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A portable magnetic separator was proposed for in-vivo biomedical
applications. In this prototype design, a matrix of alternating, parallel
magnetizable wires, and biocompatible tubing is immersed into an
externally applied magnetic field. The wires are magnetized and high
magnetic fields as well as field gradients are created to trap blood-
borne flowing magnetic nanospheres in the tube. In this paper, a para-
metric investigation was carried out to evaluate the capture efficiency
of flowingmagnetic nanospheres by a separator unit consisting of single
tubing and four wires. The parameters include: mean blood velocity
(1 to 20 cm/s); magnetic field strength (0.1 to 2.0T); sphere size
(500 nm to 1000 nm in radii); sphere magnetic material (iron, two types
of magnetite) and magnetite content in the spheres (0.05 to 0.8 by
weight); wire material (nickel, stainless steel 430, and Wairauite); wire
length (2.0 to 20 cm); wire size (0.125 to 1.0mm in radii); tubing size at
a fixed ratio of tubing to wire diameter of unity. The results show that
capture efficiencies of the spheres of well over 90% were achievable
under reasonable human physiological conditions, provided that the
mean blood velocities were below about 5.0 cm/s. The results also show
that the magnetic separator performance could be improved by maxi-
mizing the applied magnetic field strength up to about 1.0T and by
reducing the size of the unit with tubing and wires of equal radii. The
results help further optimize a prototype magnetic separator suitable
for rapid sequestration of magnetic nanospheres from the human blood
stream while accommodating necessary clinical boundary conditions.

Keywords blood filter; magnetic carriers; magnetic filter;
magnetic modeling; magnetic separation; magnetic
separator; targeted drug therapy

INTRODUCTION

In-vivo biomedical applications for magnetic nano-=
micro-spheres have been widely explored because of the
potential to direct or concentrate the spheres in target

organs or cells. Examples for such applications include
drug targeting and delivery (1–2), medical imaging (3–4),
hyperthermia treatment (5–6), and blood detoxification
(7). Nevertheless, the existence of residual magnetic spheres
in the circulatory system after therapy may carry side
effects. For example, in magnetically-aided delivery of the
clot buster tissue plasminogen activator (tPA) for the rever-
sal of acutely occluded arteries in patients with acute stroke
or heart attacks (8), or the magnetically-supported delivery
of cancer therapeutics to tumors, some spheres may escape
magnetic fields and flow with blood through the body,
which may be harmful to healthy tissues due to high toxic
or high biologically active therapeutics loaded into those
spheres. Moreover, successful removal of blood-borne
toxin-bound magnetic spheres is an indispensable step in
a recently proposed blood detoxification approach (7).
All of these necessitate the development of a suitable
magnetic separator to efficiently remove magnetic spheres
from fast blood flow in-vivo.

Real-time, magnetic separation in a living organism is
distinct, as it demands specific and precise design require-
ments with respect to the human physiology and its pro-
posed medical applications. Different from the magnetic
filters in other proposed magnetic extracorporeal units for
removing medical agents from body fluids (9–10), which
focused on increasing the magnetic field strength in the
separators and did not emphasize portability, the filter
recently proposed is designed around portability to facili-
tate in-field use (7). The basic design of this prototype mag-
netic separator consists of an array of alternating capillary
tubing and magnetizable wires which is immersed in a mag-
netic field generated from two parallel and opposite perma-
nent magnets. The external field is perpendicular to the
wires and blood flow. The high magnetic field and high
field gradients created by the magnetized wires promote
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the collection of the magnetic nanospheres from blood flow
in the tubing. The design of this prototype portable mag-
netic separator combines two well-established technologies,
the high gradient magnetic separation (HGMS) technique
as practiced in industry and laboratory, and the biomedical
use of extracorporeal blood circulation, which is the tem-
porary removal and immediate return of blood from and
back to the body such as used in hemodialysis for patients
with failing kidneys (11). However, in contrast to hemodia-
lysis and similar clinical procedures, no direct blood
manipulation is required in this magnetic separation pro-
cess. Hence, the primary device features include design
strategies for ambulatory usage (i.e., light weight, zero
power, etc.) (7).

