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1. Introduction

With developing an effective chemotherapeutic drug to kill can-
cer cells, drug delivery technology for cancer treatment has
attracted tremendous effort over the past few decades.[1–4]

There are two main aspects to be addressed for effective drug
delivery, including maximizing the access rate to a tumor at a
specific site and minimizing the harmfulness to healthy
cells while killing cancer cells.[5] Drug delivery route to be

administered to our body can be selected
according to the type and location of cancer
and the type of drug, such as oral, injection,
and transdermal delivery.[6] The success of
drug delivery can be shown by internaliz-
ing chemotherapeutic agents in cancer
cells and evoking a biological response
instead of being removed by the clearance
system.[7] There are two distinct pathways
to internalize the agents in the cancer cell.
The first method is defined as passive tar-
geting or conventional chemotherapy in
which nanocarriers (sizes <100 nm) pas-
sively follow the vascular flow after admin-
istration into the body. It may incur that the
nanocarriers leak into surrounding blood
vessels near the cancer site. Thus, this
method arises a severe adverse effect on
healthy tissues since these chemotherapeu-
tic agents cannot differentiate between nor-
mal cells and tumor cells. The second one

is called receptor-mediated active targeting, which conjugates a
target moiety with them to preferentially accumulate the drug at
the tumor site. Active targeting is usually associated with a type of
tumor, and therefore with a specific targeting moiety. These moi-
eties can be chemically conjugated or physically attached to the
surface of nanocarriers.[5] However, it is still an open challenge
to further increase the therapeutic yield of the active targeting
method by improving the accessing rate to the site-specific
tumor.
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Navigation of microcarriers in complex environments as a vascular network
remains an open challenge due to limited solutions for effective targeting
strategy. Simultaneous real-time visualization and manipulation of microcarriers
at any depth in the human body is far to be achieved even though one of each task
has been successfully proven. Herein, a novel targeting strategy is proposed that
employs field-free region (FFR) scanning to guide microcarriers through multiple
bifurcations within a predefined vessel network. The main challenge of this
method lies on how, where, and when to activate FFR to steer a particle to a
desired direction, regardless of its spatial feedback. To achieve it, first, a
mathematical model of particle motion in a vessel network is developed to predict
particle behaviors and positions. Subsequently, an optimization algorithm is
formulated to place FFR well-coordinated around each bifurcation at a designated
moment. The established solution for targeting a magnetic microcarrier is pre-
emptively evaluated through finite element simulations and then successfully
implemented in in vitro multibranched vessels.
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Magnetic fieldmanipulation for untetheredmicro-/nanoobjects
has been applied as one of the possible solutions to cope with
aforementioned challenges by directly delivering a magnetic
microcarrier (MC) from the injection point to the desired loca-
tion.[8] One of the most straightforward attempts implemented
is a directional control of magnetic force, which shows nanocar-
rier’s selective motion at a bifurcation of a blood vessel.[9,10] In
this approach, to create the directional magnetic force, a single
permanent magnet can be placed next to the desired direction of
the bifurcation.[11–15] A multicoil platform can also be used to
generate a directional magnetic force at the bifurcation located
inside of its workspace.[16–25] This is not quite an efficient way
to directly deliver the particle to the target area in aspect of real-
istic scenarios since the particle has to selectively pass through
multiple bifurcations before approaching the targeted region.
Modern catheterization may help to reduce the complexity of
the task by minimizing the distance between the injection point
and the targeted region. However, it is also challenging in the
catheter’s size limitation (where the catheter cannot access a
blood vessel less than twice of its size) and the complexity of cath-
eter guidance into a deep and complex vascular matrix.[26,27]

Additionally, despite the catheter use, the carriers need to be con-
trolled to pass at least two more branches before approaching the
target,[28] and some of the primary parameters, including the ves-
sel’s geometric information, blood flow velocities, and particle
specifications, need to be acquired in advance to guide the car-
riers through multiple branches at high access rate.

