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Magnetic drug targeting has been used to steer magnetic therapeutic agents and has received much
attention for capillaries and human brain arteries. In this paper, we focus on noninvasive targeting of
nanoparticles in muscular arteries, in where the vessel diameter and blood flow are much challengingly
higher than brain capillaries. We aim to design a low intensity magnetic field which avoids potential side
effects on blood cells while steers particles with high targeting rate. The setup design procedure is con-
siderably flexible to be used in a wide variety of large vessels. Using particle tracing, a newmethod is pro-
posed to connect the geometry of the vessel under the action of targeting to the required magnetic force.
Specifications of the coil which is placed outside the body are derived based on this required force.
Mutual effects of coil dimensions on the produced magnetic force are elaborated and summarized in a
design flowchart to be used for arbitrary muscular vessel sizes. The performance of the optimized coil
is validated by in vitro experiments and it is shown that particles are steered with the average efficiency
of 80.2% for various conditions.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Noninvasive magnetic drug targeting has been used as an
approach to transport therapeutic agents attached to magnetic car-
riers to disease regions such as tumors by the use of magnetic
fields created by external magnets or coils [1–9]. This technique
eliminates the excess use of drugs, radionuclide or genes those lead
to side effects such as hair loss, fatigue, mouth and throat sores
[10,11]. In previous works permanent magnets have been used to
create the magnetic field (H) in a target vessel branch where with
forming and placing magnets, a gradient H was created [8,9,12–
14]. Nowadays, using electromagnets (such as coils) is conven-
tional which enables us to spatially form the magnetic field
[15,16]. The magnetic targeting issue has received much attention
specially to microvessels such as brain capillaries unlike the large-
sized muscular arteries.

Muscular arteries have three major geometric differences with
capillaries. First, they are commonly located deeper inside the
human body (where the deepness would reach to 5 cm) than shal-
low microvessels. Second, they include millimeter-sized vessels
with a lumen diameter up to 6 mm unlike microvessels such as
arterioles and capillaries with the lumen diameter from 5 to
20 lm. Third, they possess much higher blood velocity compared
to capillaries [17]. Accordingly, some considerations brought up
in design methods of electromagnets for muscular vessels. First,
one cannot place the coil very close to the vessel under targeting,
because the vessel is surrounded by muscle and skin. Many studies
have been done in order to cover the magnetic targeting problem
in brain vessels and shallow capillaries close to the skin surface
where the depth was averagely supposed 3 mm [15,18–20].
Though implantation of magnets and metal lines close to the deep
vessels shows high efficiency, it is not categorized in noninvasive
treatment [21–24].

In microvessels, the no-slip boundary condition reduces the
near-wall blood velocity relative to the centerline [25] and
improves the ability of catching particles by weaker magnetic force
due to much lower drag compared to millimeter vessels. In this sit-
uation the required H intensity is far lower than the maximum per-
missible exposure [3,26–29]. However, due to higher blood flow
rate in muscular vessels, particles need higher magnetic force
(and thus stronger H) to be steered against the tough drag force
which is produced in the opposed direction of particle movement.
It is known that the exposure of an intense H can create unex-
pected side effects on human body and blood cells. Hence, the sec-
ond issue in magnetic targeting is the limitation on the applying H,
imposed by the maximum permissible exposure (up to 0.28 MA/m)
for the human body in a controllable environment in subject to
[30] which becomes important for muscular arteries. Also, a simple
coil which produces an intense H consumes high current and
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causes extra heat and eventually may destruct the coil wire shield
and cause damage to patient’s outer tissue. Thus, by considering
the limitation of coil current, the coil design must be changed so
that it reaches the lowest conductivity loss while producing the
highest available magnetic force, and eliminates the need for high
amperage supply for magnetic targeting in muscular vessels.

The most challenging issue in steering of magnetic drugs is that
the magnetic force is in proportion with the particle’s volume
while drag scales by its radius, thus we expect a lower particle
guidance rate for smaller nanoparticles. However, high guidance
rate had been shown both for in vitro and in vivo experiments
[4,19,31–33]. This was justified by aggregation of single particles
and formation of super particles [7]. The magnetic Richardson
number (the ratio of the magnetic force to the Stokes drag force
at the centerline of a blood vessel [34]) for super particles is much
higher than singles.