A three-dimensional mathematical model was developed
to investigate wire-tubing configuration effects on the
capture efficiency (CE) of the device (12). An optimal
configuration, in which the wires and the tubing are
alternating along both perpendicular and horizontal
directions, was preliminarily selected. In this paper, a
comprehensive investigation of the effects of various
parameters on the CE is performed on this design config-
uration. The results are used to further optimize the design
and the operation of this prototype portable magnetic
separator.

MODEL DEVELOPMENT

The finite element package COMSOL Multiphysics
3.31 was used in order to numerically solve the three-
dimensional partial differential equations that constitute
the model, and to predict the trajectories of the magnetic
spheres as they travel with the blood through the tubing
while under the influence of both hydrodynamic and mag-
netic forces (13). In order to reduce the complexity of the
model, only one cell of an assumed spatially periodic
configuration (see Fig. 1) was used.

The simplicity of the model was achieved by considering
only the hydrodynamic (due to the blood flow) and the
magnetic forces (due to the effect of the external magnetic
field and magnetized wires). Inertial and lift forces, as well
as the magnetic interparticle forces that might lead to mag-
netic sphere agglomeration were neglected. The magnetic
sphere trajectory w was determined from

r� w ¼ up; ð1Þ

where up represents the sphere velocity. CE was given by

CEð%Þ ¼ 1� np;out
np;in

� �
� 100; ð2Þ

where np,in is the chosen number of starting points for the
magnetic sphere trajectories described by Eq. (1), and np,out
is the number of trajectories which exit the tubing.

To evaluate Eq. (1), however, the variables that help
determine up must be first evaluated. This can be done by
resolving the force balance that includes hydrodynamic
and magnetic forces upon a single magnetic sphere every-
where inside the tubing. These two types of forces were
independently evaluated as follows.

First, the blood velocity u and the blood pressure P were
found within the tubing by solving the continuity and 3-D
Navier-Stokes equations for blood, which was assumed to
be an incompressible fluid of density qB and viscosity gB,

r � u ¼ 0; ð3Þ

qB
@u

@t
þ ruð Þ � u

� �
¼ �rPþ gBr2u: ð4Þ

The blood flow velocity was assumed to enter the tubing at
z¼ 0 in a direction parallel to the tubing walls (i.e., ux¼ 0
and uy¼ 0) and with a parabolic profile with average
velocity Uo. At the wall of the tubing, the velocity in all
directions was identically zero and at the outlet of the
tubing the blood pressure was specified as Po¼ 1 atm.

FIG. 1. (a) The selected configuration design of the magnetizable wires

(dark-colored) and tubing (light-colored) in the separator. (b) The sche-

matic view of the magnetic separator unit (3-D) investigated in the current

study.
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Next, the magnetic force upon the magnetic sphere was
determined by evaluating the magnetic field H within the
CV. This was done using the Maxwell equation within
the CV

r2u ¼ 0; ð5Þ

where u is the scalar magnetic potential and is related to
the field H according to:

H ¼ �ru: ð6Þ

However, the system is composed of two regions with
very distinct magnetic behavior. The first region corre-
sponds to the non-magnetic space outside of the wires;
the second region corresponds to the space occupied by
the wires, which is magnetizable in the presence of an exter-
nal magnetic field. The discrete nature of the system
requires that the magnetic potential be defined differently
for each of the regions as u1, and u2, respectively. Thus,
the Maxwell equation is redefined as

r2u1 ¼ 0; ð7aÞ

r2u2 ¼ 0; ð7bÞ

with the respective H being

H1 ¼ H1;x;H1;y;H1;z

� �
¼ � @u1

@x
;� @u1

@y
þHo;�

@u1

@z

� �
;

ð8aÞ

H2 ¼ H2;x;H2;y;H2;z

� �
¼ � @u2

@x
;� @u2

@y
þHo;�

@u2

@z

� �
:

ð8bÞ

On the other hand, the respective magnetic fluxes were
defined as

B1 ¼ loðH1;x;H1;y;H1;zÞ ¼ lo �@u1

@x
;�@u1

@y
þHo;�

@u1

@z

� �
;

ð9aÞ

B2 ¼ loðH2;x;H2;y þMw;H2;zÞ

¼ lo �@u2

@x
;�@u2

@y
þHo þMw;�

@u2

@z

� �
; ð9bÞ

where Mw corresponds to the magnetization in the wires
(i.e., region 2). This magnetization is assumed parallel to
H1 and their relationship is defined as

Mwj j ¼ 2awHo; ð10aÞ

aw ¼min
vw;o

2þ vw;o
;
Mws

2Ho

 !
; ð10bÞ

where vw,o and Mws are the magnetic susceptibility at zero
magnetic field and the saturation magnetization of the
wires, respectively.

To solve Eq. (7), continuity conditions were applied for
the magnetic potential (i.e., u1, and u2) and the normal
components of the magnetic fluxes (i.e., B1,n, and B2,n) at
every interface between the two defined regions.

In addition, the CV was assumed sufficiently large
to impose u2¼ 0 along its boundaries. The following
expression was then used to evaluate the magnetic force
(Fm) on a magnetic sphere:

Fm ¼ 1

2
xfm;pVplo

Mfm;p

H1
rðH1 �H1Þ; ð11Þ

where lo is the magnetic permeability of vacuum, Vp is the
volume of the magnetic spheres, and xfm,p and Mfm,p were
the volumetric fraction and magnetization of the ferromag-
netic material in the magnetic spheres, respectively.

The magnetization of the material in the spheres
Mfm,p is assumed parallel to the field H1. Because the
ferromagnetic material in each magnetic sphere is
assumed to consist of fully dispersed, single domain,
spherical magnetic particles of radius Rsdp, the relation-
ship between the magnetization Mfm,p and H1 is assumed
to follow Langevin’s law,

Mfm;p ¼ Mfm;s

�
coth

loMfm;sVsdp H1 � 1
3xfm;pMfm;p

� �
kbT

� �

� kbT

loMfm;sVsdp H1 � 1
3xfm;pMfm;p

� � �; ð12Þ

where Mfm,s is the saturation magnetization of the ferro-
magnetic material inside the magnetic sphere, Vsdp is the
volume of a single magnetic particle inside the sphere, kb
is the Boltzman constant and T is the absolute tempera-
ture. The term, 1=3xfm,pMfm,p, accounts for the demag-
netization field due to the magnetic sphere as a whole.
For simplicity, however, this term is neglected, mainly
due to the small volume fraction xfm,p occupied by the
ferromagnetic particles inside a magnetic sphere.

If qfm,p represents the density of the ferromagnetic
material inside the magnetic sphere and qpol,p represents
the density of the polymer and drug solution comprising
the rest of the magnetic sphere, then

xfm;p ¼ qp
ffm;p

qfm;p

; ð13Þ

qp ¼ 1
ffm;p

qfm;p
þ 1�ffm;p

qpol;p

; ð14Þ

where qp is the density of magnetic sphere and ffm,p is the
fraction of magnetic material by weight.
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With the expressions for the hydrodynamic forces,

Fd ¼ 6pgBRpðu� upÞ; ð15Þ

and magnetic forces (Eq. (11)) defined, Newton’s second
law of motion for a magnetic sphere, i.e., FmþFd¼ 0,
was finally used to obtain an explicit expression for the
magnetic sphere velocity up,

up ¼ uþ 1

9

loR
2
pxfm;p

gB

Mfm;p

H1
rðH1 �H1Þ; ð16Þ

which follows from equating the Stokes drag of our
magnetic particle (Eq. (15)) with the magnetic force.