There are several efforts performed onmultibifurcation target-
ing by placing multiple soft ferromagnetic balls inside the mag-
netic resonance imaging (MRI) system,[8,29] where the position of
each magnetic ball is optimized based on the aforementioned
primary conditions, desired magnetic force amplitude, and ori-
entation at each bifurcation. This method can successfully deliver
MC to a targeted branch in a 3D plastic channel regardless of
their current positions. This, however, states a problem in prac-
tical trials since the distance between each bifurcation in the

vessel is relatively close (e.g., human hepatic artery), which
may reach interference constraints between the cores.[8] It also
requires precise and stable fixation parts of those magnetic balls
to match designed positions and avoid strong interaction force
between them. Another effort used an interesting alternative
magnetic field generated by two electromagnetic coils to selec-
tively pull MC through multiple bifurcation channels using mag-
netic gradient field. The magnetic force acted on MC to keep
them in a safe zone (i.e., an area in front of the bifurcation and
on the side where MC was designated to move next). This
method was simulated using the finite element (FE) method with
different flow rates.[30] This method required real-time MC posi-
tion feedback to successfully deliver MC to a targeted area in
practical, which currently is a big challenge to be achieved.
Even though the most promising imaging technique developed
recently for tracking MC inside human body, called magnetic
particle imaging (MPI), has relative high sensitivity, high spatial
resolution, and high temporal resolution (46 frame/s).[31–34]

However, it still cannot be performed simultaneously 3D locali-
zation and manipulation of MC. Since the principle of MPI is
based on the magnetic response of MC induced by excitation
field in a controllable field-free region (FFR) generated by driving
coils,[35] while MC movement is controlled by magnetic field or
gradient field generated by electromagnetic coils. Therefore,
most of the efforts with MPI scanners employed a way to sequen-
tially switch between localization and actuation modes with a lim-
ited number of controllable degee of freedom (DOF), 1D.[36]

Furthermore, some interesting studies were implemented to
simultaneously demonstrate actuation and imaging by modify-
ing FFR scanning trajectory and using it as motion control of
MC.[37,38] Nevertheless, none of the currently available targeting
schemes satisfy all the requirements for clinical usage.

To tackle the aforementioned challenges, this article proposes
a novel targeting scheme utilizing FFR scanning methodology
(as depicted in Figure 1), and thus the contributions of this study
can be succinctly outlined as follows: 1) FFR-based MC targeting

Figure 1. Schematic diagram of the targeting strategy for magnetic nanocarriers by FFR scanning in the complex human liver hepatic arteries with
multiple bifurcations: 1) The blood flow acts to push the particle along the blood vessel; 2) at each bifurcation, the particle is steered by sufficient
magnetic force induced from generated FFR; and 3) FFRs are scanned along the blood vessel with optimal position and shooting time.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2024, 6, 2300700 2300700 (2 of 13) © 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300700 by D

aegu G
yeongbuk Institute O

f, W
iley O

nline L
ibrary on [25/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


strategy: it provides the inaugural methodology of FFR applica-
tion as a navigation mechanism to actively and effectively guide
MCs in intricate vascular networks; 2) Targetable FFR generation
methodology: a model-based FFR generation design, for field
map, location, and timing prediction, is created to achieve high
targeting performance against multiple bifurcations regardless
of the particle position feedback from medical imaging devices,
such as X-Ray or ultrasound; and 3) Targeting performance vali-
dation: the efficacy of the proposed method is substantiated via
the dual lenses of FE simulation validation and in-vitro experi-
mental analysis, lending empirical evidence to its effectiveness.

Finally, to evaluate and verify the proposed method, this work
mainly utilized an ennead electromagnetic actuation system
(EnEMAs) developed in our previous work.[39,40]

2. Results

2.1. Targeting Strategy for Particle Control in Multibifurcation
Vascular Network

The proposed targeting scheme uses the FFR scanning along
desired waypoints to steer MC at each bifurcation point to reach
a targeted vessel branch. Where the FFR scanning waypoints and
scanning time will be optimized using the model-based method.
In this section, a precise FFR generation approach, FFR scanning
strategy, and the optimized FFR scanning parameters will be
presented.