The optimization of coil specifications depends on the blood
vessel geometry held below the coil. For example, consider two
patients who have tumors in their breast and kidney. Their cardio-
vascular geometries between the drug injection point and the
tumor are different, but can be divided into the same Y-shaped
junctions with various geometries. Therefore, the coil must be
designed for the corresponding Y-junction or equally, an optimiza-
tion goal must be defined as a function of the vessel geometry. The
general geometry of Y-shaped junction which has been often con-
sidered in the literature enables us to model the injection-tumor
path by a few isolated junctions [8,25,35,36]. Fig. 1 depicts a sche-
matic model of this path.

In this paper, we suppose super particles with an effective
radius that is larger than single particles radius and predict the
required magnetic force under which particles are guided success-
fully. This includes particle tracing in Y-junctions with much
higher blood flow velocity relative to previous studies and can
cover the muscular arteries situation that received low attention
in magnetic drug targeting literature. We connect the required
magnetic force to the coil to map the required magnetic force to
the coil dimensions and specification. In addition, numerical simu-
lations have been performed in COMSOL environment (the com-
mercially available software using finite element method) to
distinguish the effects of structural parameters of the coil on the
spatial form of magnetic force applying to a reference particle in
an arbitrary muscular artery. The proposed algorithm can be used
flexibly for user defined vessels with different geometries. The pro-
posed setup based on this method is simple to use, easy to install
and efficient while covering many types of arteries and aortas.
2. Muscular vessel modeling

In this section we develop the physical model to find the
required magnetic force which would be used to design the coil.
In numerous studies, physical models were introduced in which
the dominant forces were the Stokes drag, magnetic, advection
Fig. 1. Schematic of magnetic nanoparticle (MNP) trajectory in the presence of
magnetic force for human muscular vessels. Isolated coils are placed outside the
patient’s body for nondestructive treatment.
and diffusion (Brownian and interaction of particles with blood
cells) [25,33,37–42]. In some previous works, it was shown that
the Brownian diffusion does not change the particle trajectory
unlike drag andmagnetic forces [15,43,44]. Our model uses magne-
tophoresis and drag forces to predict the particle trajectory, because
they are much stronger than other forces inside a muscular artery
[4,15,25,44]. This study focuses on particle tracing rather than its
absorption by thewalls, because the absorption stage occurs in cap-
illaries with lower blood flow after the targeting action.

The magnetophoretic force that can be derived by Maxwell
equations, is given by [45]

F
!
MP ¼ lf M

!
�r
!
H ð1Þ

where M
*

and lf indicate the effective magnetic moment of
spherical particles and fluid permeability, respectively. In the case

of saturation, M
*

would change to the saturated magnetic moment

(M
*

sat). Instead, while particles are not magnetically saturated, (1)
can be written as [45]

F
!
MP ¼ 2plf r

3
p

lp � lf

lp þ 2lf
r! H2 ð2Þ

where rp and lp are spherical particle radius and permeability,

respectively. The Clausius–Mossotti ratio ( lp�lf

lpþ2lf
) is near unity,

because of the high particle permeability relative to the blood.
Although the amplitude of H decreases in the deep vessels [46],
the spatial form of DC or extremely low frequency H does not
change while penetrating into the body because tissues are com-
prised of nonmagnetic materials.

As a result of symmetric stress tensor and being an isotropic
fluid, blood is considered a Newtonian fluid [47–49]. Also, this
assumption holds true in the blood vessels with a diameter larger
than 100 lm [50]. The Stokes drag force is derived from [45]

F
!
D ¼ 6pgrp ðv

!
f � v

!
pÞ ð3Þ

where g, v f , and vp are dynamic viscosity of blood (3 mPa�s),
fluid velocity (constant over time) and particle velocity (as a func-
tion of time), respectively.

In our Y-shaped junction model (depicted in Fig. 2) the main
vessel includes only the x component (We shall refer to the x and
z component of a vector throughout this work by the index of x
Fig. 2. Geometry of coil and blood vessel. All regions are nonmagnetic materials.



