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Abstract
A multi-physics model was developed to study the delivery of magnetic nanoparticles (MNPs) to
the stent-implanted region under an external magnetic field. The model is firstly validated by
experimental work in literature. Then, effects of external magnetic field strength, magnetic particle
size, and flow velocity on MNPs’ targeting and binding have been analyzed through a parametric
study. Two new dimensionless numbers were introduced to characterize relative effects of
Brownian motion (BM), magnetic force induced particle motion, and convective blood flow on
MNPs motion. It was found that larger magnetic field strength, bigger MNP size, and slower flow
velocity increase the capture efficiency of MNPs. The distribution of captured MNPs on the vessel
along axial and azimuthal directions was also discussed. Results showed that the MNPs density
decreased exponentially along axial direction after one-dose injection while it was uniform along
azimuthal direction in the whole stented region (averaged over all sections). For the beginning
section of the stented region, the density ratio distribution of captured MNPs along azimuthal
direction is center-symmetrical, corresponding to the center-symmetrical distribution of magnetic
force in that section. Two different generation mechanisms are revealed to form four main
attraction regions. These results could serve as guidelines to design a better magnetic drug
delivery system.
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Introduction
Magnetic nanoparticles (MNPs) have been widely used in many bio-medicine applications
such as drug delivery, drug releasing, and cancer diagnosis [1–5]. It is a promising technique
for curing diseases like cancer [2], local injury [6,7], or local cell proliferation [8]. By
applying an external magnetic field, the drug-carried MNPs can be targeted to the region of
interest to avoid full circulation in human body, reduce the curing time, and minimize
dosages and side effects. The technique of MNP targeting mainly consists of two parts:
loading drugs to MNPs and capturing them via an external magnetic field to a targeted
region. The latter is the focus of this paper.
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Experimental work on MNPs targeting has been carried out in research and clinic
applications. Various MNPs have been synthesized [9]. MNPs’ fabrication process, physical
principles of magnetic targeting, and obstacles to the clinical applications have been
summarized by Yigit et al. [2]. A few simulation works have also been carried out. Finite
element methods (FEMs) have been widely used to investigate the motion of NPs under
different physical conditions [10–14]. Wong et al. [15] applied FEM simulations of
magnetic particle inspection to analyze the magnetic field around a defect. Furlani et al. [16]
developed a FEM model to predict the capture of magnetic micro/nano-particles in a
bioseparation microsystem. Furlani [17] pointed out that FEM was typically used to
determine the magnetic field and force when studying particles transport.

Based on studies of previous researchers, the targeting method of MNPs still needs to be
improved due to its limited capture efficiency. Forbes et al. [18] proposed a novel approach
that used a magnetizable stent to achieve efficient targeted drug delivery. Two independent
sources of the magnetic field are exerted on MNPs to make them better captured on regions
of interest and also allow deep penetration within the subject: one is external high gradient
magnetic field to attract the magnetic drug carriers to the stent, the other one is the magnetic
field induced by the magnetized stent. This approach can not only improve the capture
efficiency of MNPs in the injury region of interest but also solve one of major problems
caused by stent-restenosis [19], because MNPs can constantly and quantitatively provide
anti-proliferative agents. It offers a new approach for restenosis treatment and MNPs
accumulation. Later, Polyak et al. [20], Chorny et al. [8,21–23] and other researchers [24]
carried out a series of studies to verify and improve this method. However, their work only
proved the feasibility of this approach. Quantitative analysis of magnetic drug delivery
system design combined with stents is still needed to obtain better capture efficiency of
MNPs. The goal of our work is to characterize the effects of external magnetic field, MNP
size, and flow velocity on the capturing of MNPs. Meanwhile, unveiling the mechanism of
how the magnetic force influences the capturing of MNPs can provide a better
understanding of targeted MNP delivery.

In this paper, a finite element model of MNP binding on stent is firstly developed and
verified by experimental results in Forbe's work [18]. Then, effects of external magnetic
field, MNP size and flow velocity on capturing of MNPs are discussed by using the
presented model. Two dimensionless numbers are introduced to characterize effects of these
three factors on MNPs transport. Lastly, a general case is built to study the specific
distribution of captured MNPs along the stented region. The mechanism of magnetic force
in localized regions is unveiled and it reveals that magnetic force can either attract MNPs
towards or repel MNPs away from the stented surface.