2.1.1. Dynamic Model of the Particle in Vessel

In this work, when the external magnetic field is applied, the
dynamic equation of a magnetic particle in the blood vessel
(as shown in Figure 2) can be expressed as follows

mẍ ¼ Fmag þ Fdrag (1)

where,m, x, Fmag and Fdrag are the mass of the magnetic particle,
the position of the magnetic particle, the magnetic force due to
the external magnetic field, B and the fluidic drag force exerted
on the magnetic particle by the surrounding flow, respectively.
The external forces acting on the magnetic particle can be

expressed in detail as follows. First, the magnetic force, Fmag

can be defined as

Fmag ¼ VðMðBÞ ⋅ ∇ÞB ¼ V MðBÞ B
kBk ⋅ ∇

� �
B (2)

where V and M are the magnetic particle volume and magnetic
moment vector, respectively. Especially, the magnetization of the
magnetic particle is depending on the external magnetic field.
Therefore, Equation (2) can be rewritten as

Fmag ¼ V MsatLðαkBkÞ
B
kBk ⋅ ∇

� �
B (3)

whereMsat and α are the saturation magnetization and Langevin
slope parameter of the magnetic particle, respectively. In this arti-
cle, the nonlinear magnetization characteristic of the magnetic
particle was approximated by utilizing the Langevin function.
LðyÞ ¼ cothðyÞ � y�1 Here, the value of α that determines the
magnetization of the magnetic particle by the external magnetic
field B can be extracted from the hysteresis loop of the magnetic
particle by fitting the Langevin function on the data. Second, the
fluidic drag force can be roughly defined as

Fdrag ¼ 3πμfluiddpðvfluid � x
: Þ (4)

where, μfluid, dp and vfluid denote the dynamic viscosity of the fluid
surrounding the magnetic particle, the diameter of the spherical
magnetic particle, and the flow velocity around the magnetic par-
ticle, respectively. In this article, since the Reynolds number
experienced by a magnetic particle in the blood vessel flow
can be assumed to be less than 1, it is regarded as resisting
the Stokes drag force, which is the fluid drag force. The blood
flow in the vessel is a non-Newtonian fluid, meaning that shear
stress is not proportional to shear rate. That is, the viscosity is not
constant throughout the entire bloodstream. However, in the
experimental validation, deionized (DI) water was used for visi-
bility of magnetic particle motion, so a Newtonian fluid with a
constant viscosity of 0.001 Pa⋅s was adopted in the numerical
fluid dynamics simulation.

Let us consider the dynamic equation of the particle in blood
vessel where the magnetic force will be considered as a control
variable for later section. From Equation (1)–(4), it is given as

Figure 2. Schematic diagram of hydrodynamics of a magnetic particle in a blood vessel under laminar flow. The magnetic force induced from generated
FFR steers the magnetic particle to a desired path at a specific bifurcation. The size of the particle (colored purple) is illustrated with the same size shown
in the actual experimental results.
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mẍþ 3πμfluiddpx
: ¼ Fmag þ 3πμfluiddpvfluid (5)

Applying Laplace transformation to Equation (5), it is repre-
sented as

m s2X � sxð0Þ � x
: ð0ÞÞ þ 3πμfluiddpðsX � x 0ð Þ� �

¼ 1
s

Fmag þ 3πμfluiddpvfluid
� � (6)

Given that at each sampling time ti, xð0Þ ¼ 0, x
: ð0Þ ¼ v0

Equation (6) can be rewritten as

ðms2 þ 3πμfluiddpsÞX ¼ 1
s
ðFmag þ 3πμfluiddpvfluidÞ þmv0 (7)

⇔X ¼ Fmag þ 3πμfluiddpvfluid þmv0s

ms2 sþ 3πμfluiddp
m

� � (8)

Let us set, Fmagþ3πμfluiddpvfuid
m ¼ L 3πμfluiddp

m ¼ K and substitute them
into Equation (8) as

X ¼ v0sþ L
s2ðsþ KÞ ¼

A
s2
þ B

s
þ C
sþ K

� 	
(9)