Fig. 3. Deriving normalized spatial form of magnetic force in 20 mm below the coil
and voltage supply of 1 V. (a): a typical coil without core. (b): effect of the proposed
core. Magnetophoretic force vectors are plotted in red and with the same scale
factors (c): the normalized magnetic force spatial form of a typical coil without core.
(d): the normalized magnetic force spatial form of the same coil with magnetic core
made from steel ST37.
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and z, respectively). Across the available targeting distance below
the coil (db), the vessel centerline has only the x component
(v f y ¼ v f z ¼ 0). We consider the slip boundary condition for mus-
cular vessel walls due to their uniform blood flow profile (v f x is
constant over z axis) [22,51].

According to Newton’s 2nd law of motion, the movement of the
particles is derived from

F
!

MP þ F
!

D ¼ mp
dv
!
p

dt
ð4Þ

where mp is the particle mass. By solving (4) for v
*

p we find

v
!

p ðtÞ ¼ v
!

f þ F
!

MP

6pgrp
� 1� exp �6pgrp

mp
t

� �� �
ð5Þ

On the x direction, we can assume a constant particle velocity
equal to blood velocity, because the magnetic force is much weaker
than drag. Therefore, the time taken by particles to move along the
distance db is

Dtx ¼ db

v f x

ð6Þ

To affect the impact of super particle formation which was seen
in previous in vivo and in vitro experiments [7], we replace rp (sin-
gle particle) with effective rc (cluster of particles). We have
assumed the clusters to be small enough to not block the blood
flow. As a physical interpretation, this would add the particle-
particle diffusion effect to the model. The term
sc ¼ mc=ð6pgrcÞ ¼ 2qpr

2
c =ð9gÞ indicates the time constant which

leads particles to move in the z direction (see Fig. 2). In z axis (5)
reduces to

vcz ðtÞ ffi
FMPz

6pgrc
� 1� exp � 9g

2qpr2c
t

 ! !
ð7Þ

If the cluster effective radius is large enough so that 5sc (the
time that the exponential term is approximately nonzero) would
be in the order of Dtx, the velocity change can be sensed and clus-
ters move with acceleration. Else, if 5sc � Dtx, the near-zero expo-
nential term leads to a constant velocity movement.

Thus, two types of movement can be seen in the z direction.
First, the constant velocity (vcz ¼ FMPz=6pgrc) for smaller clusters,
where the time it takes to raise clusters from down to top of the
vessel (the longest path for successive steering) can be calculated
by

Dtz ¼ dv=
FMPz

6pgrc

� �
ð8aÞ

Second, for the movement with a constant acceleration
(acz ¼ FMPz=mc) for larger clusters the raising time changes to

Dtz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2dv

FMPz=mc

s
ð8bÞ

For two movement types (8a) and (8b) concludes the required
magnetic force for steering

FMPz ¼
24Qgrc
dbdv

; ðnon-acceleratedÞ ð9aÞ

FMPz ¼
128Q2qpr

3
c

3pd2
bd

3
v

; ðacceleratedÞ ð9bÞ

where Q is the blood flow rate (Q ¼ pd2
vv f x=4). From (5) to (10)

a uniform spatial form for FMPz has been considered in the interval
of x from 0 to db. To compare produced magnetic forces, we divide
FMPz by rc
3 to get the normalized magnetic force denoted by index n

throughout this paper. COMSOL Multiphysics simulations show
the Gaussian spatial distribution of FMPnz versus x axis on the vessel
centerline for various coils, as shown in Fig. 3c for a typical coil.