Methods
(1) Model description

The channel with a diameter of 3 mm [25] and a length of 20 mm is built to represent the
blood vessel. The Palmaz-Schatz type of stent [26–29] with a length of 15 mm is implanted
in the middle of channel, embedded into the channel wall tightly. The inner diameter of the
stent is 3 mm, same as the channel diameter; the outer diameter of stent is 3.2 mm.
Incompressible fluid flow and magnetic field are applied to the system. The whole problem
is solved using FEM approach. The mesh elements used in the work are tetrahedral with a
minimum element quality of 0.3278 for the whole domain. Finer meshes are applied in the
stent and other regions close to the stent. Moreover, four times of mesh elements have been
applied and differences within 2% are observed for both pressure and magnetic field. Thus,
this mesh setup can guarantee the correctness of our simulation results.
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(2) Flow field
The blood flow is considered to have a density of 1060 kg/m3 [30] and a dynamic viscosity
of 4×10−3 Pa·s [31]. The flow is assumed to be fully developed in the blood. For the
pressure at outlet, from Navier-stokes equations, only the pressure gradient influences the
velocity of fluid flow. Thus, as long as the pressure gradient is fixed, the outlet pressure can
be chosen as a reference pressure, which is expressed as 0 Pa in the model. Based on

 for a pipe flow, the analytical pressure gradient is specified as −355.6 Pa/m,
−711.1 Pa/m, −2133.3 Pa/m, −3555.6 Pa/m and −4977.8 Pa/m, which correspond to peak
flow velocity of 0.05 m/s, 0.1 m/s, 0.3 m/s, 0.5 m/s and 0.7 m/s (introduced in section (7)),
respectively. However, in our numerical model, the pressure gradient is not imposed and it is
a result of simulation which relies on the simulation accuracy. In order to verify that our
numerical model has a reliable simulation accuracy, the typical case of peak flow velocity of
0.1 m/s is considered. The exact analytical pressure gradient is −711.1 Pa/m, while the
computed pressure gradient is −705.0 Pa/m. With the difference of 0.86%, it is demonstrated
that the simulation results can well mimic the actual fluid field based on analytical solution.

The stent is tightly embedded into the artery wall so it doesn’t affect the flow velocity. The
flow in the channel is treated as Newtonian, incompressible, fully developed and steady. The
flow field is simulated by solving the Navier-Stokes equation:

(1)

(2)

where u is the fluid velocity in the fluid domain, ρ and μ are density and viscosity of the
fluid respectively, p is the hydraulic pressure in the fluid domain, and t stands for time.

(3) Magnetic field
A uniform external magnetic field is applied to the model in Z direction. A 6 mm×20 mm×6
mm box is created to represent the external environment of the vessel including human
tissues and air. It is challenging to take all components of human tissues, such as bone, fat,
muscle, etc., into account in magnetic field modeling. Thus, following others' approaches
[32–34], the intra-tissue permeability differences are not considered and all tissues are
treated as water. The relative permeability of water is 0.999992, which is close to 1.0000004
for air. The material of stent is 304 grade stainless steel with a relative permeability of 1.8
[22]. Uniform magnetic flux density in Z direction is applied to the system. The four faces
of the box in X and Y direction are set as magnetic insulation for an ideal uniform magnetic
field. The magnetic field distribution is simulated by solving the magnetostatics equation, a
special case of Maxwell’s equations:

(3)

Where μ0 is the permeability constant with a value of −4π×10−7 H·m−1, μr is the relative
permeability of medium, and Vm is the magnetic potential.

(4) Mathematical model for MNPs
A multi-physics model is developed to study the transport of MNPs to the targeted stented
region in the magnetic field. The motion of MNP is dominated by the magnetic force, fluid
drag force and thermal kinetic force induced by Brownian motion (BM). These forces are
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typically in the order of 10−1 or a few pN. However, inertia force, gravitational force and
buoyancy force are neglected due to their small magnitude (typically in the order of 10−4

pN) compared to dominant forces listed above [35–39]. Other factors such as cell-particle
and particle-particle interaction forces will make our model complex and they are also
computationally too expensive to be included in our large scale stent model [40]. These
factors are studied in our previous work [40,41] about nanoparticle delivery in
microcirculation, but are not considered in this paper. A uniform external magnetic field is
applied in 3D model, while both MNPs and the implanted stent are paramagnetic. One dose
of MNPs is injected into the artery and trajectories of MNPs are described by the following
governing equation:

(4)

where FMNP is the magnetic force applied on the MNP, Ff the fluid drag force and FB the
force due to BM. mMNP and u̇MNP are the mass and velocity of MNPs, respectively. Details
about how to consider these three forces in eq. (4) are introduced as follows.