The components of the magnetic sphere velocity are

up;x ¼ ux þ
VmRw

UoMwH1

�
@u1

@x

@2u1

@x2
þ @u1

@y
�Ho

� �
@2u1

@x@y

þ @u1

@z

@2u1

@x@z

�
; ð17aÞ

up;y ¼ uy þ
VmRw

UoMwH1

�
@u1

@x

@2u1

@x@y
þ @u1

@y
�Ho

� �
@2u1

@y2

þ @u1

@z

@2u1

@y@z

�
; ð17bÞ

up;z ¼ uz þ
VmRw

UoMwH1

�
@u1

@x

@2u1

@x@z
þ @u1

@y
�Ho

� �
@2u1

@y@z

þ @u1

@z

@2u1

@z2

�
; ð17cÞ

where Vm, the so-called magnetic velocity, is given by

Vm ¼ 1

9

R2
p

Rw

lo
gB

xfm;pMfm;p �Mw; ð18Þ

where Rw is the wire radius.

EXPERIMENTAL CONDITIONS

Based on preliminary calculations in a previous study
(12), the baseline conditions of this modeling study were
set to be the following: the tubing had an outer radius
(Ro) of 0.500mm, an inner radius (Ri) of 0.375mm and a
length (Lt) of 100mm; the wires were stainless steel (SS)
type 430 with a radius (Rw) of 0.500mm and a length
(Lw) of 100mm; the magnetic spheres had a radius (Rp)
of 200 nm and contained 60wt% magnetite (ffm,p); a hom-
ogenous magnetic field (loHo) of 0.5 T was applied; the
mean blood flow velocity (Uo) through the tubing was
5.0 cm=s. The ranges of the parameters used in the model-
ing are listed in Table 1, and Table 2 provides other
physical and magnetic properties required in this modeling
study. The three materials evaluated were iron (saturation

TABLE 1
Values and ranges of the parameters used in the modela

Parameters Units Values

Fluid density, q kg=m3 1000
Fluid viscosity, g kg=(m s) 3.0� 10�3

Fluid temperature, T K 298.15
Mean fluid velocity, Uo cm=s 1.0�20.0, 5.0
Tube inner radius, Ri mm 0.150, 0.225, 0.375, 0.750
Tube outer radius, Ro mm 0.200, 0.300, 0.500, 1.000
Tube length, Lt mm 20, 50, 100
Sphere radius, Rp nm 50, 100, 200, 500, 1000
Sphere materialb weaker magnetite, magnetite, Fe
Particle radius, Rfm nm 5
Sphere ferromagnetic mass fraction, ffm,p 0.05, 0.20, 0.40, 0.60, 0.80
Sphere polymer density, qpol kg=m3 950
Wire materialb Ni, SS 430, wairauite
Wire radius, Rw mm 0.250, 0.375, 0.500, 1.000
Wire length, Lw mm 20, 50, 100, 200
Magnetic field flux density, loHo T 0.1�2.0, 0.5

aBaseline conditions underlined.
bProperties indicated in Table 2.
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magnetization Ms¼ 1735 kA=m), weak magnetite (Ms¼
450 kA=m) and magnetite (Ms¼ 150 kA=m). Nickel, SS
430 and Wairauite (a type of CoFe alloy) were investigated
as potential wire materials (see Table 2 for values of the
saturation magnetization).

RESULTS AND DISCUSSION

An optimal magnetic separator design should achieve
high magnetic field density (H) as well as high magnetic
field gradient (rH) in order to efficiently separate flowing
magnetic spheres. Though the design only had moderate
magnetic field in the separation tubing, it had relatively
high magnetic field gradients (Fig. 2). Moreover, it is

predictable that the magnetic spheres will experience the
repulsive forces from the wires on the left and right sides
of the tubing and the attractive forces from the wires on
the top and bottom. This prediction is verified when look-
ing at the trajectories of the particles (Fig. 3). Through the
trajectories, it can be seen that the particles tend to move
towards the wall of the tubing along the y-direction where
the attractive forces lie (Fig. 3b), while they tend to move
away from the wall of the tubing along the x-direction
where the repulsive forces reside (Fig. 3c).