As shown in Fig. 3, the produced FMPz is actually a Gaussian
function of observation point (x). The effective time in which a
cluster senses the magnetic force is shorter for Gaussian distribu-
tion relative to uniform. Thus, to compensate the difference
between the cluster movement under these two distributions
and equalize the cluster movement in the z direction, the required
force factor in uniform distribution is multiplied by the correction
factor (CF; a number larger than unity). We define a scalar param-
eter by integrating FMPnz over x axis in this interval. This is to
numerically compare the produced magnetic force by different
coils on a normalized cluster size. We define the scalar force factor
by

FIzn ðxÞ ¼ CF �
Z db

0

FMPz

r3c
dx ffi CF � FMPz �

db

r3c
ðN=m2Þ ð10Þ

where by multiplying the CF, the FMPz is assumed to have a uni-
form distribution over the x interval of 0 to db. This factor would be
used for optimization of the coil. We connect the magnetic force to
vessel geometry by this parameter. The model proposed here is
developed in MATLAB to calculate the particle trajectory. The CF
has been adjusted so that the cluster movements for both spatial
distributions match together. We find that this goal is reached
for various clusters and vessel geometries at the CF equal to 3.20.
Fig. 4 shows the particle tracing results for the proposed physical
model.
3. Design procedure of the setup and discussion

After the calculation of force factor in the previous section, here
we describe its realization. Our proposed setup consists of one
cylindrical coil with a magnetic core supplied by a DC voltage
source to control the cluster movement in the vessel under test.

Amir HajiAghajani
Highlight



Fig. 4. Trajectory of clusters with the effective radius of 10 mm while applying the
correction factor in a vessel diameter of 4 mm. Left column is the uniform
distribution of magnetic force while the right column is the Gaussian spatial form of
a typical coil. a, b: the z component of different normalized force distributions along
x axis. The x component of the magnetic force is much smaller than the z
component and is neglected. c, d: the x direction movement under the magnetic and
drag forces. e, f: equal z direction movements under different spatial distributions of
magnetic force.
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The structural parameters of the coil are the inner radius (rin), outer
radius (rout), differential radius (dr), height of the coil (hc), wire
diameter (dw), specific resistance of the wire (qcu), depth between
the coil and the centerline of the vessel (depth), voltage supply (VS),
number of turns of the coil (N), particle permeability (mp), blood
permeability (mf) and core dimensions. Geometric parameters of
the vessel include its diameter (dv) and the accessible distance
where the coil is placed above it (db) as shown in Fig. 2. Based on
the Biot-Savart formula [52], we conclude that the depth, supplying
voltage and the core effect have no mutual impact on the force fac-
tor. However, force factor is affected by dr, hc and dw mutually [15].
We find that the wire shield and air gaps add 60 mm to the wire
diameter. For a typical coil the number of turns can be approxi-
mated by

N ¼ dr

dw þ 60 lm

� �
� hc

dw þ 60 lm

� �
ð11Þ

This shows that coil dimensions determine the wire length,
which is in proportion to the total resistance. Conventional power
supplies are actually voltage sources; thus, the wire resistance
plays a key role in optimizing the consumed power of the coil.
The terminal resistance of the coil wire is derived from

Rcoil ¼ qCu
l

0:25pd2
w

ð12Þ

where qcu and l are the specific resistance of the copper and the
wire length, respectively. The total wire length is calculated using
the summation

l¼2p ðrinþðrinþdwÞþðrinþ2dwÞþ . . .þðrinþdrÞÞ�
�
hc
dw

�¼
¼ 2phc

dw

Pbdr=dwc
n¼0 rinþndw

	 

ffiN�2p rinþbdr=dwcdw

2

	 

ffiN�2p rinþdr

2

� �
ð13Þ

Consequently, the coil current would be calculated by the
Ohm’s law. Note that a cylindrical coil with current I is unequal
to a single loop with current NI, because a multiturn coil is com-
prised of N loops which are placed in different positions. The AC/
DC physics of COMSOL Multiphysics is used to simulate the effect
of structural parameters of the coil on the produced force factor. In
our simulation model, the cross section of the coil is divided into N
loops. The calculated total resistance by (12) with the use of (13)
has been considered for the coil. To steer particles successfully,
the setup must exert an equal or stronger force factor relative to
the required one described in the previous section. Here, the effects
of coil parameters are discussed.

3.1. Inner and outer radius (rin; rout)

Simulation of various coils shows that the force factor does not
vary much for rin from 15 to 20 mm due to spatial integration of
magnetic force according to (10). To reduce the complexity of
design procedure, we set rin = 17 mm for all coils.