The fluid drag force is calculated using Stokes' approximation for a spherical particle in
laminar flow [42]:

(5)

where Cd = 6πμrMNP is the drag coefficient, where rMNP is the radius of the MNPs.

Displacement induced by BM is directly calculated using traditional diffusion theory
expressed as:

(6)

where 〈 〉 means the time average, r is the position vector of MNPs, D for the diffusion

coefficient which is formulated as , where k and T are Boltzmann constant and
temperature, respectively.

A mathematic model is developed to describe the magnetic characteristics of MNPs and the
magnetic field which is the superposition of applied external uniform magnetic field and
non-uniform field induced by the magnetized stent. Here MNP is treated as an equivalent
magnetic point dipole through an effective dipole moment approach [43]. For a
paramagnetic sphere, the magnetic moment m of the point dipole is aligned with the external
magnetic field:

(7)

where H is the total magnetic field strength applied on the center of MNP, V is the volume
of the MNP, DMNP is the demagnetization coefficient (DMNP = 1/3 for a sphere), χMNP and
μMNP are the susceptibility and permeability of MNPs respectively with a relationship of
χMNP = μMNP

−1.

The magnetic force is calculated as: FMNP = (m•∇) B = μ0 (m•∇) H [44]. The formula of
the magnetic force is expanded to calculate the component of magnetic force in i direction,
where i could be x, y or z:
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(8)

Where mx, my and mz are the components of magnetic moments in x, y and z direction
respectively. Hi is the component of magnetic field in i direction. Accordingly, the velocity
component in i direction induced by magnetic force is calculated based on Stokes' law as:

(9)

(5) Model validation with experimental results
To further verify this model, simulated results are compared with experimental data reported
in Ref. [18]. In Forbe's experimental work [18], capture efficiency on stents, which is
defined as the ratio between the amount of captured MNPs in the stented region and overall
MNPs released, with different relative permeability is presented. In our numerical model,
MNPs with a distance to the stent smaller than their radius are treated to be captured.
Validation of our current numerical model is performed by comparing our numerical results
with the experimental results. Details of the numerical model are provided as follows. The
whole setup of the system is the same as the one shown in Fig. 1. A few minor changes are
made to make numerical simulation consistent with experimental work. Specifically, the
stent used in [18] is 5 mm in diameter and 20 mm in length. The blood vessel embedded
with stent is also extended correspondingly. The diameter of the wire is 150 µm. The
external uniform magnetic field is set as 0.05 T. The peak flow velocity at inlet is set as 0.2
m/s, which is a typical value for artery [10]. Diameter and susceptibility for MNPs are set as
350 nm and 1 (in the order of ~1–2), respectively. Material of the stent is 304 grade stainless
steel with relative permeability of 1.80, 6.94 and 10.44, which correspond to different
thicknesses of plated magnetic material.

Based on our numerical model setup proposed above, transport of MNPs is determined and
results on capture efficiency in different cases are obtained. Comparison between numerical
and experimental results is shown in Fig. 2. Results show that the capture efficiency on
stents of various relative permeability is consistent between numerical and experimental
cases, although difference in absolute values exists. These differences could be due to
several reasons. Firstly, the experimental work considered an in vivo test, where MNPs can
also be captured on non-targeted regions, thus decreasing the amount of MNPs entering the
stented blood vessel. The resulting capture efficiency in experiments becomes smaller.
Secondly, other factors such as blood cells, non-uniform vessel geometry, and pulsatile
blood flow may also contribute to this difference. With that, the rate of change for capture
efficiency in terms of relative permeability is also calculated for both numerical and
experimental models to demonstrate the validation of our model. Cases of μr equal to 6.94
and 10.44 are considered with the case of μr=1.8 as the reference. As shown in the inset of
Fig. 2, the rate of change for capture efficiency agrees very well between the modeling
results and experimental results. Thus, the model provides insights on how relative
permeability of stent influences the capture efficiency qualitatively.