Equalizing the left- and the right-hand side of the numerator
of Equation (9) as

ðBþ CÞ ¼ 0
Aþ BK ¼ v0
AK ¼ L

8<
: ⇒

A ¼ L
K

B ¼ ðv0K � LÞ
K2

C ¼ ðL� v0KÞ
K2

8>>>>>><
>>>>>>:

(10)

The transformation of the particle traveling in the blood vessel
under resultant force can be expressed in Laplace form by substi-
tuting Equation (10) into (9) as

X ¼ L
K

1
s2
þ v0K � L

K2
1
s
� 1
sþ K


 �
(11)

Then, the particle position and traveling velocity at ti can be
obtained as

xðtÞ ¼ L
K
tþ v0K � L

K2 f1� e�Ktg (12)

xðtÞ ¼ L=K þ ðv0K � LÞ=Ke�Kt (13)

2.1.2. FFR Scanning Strategy

In general, to guide the magnetic particles through the multiple
consecutive bifurcations, a sufficient magnetic force is required
at each bifurcation to steer the particle toward a desired path. In
this article, a targeting scheme creates a set of magnetic forces to
steer the MCs from before entering to passing the bifurcation
using FFR, defined as optimal FFR positions inside the boundary
of the system workspace. The following addresses the optimal
FFR positioning and timing problem for targeting the MCs.

Let us first consider the blood vessel channel used through-
out this work (as shown in Figure 3). This is a simplified version

of the most common human hepatic artery including one inlet
and six outlets where all of the parameters of this channel
are predefined.[41] Along a desired path, the quantity of FFR
required to be created per each cycle is determined according
to the number of bifurcation that MCs have to pass, nBF, which
varies from two to three bifurcations. Hereinafter, the affective
region where MCs need to be controlled by the magnetic force
at each bifurcation is also called as FFR control region (FCR),
i.e., starting and ending of this region limited by a distance Ri

away from the ith bifurcation, ½ai, bi� ∈ ℝ3 marked in light-
purple region, as shown in Figure 3. The distance Ri is defined
as the radius of the vessel at ith bifurcation. This distance was
selected to provide sufficient space and time for the MCs to
access the safe region under sufficient force, even in the
worst-case scenario that MCs stay close to the vessel wall oppo-
site to next desired direction. The safe region (marked as red
dashed region, as shown in Figure 3) is located around the
bifurcation in the same direction with the next desired direction
and bounded by the vessel central line and vessel wall, in which
MCs can be correctly steered to the desired direction regardless
magnetic force control. The remaining domains of the vessel
channel are called free region (green areas in Figure 3).
In the free region, the MCs are traveled freely by fluidic flow
without magnetic force applied. Considering the equivalence
condition of MCs motion in this case (i.e., just drag force
remains), the particle velocity, x

: ðtÞ will equal to flow speed,
vfluidðtÞ From here, the time gap of the first free region can
be determined as [0, tFreeEnd,1]. tFreeEnd,1 is the starting time
for the first FCR, t1.

The next and main challenge is to determine the ith optimal
FFR position, Pi. The FFR used in this targeting task is assumed
to be isotropic. At this stage, it serves as an advantage of posi-
tioning the FFR with similar magnitude of the magnetic force
at different points surrounding Pi with the same distance.

Figure 3. Schematic diagram of the conceptual description of the target-
ing strategy in a given multibifurcation blood vessel channel using the FFR
scanning targeted to OL4. The particle sequentially travels through conse-
cutive free regions (light-green) and FFR control free regions (light-purple).
Once the particle enters the ith FCR, it is controlled by magnetic force
created by the optimal FFR located at Pi in the FFRi available region
(light-yellow). Here, vf,BFi, vnf,BFi, and Ri indicate flow velocity vector, its nor-
mal vector, and the vessel radius defined at ith bifurcation, respectively.
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Here, the magnetic force is defined as a function, ℱ of dis-
tance from P, and the magnetic force distribution is used as
database in the algorithm later, which is obtained from FE
model of the EnEMAs to create FFR at similar gradient input
of 1.7 T m�1. A sequential searching method is applied in this
work to find out the optimal FFR position at each bifurcation
defined as nBF based on a given path (e.g., with the target OL4,
nBF= 3 as shown in Figure 3). When a magnetic carrier enters
the ith FCR, a FFR is created within its available region
(light-yellow square region) to steer the MC to a desired direc-
tion. The FFRi available region position, AFFR is defined by its
alignment vector, vnf,BF and flow velocity vector, vf,BF at ith