The coil must be placed above the targeting region (db) so that
the outer radius would not exceed the distance db
2ðrin þ drÞ 6 db ð14Þ

Therefore, the spatial interval of the applying magnetic force is
confined from x = 0 to db.

3.2. Height of the coil (hc) and wire diameter (dw)

As dr has been determinedbefore, the effect of hc and dwwould be
selected together. The wire diameter makes a tradeoff between the
consumedpower and reaching to themaximum force factor. Accord-
ing to (11) for a unique cross section area of the coil (depicted in
Fig. 2) and voltage, reduction of dw consequences in increasing the
N and coil resistivity, and decreasing the sunk current (or vice
versa). Various combinations of coil dimensions and wire diameter
are simulated and results are shown in Fig. 5. It is shown that by
moving along the curve dr � hc = cte (specific cross section area),
the force factor stays approximately fixed. The interval of dr inwhich
the maximum force factor occurs is highlighted in Fig. 5.

This means hc and dr have a coupled effect on maximizing the
force factor and can be used to find the commensurate dw based
on the dr. Although the Ampere-turn grows by increasing dw, it is
impractical to use a very thick wire for small dr because it needs
a very high current source as its feed. In addition, magnetic force
simulations show this growth stops for dw > 0.7 (see Fig. 6);
because at this point, the effect of decreasing the number of turns
dominates the effect of low coil resistivity.

3.3. Distance from coil to vessel (depth)

The magnetic field intensity and thus the force factor drop by
increasing the distance from the coil to the vessel. Consider an
equivalent circular loop located in plane z = z0 with the radius of R.
Along its centerline (curve x = y = 0), the magnetic field on a vessel
placed on the curve y = z = 0 [53] and force factor can be written as

H ¼ IR2

2
1

ðR2 þ z20Þ
1:5 ð15aÞ

FIz /
@

@z
H2 / z0

ðR2 þ z20Þ
3 ð15bÞ

While this equivalent loop is placed in the center of the coil’s
cross section (or equivocally with the effective radius of R = rin + -
dr/2 in plane z0 = depth + hc/2) the COMSOL simulation matches to
(15b), (see Fig. 7).

To convert the produced force factor from the depth of 20 mm
(as shown in Fig. 3 and 5) to an arbitrary depth of h0, we use the
ratio of force factor in the new depth to the force factor in the
20 mm depth

FIz ðh0Þ¼FIz ð20 ½mm�Þ

� ðh0 þ hc
2 Þ

ððrin þ dr
2 Þ

2þðh0 þ hc
2 Þ

2Þ
3=

ð20 ½mm� þ hc
2 Þ

ðrin þ dr
2 Þ

2þ 20 ½mm� þ hc
2

� �2	 
3
ð16Þ



Fig. 5. Force factor versus dr and hc for various wire diameters in 20 mm below the coil and voltage supply of 1 V. dr intervals where the force factor reaches to its maximum is
highlighted by bold lines (a) for 11 < dr < 15, dw = 0.3 mm (b) for 15 < dr < 22, dw = 0.45 mm (c) for 22 < dr < 27, dw = 0.6 mm (d) for 27 < dr, dw = 0.75 mm. Various cross section
areas are plotted by the curves dr � hc = cte.

Fig. 6. Effect of wire diameter on the force factor for various cross section areas. It is
seen that the increase of force factor peak stops for dw greater than 0.7 mm,
therefore larger dw would not increase the force factor because of the reduced
number of turns in the coil. This figure is prepared for dr = 20 mm and shows the
stop point of dw (0.7 mm), which would change for a different dr.