(6) Initial settings of MNPs
According to Ref. [8], if the distance between the wall and MNP is bigger than 50 um, the
influence of the local high gradient magnetic field induced by the stent on MNPs can be
ignored. Thus, all MNPs are released in the vicinity of stent surface with an initial distance
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of smaller than 50 um. In each case, 824 MNPs, with a same surface concentration of 1.8 ×
1010/m2 reported in Ref. [45], are released at the inlet and transported within the blood flow
under effects of magnetic force, drag force and Brownian motion. The magnetic
susceptibility of MNPs is 0.27 [8].

(7) Selection of parameters
The magnetic field strength is selected as 0 T, 0.01 T, 0.5 T, 2 T, 6 T and 8 T within the
FDA suggested range [46]. Based on the organ filtration mechanism, particles bigger than
200 nm are readily filtered by liver and spleen while those smaller than 10 nm are easily
cleared by the kidney or through extravasations during the blood circulation [47,48]. So the
radius of MNPs is chosen as 25 nm, 50 nm, 100 nm and 150 nm. A case of 500 nm is also
added for the comparison purpose. Peak velocity of the inlet parabolic flow is chosen as 0.05
m/s, 0.1 m/s, 0.3 m/s, 0.5 m/s and 0.7 m/s [10], with corresponding shear rate of 67 /s, 133 /

s, 400 /s, 667 /s and 933 /s, respectively (based on the formula , where uave is the
average blood flow and d is the diameter of the blood vessel).

Two dimensionless numbers βm and Pem are created to evaluate relative effects of BM,
magnetic force induced particle motion and convective blood flow. βm measures the ratio of
the time for particles to reach the wall by diffusion to that by magnetic force.

(10)

where dc is the capture distance, which is chosen to be 50 um as mentioned above, D is the
diffusion coefficient, and um is the magnetic field induced velocity in the normal direction of
the stent surface. βm>>1 indicates that the capture process of MNPs is magnetic force
dominated. βm<<1 indicates that the capture process of MNPs is diffusion dominated.

Meanwhile, Pem is a modified Peclet number characterizing the ratio between MNP radial
traveling time toward the wall and the convection time in the channel. It evaluates whether
the flushing effect or capturing effect is dominant in the particle delivery.

(11)

where U is the characteristic convection velocity in the region away from the wall with a
distance of dc, and L is the characteristic length and chosen as the length of stent in this case.

Pem can also be expressed by another dimensionless number Reynolds number Re as:

(12)

where  and d is the diameter of the vessel. Among the three factors (magnetic
field strength, diameter of the MNPs and fluid velocity) studied in this work, Re is only
influenced by flow velocity. Since fluid velocity effect is already considered in Pem, a
separate discussion on Re is not provided.
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After the release, particles are transported in the channel under effects of external magnetic
field, high gradient magnetic field induced by the stent, flow drag force, and BM. When
distances between MNPs and the artery wall are smaller than MNPs’ radius, they are treated
to be captured by the stented region.

Results and Discussion
In consideration of the case of the flow rate as 0.7 m/s and the magnetic flux density as 2 T,
the simulation results of velocity in the channel and the system’s magnetic flux density are
shown in Fig. 3.

The capture efficiency of MNPs α is defined as the fraction of captured MNPs over those
injected from the inlet. In the following session, the effects of magnetic field, MNP size and
flow velocity on capture efficiency are studied. βm and Pem are analyzed to evaluate the
relative dominant effect of MNPs motion in each case. The distribution of captured MNPs is
studied along axial and azimuthal directions.