The systematic parametric study varied some of the base
parameters in the model, while keeping all the other para-
meters fixed at the baseline conditions unless otherwise
noted. The baseline conditions chosen for this study were
considered to be reasonable for the design of a portable

TABLE 2
Physical properties of ferromagnetic materials used

in the models

Material
qfm,p or qw
(kg=m3)

Mw,s or Mfm,s

(kA=m)

Irona 7850 1735
Typical magnetitea 5050 450
Hypothetical weaker
magnetitea

5050 150

Stainless steel 430b – 1365
Nickelb – 490
Wairauite (CoFe)b – 1922

aMagnetic material in the magnetic sphere.
bMagnetic material of the wire.

FIG. 2. Typical COMSOL Multiphysics simulation results of the

magnetic field density through a cross sectional area of the separator

units. The coloration indicates the intensity of the magnetic field density

and the arrows indicate the direction of magnetic force.

FIG. 3. The trajectories of magnetic spheres at the case of a 4-wire

configuration and (a) 3-D and on the planes of (b) x¼ 0 and (c) y¼ 0.

Conditions: Tubing: length Lt¼ 10 cm, inner diameter Ri¼ 0.375mm

and outer diameter Ro¼ 0.50mm; wires: stainless steel 430 with

Lw¼ 10 cm and Rw¼ 0.50mm; spheres: diameter Dp¼ 400 nm containing

60% (by weight) magnetite; fluid: viscosity g¼ 3.0 cp; applied magnetic

field loHo¼ 0.5 T.
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magnetic separator for in-vivo blood detoxification
described in our previous publications (7,12).

Three-dimensional capture efficiencies were calculated
from the sphere trajectories, as noted in Eq. (2). This study
focused on the effect of changing flow and field parameters,
the magnetic materials, and the physical geometry of the
system. By directly modifying the flow and field para-
meters, important observations can be made. It is not
surprising to see that CE decreased with Uo and increased
with loHo (Fig. 4). However, it is important to notice that
the model exhibited no further increase in CE when loHo

was over 1.0 T. This indicates that a moderate applied mag-
netic field would be sufficient for this separation system.
This was due to the magnetization of the magnetic spheres
as well as the magnetizable wires, which will be emphasized
later. Moreover, mean flow velocity is an important
negative factor. When Uo¼ 20 cm=s, CE would be no
more than 50% even if loHo¼ 2.0 T. Therefore, in order
to get a desired CE, for example, CE� 90%, for one-pass
operation, Uo is limited to less than 10 cm=s, for the base
conditions.

Another important consideration is the material effect
of the magnetic spheres and wires on CE. It is not surpris-
ing that spheres with higher magnetite mass content have
larger CE (Fig. 5). However, a considerable CE was still
predicted even at ffm,p¼ 0.05, being 43.4% and 20.4% at
1.0 cm=s and 5.0 cm=s mean flow velocities, respectively.
However, when ffm,p increased from 0.05 to 0.80, CE
increased by a factor of two at 1.0 cm=s and by a factor
of five at 20 cm=s. However, in order to attain a CE> 90%
in this separation system, the mean flow velocity in each
tubing had to be controlled to a low value, e.g., Uo<
5.0 cm=s, or the spheres must have high magnetite content

as suggested in the figure. However, too much magnetite
can cause toxicity to the human body. Also, very high mag-
netite content may severely affect the morphology of the
spheres such as rough surface and irregular shape (14),
which leads to short in-vivo circulation life of those spheres.

The effect of the magnetic material in the magnetic
spheres on the CE is shown in Fig. 6. The three materials
evaluated were iron (saturation magnetization Ms¼
1735 kA=m), weak magnetite (Ms¼ 450 kA=m) and mag-
netite (Ms¼ 150 kA=m). At Uo¼ 5.0 cm=s, increasing CEs
of 50%, 78%, and 97.4% are achieved with weaker magnet-
ite, typical magnetite and iron, respectively. Clearly, com-
pared with commonly used iron oxides like magnetite,

FIG. 4. Effect of flow velocities and applied magnetic field intensity on

the CE of the magnetic spheres.

FIG. 5. Effect of magnetite mass content on CE.