Fig. 7. The effect of depth on the force factor by simulation for a cylindrical
multiturn coil (supplied by 1 V) and a theoretical equivalent single loop placed in
the center of the cross section of the coil.
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3.4. Steel core and terminal voltage of the coil (VS)

Regarding (2) and the vector factorizationr* H2 ¼ 2ðH
*

�r* ÞH
*

, the
magnetophoretic force is proportional with both magnetic field
intensity and its gradient. To compensate the limitation on H
intensity, a high gradient H is created by a magnetic core. It
strengthens the force factor, because the high permeability of the
core (mcore) decreases the magnetic resistance of the H path; also,
this high permeability contrast creates a high gradient H near the
core boundary. We insert a cylindrical core with the radius of
16 mm aligned with the bottom of the coil. To reduce the magnetic
resistance of the coil, we placed a disk geometry on top of the core.
In low voltage when the core is not saturated, we find from (2) that

FIz / lcoreV
2
S ð17Þ

Generally, mcore is a function of H and for a typical muscular ves-
sel, the required H is often strong enough to saturate the core. We
have used the permeability profile of commercial steel ST37 in the
simulations. It is seen that for different coil structures, regarding
the core saturation, a cylindrical core with a height equal to hc
and a disk with a radius equal to rout, creates the largest force factor
(4.9 times more than when no core is inserted). The spatial form of
magnetic force while using the core is depicted in Fig. 3b. Accord-
ing to (2) to calculate the required voltage supply we use

VS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FIz

required=FðVS¼1Þ
Iz

q
ð18Þ
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where Frequired
Iz has been calculated from (10) and FðVS¼1Þ

Iz is the
produced force factor up to this point by 1 V supply, with designed
dimensions, magnetic core and for the desired depth.

3.5. Design procedure flowchart

The design procedure of the proposed setup for magnetic drug
targeting in human muscular vessels is proposed as shown in
Fig. 8. The coil designed for common human muscular vessels by
this method, produces an H with much lower intensity than the
maximum tolerable amount of DC magnetic exposure under con-
trolled environment for the human body [30].
4. In-vitro validation

To validate the proposed physical model and setup, we use sil-
icone pipe with the inner diameter of 4 mm as well as a typical
muscular artery. Normal blood flow velocity in human muscular
arteries, ending to the kidney, head and liver are 0.55, 0.75 and
1.1 L/min, respectively [25,54]. Iron particles have been used for
in vitro and in vivo in previous experiments. The injected iron par-
ticles were reported to have no side effect in rats and human (up to
2.6 mg) [55,56]. Here we use iron particles with the permeability of
lp ffi 1000l0, average radius of 700 nm, measured by dynamic
light scattering and density of 7.028 g/cm3. Also, db is assumed
80 mm because it is close to the minimum distance between two
sequential blood vessel branches from a main muscular vessel
where is accessible for targeting action. The carrier solution is
made by dissolving 30% Wt. glycerol in water to make the blood
replacement solution with a dynamic viscosity close to blood in
the room temperature [57]. The cluster radius of 130 mm is mea-
sured while floating in the solution by small angle X-ray scattering.
A comparison between 5s and Dtx subject to (6) and (7) shows that
Table 1
Results of in vitro test for various depths and fluid flows. For this experiment 5s = 8.8 ms is
Selected flow rates are close to natural blood flow in human muscular arteries. The avera

Test # Depth (mm) Q (L/min)

1 10 0.857
2 10 1.034
3 10 1.111
4 10 1.154

5 15 0.857
6 15 1.034
7 15 1.111
8 15 1.154

9 20 0.857
10 20 1.034
11 20 1.111
12 20 1.154

Fig. 8. Design procedure flowchart.
clusters move along the z direction with acceleration; thus, using
(9b) and (10), the required force factor for the blood flowrate of
0.857 L min�1 is calculated 12,239 N/m2. Based on the designing
flowchart, by the use of Fig. 5, we find dr = 23 mm. For this range
of dr, we choose dw = 0.6 mm in where the maximum force factor
occurs at hc = 18 mm. By this combination, the initial produced
force factor with unit voltage and a depth of 20 mm is 22 N/m2.

We perform the test for depth of 10, 15 and 20 mm, thus based
on (16), the initial force factor multiplies by 3.31, 1.87 and 1 to
in the order of Dtx. Accordingly, particles move along the z direction with acceleration.
ge successful guidance percentage is 80.2%.