Fig. 4(a) shows the capture efficiency under various magnetic fields. The flow velocity is set
as 0.1 m/s and the radius of particles is 100 nm. The magnetic field strength is set as 0 T at
first to prove the feasibility and high efficiency of capture of MNPs under magnetic field.
The capture efficiency without magnetic field is 6% while it reaches 79% under the
magnetic field strength of 6 T. Furthermore, in the range of weak magnetic fields, namely
from 0.01 T to 2 T, the capture efficiency increases rapidly with magnetic field, reaching
58% under magnetic field strength of 2 T. Capture efficiency reaches a saturation value of
80% when magnetic field reaches 8 T. The saturation is also observed by other researchers
[45]. The enhancement of capture efficiency induced by magnetic fields can be explained
through Fig. 4(b). βm increases with larger magnetic field strength, indicating a more
significant impact of magnetic force on MNPs motion with larger magnetic field strength.
More MNPs are attracted to the wall and the capture efficiency increases correspondingly
under a higher magnetic field strength. As for Pem, it decreases with increasing magnetic
fields, leading to a faster capturing process because the enhanced magnetic force pulls
MNPs towards the stented region faster.

The effects of particle size on the capture efficiency are shown in Fig. 5(a). The capture
efficiency increases with increased particle size. In this case βm is always larger than 1 as
shown in Fig. 5(b), which means this process is always magnetic force dominated. From Eq.
(7)–(10), magnetic force and βm are proportional to r3 which verifies that βm increases with
the particle size. Referring to Eq. (9), um is proportional to r2. As a result, with r increasing,
the transport time to the wall decreases as the velocity component induced by magnetic
force increases. Meanwhile, the increase of um with particle size leads to a decrease of Pem.
The decreasing trend of Pem indicates that MNPs tend to be pulled to the stent surface,
resulting in an increased capture efficiency.

Fig. 6(a) shows the trend of capture efficiency under various flow velocities. It demonstrates
that the capture efficiency decreases as the flow velocity increases, since higher flow
velocity gives MNPs less time to enter the captured region and a higher chance to be flushed
away. Fig. 6(b) indicates that βm is not a function of flow velocity based on Eq. (10). As for
Pem, it increases because the convection time of MNPs decreases due to the increased flow
velocity. In other words, more MNPs are flushed away, resulting in a decreased capture
efficiency.

To study the distribution of captured MNPs in axial and azimuthal direction, a general case
is studied with the parameters of B = 1 T, r = 100 nm, u = 0.1 m/s. The distribution of
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captured MNPs in the whole stented region is shown in Fig. 7, while the distribution of
MNPs and the magnetic force distribution in the beginning section of the stent section are
displayed in Fig. 8.

As shown in Fig. 7(a), the number of captured MNPs along the axial direction decreases
exponentially because only one dose of MNPs are injected into the model, resulting in
decreased free particle concentration along the vessel. However, the distribution of MNPs
along the azimuthal direction in the whole stented region is uniform (averaged over all
sections), which can be explained by the uniform distribution of the stent structure and
average magnetic force along the azimuthal direction.

As shown in Fig. 8(b), the distribution of captured MNPs in azimuthal direction is center-
symmetrical in the beginning section of the stented region, while they are uniformly
distributed for the whole stented region, as shown in Fig. 7(d). This center-symmetrical
distribution of captured MNPs is corresponding to the center-symmetrical distribution of
magnetic force, as shown in Fig. 8(a). In this case, βm = 2.12×103 implies that this is a
magnetic force dominated case. Magnetic force can act as either attraction or repulsion for
MNPs, which depends on whether its radial direction component points to the stent surface
or points to the channel center. If the radial direction component of magnetic force points to
the stent surface, the magnetic force acts as an attraction; if it points to the channel center,
the magnetic force acts as the repulsion respectively. From Fig. 8(b), 60% of captured MNPs
are concentrated in four main attraction regions named as ①–④, and much less MNPs are
captured in other regions. The generation mechanisms of these attraction regions are
different. For region ① & ③ which are located between two stent struts, the local magnetic
force is small, but the magnetic forces in the nearby vicinity are large and they act as
repulsive forces. When particles are in the vicinity of these two regions, they are pushed into
and captured in these two regions. In another word, the attraction region ① & ③ are formed
indirectly by the repulsion of MNPs from nearby stent struts. On the other hand, the
attraction region ② & ④ which are located on stent struts, are directly formed by the
attraction of stent struts there. For region ② & ④, the accumulative local magnetic force
acts as attractions even though both attractive and repulsive forces exist in each region.
Thus, particles are attracted to these two attraction regions directly by magnetic force in
these two regions.

