spreadsheet equations for determining
flux density for a cylindrical magnet

Table 5 shows the necessary spreadsheet calcu-
lations needed to utilize Eqgs. (7) and (8) for deter-
mining the magnetic flux density within a simple
separator unit. By setting the value of d to the
diameter of the container [for example a 15 or
50 ml tube], and choosing appropriate dimensions
for the magnet, the reader can determine the flux
density within their system, and create their own
plot similar to Fig. 5.

By using different values of d for the same mag-
net, the user can also create a graph of flux density
from one side of the container at the pole face
[d = 0] to the other side of it. By dividing the flux
density by the distance across the container, the
reader can then determine the average flux density
radient across the unit. The spreadsheet for these
equations may also be obtained from the authors at
the address above.
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