Dtx (s) Calculated & applied VS (V) SGP (%)

0.070 9.0 79.3
0.058 10.9 81.0
0.054 11.7 79.8
0.052 12.1 81.2

0.070 12.0 81.6
0.058 14.5 80.5
0.054 15.5 82.5
0.052 16.1 82.5

0.070 16.4 79.6
0.058 19.8 77.1
0.054 21.2 77.9
0.052 22.0 80.0

Fig. 9. Our in vitro test setup. Formation of particle clusters while applying a
magnetic field with a zero flow rate is seen. Appliances: A. controlled fluid pump. B.
The coil. C. Targeted branch. D. Particles inlet. E. Aluminum fixture. F. Plastic pipe
fixture. G. Untargeted branch. H. Core plastic fixture. I. Steel core.



Table 2
results of in vitro test while the applied voltages changed ±20% from the calculated
voltage. The SGP shows that the calculated voltage is at its optimum point.

Test # Depth (mm) Q (L/min) Dtx (s) Applied VS (V) SGP (%)

13 10 0.857 0.070 10.8 84.6
14 10 1.034 0.058 13.1 83.5
15 10 1.111 0.054 14.0 84.5
16 10 1.154 0.052 14.5 82.5

17 10 0.857 0.070 7.2 64.3
18 10 1.034 0.058 8.7 69.0
19 10 1.111 0.054 9.4 70.8
20 10 1.154 0.052 9.7 66.2
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reach 356.9, 201.1 and 107.8, respectively. The coil under test com-
prises of 930 turns of insulated wire with the measured terminal
resistance of 10.5 X and is fed by a DC voltage supply. Also, a DC
water pump and flow control valves are used to adjust the precise
flow rate (as listed in Table 1). The fluid flow in two targeted and
untargeted branches is kept equal. Pipes, the coil and its core are
fixed by nonmagnetic plastic fixtures. While performing the test,
the mixture of fluid and particles is kept homogeneous in the input
chamber of the pump.

After performing each test with different parameters, two sep-
arate mixtures of targeted and untargeted branches are accumu-
lated and dried. The mass of each sample is measured using an
electronic scale with the precision of 0.001 g. The test setup and
used materials are located in Fig. 9.

For each combination of parameters, a separate test is per-
formed. The voltage is applied to terminal of the coil with the pre-
cision of 0.1 V. We define the successful particle guidance (SPG) as
the mass fraction of steered particles to the sum of steered and
non-steered particles. The average SPG percentage for various
depths and fluid flows is 80.2% (as shown in Table 1).

To check the optimized voltage, tests no. 1 to 4 are repeated
with 20% fluctuation in voltage VS, and new SGPs are listed in
Table 2 (tests no. 13–16 and 17–20, respectively). Averagely by
raising the voltage, the SPG increases by 1.94%, which stays at an
approximately constant value; while for the fallen voltage, it
decreases by 14.26%. This demonstrates the optimized calculated
voltage in (10).

5. Conclusion

The physical model of magnetic drug delivery is simplified in
muscular vessels by neglecting the diffusive force and instead,
using an effective radius of particle clusters in computations. We
first proposed a method for calculation of required magnetic force
and second, the design algorithm of that force is put forward by
elaborating the mutual effect of coil specifications on the produced
magnetic force. This can be used to adjust coil dimensions to fit and
optimize it for the correspond vessel. Optimization means creating
the most effective magnetic force with a lower H intensity which
passes the maximum permissible magnetic exposure to the human
body. Coil dimensions and the wire diameter show mutual effects
on the created magnetic field which were discussed. There is a
tradeoff between the low ampere-turn and low terminal resistance
of the coil to reach the optimum power consuming coil. A magnetic
cylindrical core with a disk placed above it, improved the magnetic
force by 4.9X. Experimental in vitro test shows that nanoparticles
also are steered by coils supplied with low current sources while
they form super particles. The experimentally validation of opti-
mized results approved the slip boundary condition and the plug
flow profile considered for millimeter sized muscular vessels in
the proposed model. This method can generally be used for user
defined vessel geometries with high diameter and blood velocity.
Also, as low power voltage sources are easy to be afforded, this
method eases the use of magnetic drug delivery for local clinics.
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