bifurcation. The magnitude and orientation of vf,BF are
obtained from the FE model of fluidic flow traveling inside
the blood vessel channel with various inlet speed, Vf,data.
Meanwhile, the vnf,BF is a unit vector normal to vf,BF and its
direction is opposite to the next desired direction (as shown
in Figure 3). The width, wi and the height, hi of the FFRi avail-
able region are defined as 4 Ri and [Ri, max], respectively. The
ith FFR position varies within this (wi, hi) region and stays
inside the channel boundary, �40mm ≥ x≥ 40mm, �20mm
≥ y≥ 20mm. Thus, to decide ith optimal FFR position, Pi in
the FFRi available region, the MC guiding performance is compu-
tationally analyzed based on its aforementioned dynamic model
from its initial position to the end of FCRi. Here, we assumed that
theMC initial position always stays in the worst-case scenario. The
particle–wall interactions were ignored, while assumed that the
particle stays at the channel wall, xcol at themoment when collision
occurs. The position error, ξ is calculated as difference between
instant particle position and desired way point, xd. To evaluate opti-
mality of the FFR positioned, three criteria were designed and they
must be satisfied to select the optimal FFR position. First, the MC
at the end of FCRi should pass the central line to enter the safe
region. It is a condition to prevent the MC from taking unexpected
action inducing off target due to insufficient magnetic force
applied. Second, the MC should have a reasonable moving direc-
tion and velocity to make sure it travels smoothly in FCRi. At some
particular FFR positions, the MCmay end up with reverse motion
against a desired direction due to strong magnetic force applied in
an unintended direction, even if it passes the first criterion. Last
but not least, the optimal FFRi position, Pi is finally decided as the
most suitable one with minimum ξ among the available PFFR. The
entire computation process for deciding the ith optimal FFR posi-
tion is shown in Algorithm 1 and it is performed repeatedly until
the MC reaches the target location. The fluidic flow speed data
inside the vessel channel at different inlet velocity data, Vf, and
the magnetic force distribution, ℱ are obtained from FE simula-
tion software (COMSOL Inc., MA, USA) with simulation con-
straints as listed in Table 1 (as shown in Figure 4 and S1,
Supporting Information). Additionally, Algorithm 1 was imple-
mented in MATLAB R2018a.

2.1.3. FFR Generation

To produce the three-dimensional FFR, the EnEMAs consisting
of nine electromagnetic coils is applied, and the specifications of

the system can be found in our previous works.[39,40] The system
is capable of 5-DOFmotion control of magnetic objects with max-
imummagnetic field, 174mT, and gradient field, 5 Tm�1. Let us
first consider governing equations to create the magnetic and
gradient field at a point, p(x, y, z), inside the workspace of the
system as

Algorithm 1. Targeting Parameters Optimization.

Inputs: Vf,data, ℱ, xd
Output: Pi
for i= 1:nBF

vf,BF ← FldVeloAt (BFi, Vf,data)
AFFR ← � Sign (path(2, find(path(1,:) > BFi(1))
vnf,BF ← Rotz(AFFR * π/2) · vf,BF
ai ← BFi� Ri · vf,BF
bi ← BFiþ Ri · vf,BF
for FFRx= -2Ri : 2Ri

for FFRy= Ri: ymax

PFFR ← aiþ FFRx · vf,BFþ FFRy · vnf,BF
if PFFR,x ∈ [�40,40], PFFR,y ∈ [�20,20]