FIG. 6. Effect of the sphere magnetic material on the CE of the magnetic

spheres with CE plotted as a function of applied magnetic field intensity.
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stronger ferromagnetic materials such as Fe or other equally
magnetic metals or alloys are more advantageous. For
example, using magnetic spheres containing Fe allows the
separator to achieve CE> 90% even at Uo¼ 8 cm=s. Of
note, unlike the wire materials and model predictions for
magnetic particles reported elsewhere (15), these different
materials do not exhibit identical behaviors at low magnetic
fields. This result is a consequence of Langevin’s relationship
in Eq. (12) and the magnetic particles within the magnetic
spheres are assumed to consist of dispersed single domains.
Therefore, their magnetic behavior is no longer controlled
by demagnetization effects as reported earlier (15).

The wire material also plays an integral role in CE
(Fig. 7). Before reaching the saturation point for nickel
(Mws¼ 490 kA=m), which is about 0.30 T, all three materi-
als are magnetically unsaturated and thus they display
identical magnetic behavior (Fig. 7). However, after this
point, nickel is saturated and the CE remains constant at
a value of around 63%. Meanwhile, the CEs for SS 430
and wairauite continue to increase together as one curve
until the magnetic field reaches 0.7 T. After this point, SS
430 becomes saturated and the CE for it remains constant
at about 91% while the CE for wairauite continues to
increase until its saturation field of 1.2 T with a CE of
around 97%.

There are two important observations from the results.
First, magnetic materials display identical behavior in
relatively strong magnetic fields (up to 0.30 T) despite their
significant differences in magnetic character. For example,
the CEs for nickel and Wairauite do not differ until at
0.30 T even though there is a four-fold difference in the
saturation magnetizations of these two materials. Another
observation is that it is unnecessary to apply a very high

magnetic field (>1.2 T) on the magnetic separator unit.
At 1.2 T, most ferromagnetic materials of cylindrical shape
are already magnetically saturated. Of note, for a human
blood detoxification process, wire material with high satu-
ration magnetization is preferable because the strict ex-vivo
separation task requires high CE (>90%) at a moderate or
high flow rate conditions (7). A stainless steel like SS 430 is
an ideal candidate for wire material in the device due to its
high saturation magnetization and easy availability. In this
case, the applied magnetic field would not be larger than
1.0 Tesla.

In addition to the material effects, there are important
geometric effects of both the device and the spheres.
Figure 8 shows the effect of sphere size on the capture
efficiency (CE) of the magnetic spheres. It is apparent that
the sphere size Dp is a very important parameter in this sys-
tem. When Dp increases from 100 nm to 2000 nm, CE
increases from 50% to 100% at 1.0 cm=s and from 12.6%
to 98.8% at 20 cm=s. For a sphere with a predefined mag-
netite content, i.e., ffm,p is constant, the magnetic force
Fm on the sphere is a function of D3

P while the drag force
Fd on the sphere is proportional to Dp only. Therefore,
increasing sphere size produces greater effect on the mag-
netic force than it does on the drag force. However, the size
of the spheres has to be in a suitable range for detoxifica-
tion application due to the physiologic characteristics of
the human body. If the spheres are too big, they will
occlude the capillaries. On the other hand, if the spheres
are too small, not only is it difficult to efficiently capture
them from blood flow, but also they might be filtered from
the circulatory system by the kidneys (16). The spheres with
size range of 100 nm to 2000 nm seem suitable for future
blood detoxification purposes.

FIG. 7. Effect of the wire material on the CE of the magnetic spheres

with CE plotted as a function of applied magnetic field intensity. FIG. 8. Effect of sphere size on CE.
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Figure 9 shows the effect of the wire length on the CE of
the spheres. The results were plotted as a function of the
fluid residence time Lw=Uo for different Uo at the base case
conditions. The results collapse onto a single curve. The
CE improved with increasing Lw, which is due to the longer
residence times in the separation area. This indicates that
the CE is eventually a function of Lw=Uo and independent
mechanic processes control the axial and radial movements
of the spheres.