Conclusion
A multi-physics computational model is developed and validated by experimental work in
literature [18]. Then, effects of magnetic field, particle size and flow velocity on the capture
efficiency of MNPs in the stented region are studied. The implanted paramagnetic stent
generates large local magnetic force on the MNPs under the external magnetic field. The
feasibility of this approach is validated by comparing capture efficiency of MNPs without
magnetic field and that with magnetic field strength of 6 T. A parametric study was
performed on the capture efficiency of MNPs. It is concluded that that larger magnetic field
strength, bigger MNPs, and slower flow velocity enhance the MNPs capture efficiency. The
magnetic force might either attract MNPs toward or repel MNPs away from the stent
surface, depending on whether its force component in radial direction points to the stent
surface or to the channel center. In addition, MNPs density decreases exponentially along
the axial direction after one-dose injection while the distribution of captured MNPs along
azimuthal direction is uniform in the whole stented region. A center-symmetrical
distribution of captured MNPs is observed at beginning cross-section of the stent, with
MNPs concentrated in four main attraction regions. Two generation mechanisms of
attraction regions are revealed and explained by the distribution profile of magnetic force.
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Such non-uniform MNPs distribution might be improved through the design of stent and the
way magnetic field is applied, i.e., the application of a rotation magnetic field.

In the current model, an ideal velocity field in a circular blood vessel is used, while the
influence of the deformed vessel caused by the expansion of stent is neglected. In the future,
blood flow velocity in a more realistic stented vessel will be considered to provide more
accurate predictions for nanoparticle delivery in stented region under clinical setup.
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Fig. 1.
Setup of the system: a Palmaz-Schatz type of stent is embedded in a blood vessel. A uniform
magnetic field along Z direction is applied in the system. MNPs are released from the inlet.
The size unit is millimeter.
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Fig. 2.
Capture efficiency for stents of various relative permeability, with u=0.2 m/s and r=350 nm.
The inset shows the normalized capture efficiency, which is defined as ratio of capture
efficiency to that in the reference case of μr=1.8. Solid line represents experimental results
in Forbe's work and dashed line represents numerical results. Error bars stand for standard
error.

Wang et al. Page 13

Comput Mech. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
(a) Flow velocity distribution across the channel. The flow velocity ranges from 0 m/s to 0.7
m/s as indicated by the color bar; (b) Cross section view of flow velocity; (c) Magnetic flux
density distribution across the system. The magnetic flux density ranges from 1.4 T to 3.04
T as shown in the color bar; (d) Cross section view of magnetic field
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Fig. 4.
(a) Capture efficiency under various magnetic fields, with u=0.1 m/s and r=100 nm. The
inset magnifies the results under the magnetic field of 0 T and 0.01 T; (b) βm and Pem in
terms of magnetic fields under the same situation as (a)

Wang et al. Page 15

Comput Mech. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
(a) Capture efficiency of particle of various sizes, with u=0.1 m/s and B=1 T; (b) βm and
Pem in terms of particle sizes under the same situation as (a)
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Fig. 6.
(a) Capture efficiency under various flow velocities, with r=100 nm and B=1 T; (b) βm and
Pem in terms of flow velocities under the same situation as (a)
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Fig. 7.
(a) Distribution of captured MNPs (dots in the figure) in the vessel (only MNPs and stents
are shown). The capture ratio decreases from inlet (left) to outlet (right). (b) Cross section
view of the distribution of captured MNPs. (c) Normalized capture ratio of MNPs along the
axial direction. The inset shows the stented region is divided into 10 equal regions in the
axial direction, numbering from 1 to 10. (d) Normalized capture ratio of MNPs along
azimuthal direction. The inset shows the cross-section region is also divided into 10 equal
sections along azimuthal direction.
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Fig. 8.
(a) Magnetic force distribution in the beginning section of the stented region. Arrows show
the magnitude and direction of the magnetic force near the inner channel surface. (b) Ratio
distribution of captured MNPs in the azimuthal direction. The blue bold dashed line
illustrates the normalized value of capture ratio of MNPs in the section of stented regions.
The circular dashed line marks zero ratio of captured MNPs. The stent struts are
corresponded in two views using dot-dash lines. In order to make the figure more concise,
the stent is plotted partially.
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