PFFR= PFFR
else return

end if
x(0) ← aiþ AFFR · Ri · [0,1];
while xðtÞ∈ [ai : bi] do

Fm←MagForceAt (x(t� 1), PFFR, ℱ)
vf ← FldVeloAt (MCPrvPos, Vf,data)

xðtÞ ¼ L
K
tþ v0K � L

K2 f1� e�Ktg

x
: ðtÞ ¼ L

K
þ v0K � L

K
e�Kt

▸See (1)–(10)

if IsCollision2ChannelWall(xðtÞ, ChnWl)
xcol ← polyxpoly(xðtÞ, xðt� 1Þ ChnWl)

if EucliDist(xcol, xðt� 1Þ)< xðtÞ
xðtÞ= xcol;

end if
end if
ξ ← xðtÞ–xdðtÞ

end while
end for

end for
FiltDataCri1 ←

tei
tsi PFFPðf indðAFFRðteitsi x� biÞÞ > 0Þ

FiltDataCri2 ←FiltDataCri1ðf indðabsðteitsi x� biÞÞ < dlimÞ
Pi ←minðFiltDataCri2ðξÞÞ ▸Three criteria

end for

Table 1. Simulation constraints used in optimal FFR scanning.

Symbol Quantity Description

μfluid 0.001 Pa.s Fluid dynamic viscosity

dp 350 μm Diameter of the MC

ρm 1000 kg m�3 Density of the MC

Msat 37.5 emu g�1 Saturated magnetization value of MC

μ0 4π 10�7 Hm�1 Magnetic permeability of vacuum

vinlet 2–20mm s�1 Flow velocity set at inlet

A 35 1 T�1 Langevin slop parameter of MC
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8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

B̃1xi1 þ B̃2xi2þ : : : þB̃nxin¼BxðpÞ
B̃1yi1 þ B̃2yi2þ : : : þB̃nyin¼ByðpÞ
B̃1zi1 þ B̃2zi2þ : : : þB̃nzin¼BzðpÞ
∂B̃1xþ ∂B̃1yþ ∂B̃1z

∂x

� �
i1 þ : : : þ ∂B̃nxþ ∂B̃nyþ ∂B̃nz

∂x

� �
in¼GxðpÞ

∂B̃1xþ ∂B̃1yþ ∂B̃1z

∂y

� �
i1 þ : : : þ ∂B̃nxþ ∂B̃nyþ ∂B̃nz

∂y

� �
in¼GyðpÞ

∂B̃1xþ ∂B̃1yþ ∂B̃1z

∂z

� �
i1 þ : : : þ ∂B̃nxþ ∂B̃nyþ ∂B̃nz

∂z

� �
in¼GzðpÞ

(14)

where,B̃jx, B̃jy, B̃jz and, ∂B̃j= ∂x, ∂B̃j= ∂y ∂B̃j= ∂z are the x, y, and z
terms of unit-current magnetic field and gradient field values at
point p generated by coil jth, respectively. ij is the current applied
to the coil jth, n is the number of electromagnetic coils used in the
EnEMAs (n= 9). Bx(p), By(p), Bz(p), and Gx(p), Gy(p), Gz(p) are
the x, y, and z terms of the resultant magnetic field and gradient

field at point p induced by n number of coils, respectively. To
create FFR at p, three field terms Bx(p), By(p), and Bz(p) have
to be set as zeros. Thus, Equation (14) can be expressed again
in FFR control form as follows

B̃xðpÞ
B̃yðpÞ
B̃zðpÞ
∇B̃xðpÞ
∇B̃yðpÞ
∇B̃yðpÞ

2
6666664

3
7777775

i1
i2
..
.