The effect of the wire size on the CE as a function of
Rw=Ro is shown in Fig. 10. Generally, as loHo increases,
CE increases rather sharply at low loHo and then more

gradually at higher loHo. Moreover, the CEs range from
22.8% to 26.7% at loHo¼ 0.05T and from 84.9% to 91%
at loHo¼ 1.0 T, indicating a significant effect of the applied
field on the CE. Since the hydrodynamic force is being held
constant under these conditions, as loHo increases, the
magnetic force increases resulting in an increasingly larger
imbalance in these forces, which manifests as an increasing
CE. However, there is no further noticeable increase in CE
when loHo exceeds 1.0 T, which is due to the magnetic
saturation of the wire materials as well as the magnetic
materials in the spheres as stated previously. It is of impor-
tance to see that the lowest CE is exhibited by the largest
Rw=Ro (¼2) in all cases despite the maximum mass of
magnetic material available for the biggest wires. The
indication from the results in Fig. 10 tells us that the best
performance of the device can be expected when Rw=
Ro¼ 1. This result clearly reveals the important interaction
between the local magnetic field and the local magnetic
field gradients. The combination of slightly lower magnetic
field and much higher magnetic field gradients from the
smaller wires produces the larger magnetic force and there-
fore higher CE for the separation system.

Aside from modifying the geometry of the wires and
spheres, a change in the tubing size also modifies the CE.
Figure 11 displays the effect of the outer capillary tube
radius (Ro) on the CE of the spheres for the baseline
conditions while keeping Ro=Rw¼ 1.0 and Ri=Ro¼ 0.75.
One may wonder whether scaling the radii of the wires
and tubing together would show a noticeable change in
CE. However, the results show that CE benefits from
reducing the size of the tube-wire unit. For example, at
Uo¼ 10 cm=s, the CE increased from 33% to about 98%
when Ro decreased from 1.0mm to 0.2mm. This is an
interesting and slightly perplexing phenomenon. However,

FIG. 9. Effect of the wire length on the CE of the spheres with CE

plotted as a function of residence time Lw=Uo for different mean velocities.

FIG. 10. Effect of the wire radius on the CE of the spheres with CE

plotted as a function of wire radius=tube outer radius ratio. FIG. 11. Effect of the tubing size on the CE of the spheres.
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it is a consequence of HGMS effect (15). Smaller wires can
produce shorter-ranged magnetic fields as well as higher
magnetic field gradients in the adjacent area. It is known
from Eq. (11) that the magnetic force is proportional to
magnetic field and field gradient. It is the higher magnetic
field gradient that gives higher CE for smaller wires in
Fig. 11. Apparently, it is advantageous to miniaturize the
magnetic separator unit in order to increase the capture
efficiency. However, in a practical blood detoxification pro-
cess, the extent of the miniaturization should be determined
by the size and magnetic properties of spheres, the amount
of them to be removed, and the volume of the blood to be
processed.

CONCLUSION

A parametric investigation was carried out to evaluate
the capture efficiency of flowing magnetic spheres by the
unit of a prototype magnetic separator for human blood
detoxification (Fig. 1b). The results showed that CEs of
the spheres of well over 90% were achievable under reason-
able human physiological conditions, provided that the
mean blood velocities were below about 5.0 cm=s. The
results also showed that CEs of the spheres of between
20% and 60% could easily be attained at higher velocity up
to 20 cm=s at moderate systemic and operating conditions.

The parametric study showed that the magnetic separ-
ator performance could be improved by increasing the size
of the spheres and their content of magnetic material while
keeping in mind the corresponding detrimental effects of
capillary tube occlusion in the device; by utilizing magnetic
materials in both the wires and the spheres with the highest
magnetizations while taking into consideration the cost,
availability, and physico-chemical stability of the materials;
by maximizing the applied magnetic field strength up to
about 1.0 T; by decreasing the mean flow velocity in the
tubing while considering the separation task, i.e., separ-
ation time and flow volume; by reducing the size of the unit
with tubing and wires of equal radii; and by increasing the
length of the separator unit while keeping in mind the
corresponding detrimental effects on pressure drop and
portability and the cost for materials and device
production.

The results further optimize a prototype portable mag-
netic separator suitable for rapid sequestration of magnetic
nanospheres from the human blood stream for human
detoxification.
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