in

2
664

3
775 ¼ 03�1

G3�1

� 	
⇔XðpÞI ¼ A (15)

where, B̃xðpÞ B̃yðpÞ, B̃zðpÞ and, ∇B̃xðpÞ, ∇B̃yðpÞ, ∇B̃zðpÞ are the
1� n unit-current magnetic field and gradient field matrices
at point p along x, y, and z axes, generated by each coil at 1 A
in EnEMAs. The derivation of these dimensionless matrices,
characterized as the magnetic and gradient fields, can be
acquired by the FE model-based estimation technique. However,
a precise estimation of an arbitrary point inside the workspace in
real-time is a complex task since the database consists of the unit-
current field and gradient field at every point in the workspace is
required. An expansive database featuring an intricately woven
point cloud contributes to enhanced accuracy in matrix estima-
tion. However, this comes at the cost of extensive computational
time required for data interpolation. Conversely, estimation
rooted in a smaller database with sparse point coverage offers
expedited calculations, albeit at the expense of estimation preci-
sion. In response to this challenge, a method is proposed to cope
with this problem, which facilitates rapid yet highly accurate esti-
mation of requisite data for subsequent steps in the current map-
ping process, based on the foundation of a comprehensive
database. This innovative approach seeks to strike a harmonious
balance between computational efficiency and estimation accu-
racy. The EnEMAs is first modeled with the COMSOL
Multiphysics (COMSOL Inc., MA, USA) with unit current
applied (1 A). Then, a database of k points, DB (15� k), in the
workspace of the system is exported. At each point, a 12� n
matrix consists of three magnetic field terms (B̃x , B̃y) B̃z and
nine gradient field terms ( ∂B̃x= ∂x, ∂B̃x= ∂y, ∂B̃x= ∂z; ∂B̃y= ∂x,
∂B̃y= ∂y, ∂B̃y= ∂z , ∂B̃z= ∂x, ∂B̃z= ∂y) ∂B̃z= ∂z generated by n
coils, so-called query point’s unit-matrix X(p). A searching-win-
dowmethod (SearchingWindow) is applied on the database to nar-
row the size of the dataset, hence reducing the calculation time
while maintaining the estimation accuracy. It filters out all of the
dataset outside its window defined by its center located at query
point, p, its width, w, and height, h, where w and h are experi-
mentally selected as 5mm. All of the point clouds remaining
inside this window, D, are fed to the trilinear scattered interpo-
lation method (ScatteredIntepolant) for the estimation of X(p).
The currents needed for FFR generation at query point p can
be simply calculated by pseudo-inverse of Equation (15).
However, the FFR prefers to have an isotropic shape that conven-
tional pseudo-inverse method hardly can produce. To improve it,
we devised an algorithm for FFR optimization to minimize the
gradient differences between three basic directions, i.e., Gx(p),
Gy(p), Gz(p), with the initial condition as in Equation 15 and
boundary conditions (Imax: 20 A, Imin: �20 A). The details of
the FFR optimization are shown in Algorithm 2.

Figure 4. a) FE simulation setup of the EnEMAs with the 3D vascular
channel placed inside of its workspace. b) The 3D surface map of the mag-
netic force used in the optimization algorithm, Fmag,opt and the magnetic
force generated by the FE simulation, Fmag,simul in case of the path 1 at the
inlet flow speed of 2 mm s�1 as depicted in Figure S2, Supporting
Information.
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The algorithm for FFR optimization was implemented in
MATLAB R2018a by utilizing the built-in nonlinear program-
ming solver, called fmincon function in the Optimization

Toolbox. As a result, the algorithm can find a solution of FFR at
query point from database within 25ms. Figure 5 demonstrates
the simulation results of the proposed method in comparison to
the conventional pseudo-inverse method in terms of isoperimet-
ric factor, response time, and position error. The size and shape
of FFR generated by the optimization method is relatively
smaller and more isotropic with faster calculation and higher
accuracy than that of conventional method, as shown in Figure 5.

3. Optimization Results and FE Simulation
Validation

The FE simulations were conducted to evaluate the feasibility of
the proposed FFR scanning strategy to drive MC through multi-
ple bifurcation channels. To ensure the same hydrodynamic

Algorithm 2. Isotropic FFR Optimization.

Input∶p ∈ ℝ3;G ∈ ℝ3; DB ∈ ℝk ; k ¼ 3096
Output: I ∈ ℝn, n ¼ 9
Objective function:
MinðGxþGy � 2GzÞ
Subject to:
DðpÞ ¼ SearchingWindowðp; DBÞ
XðpÞ ¼ ScatteredIntepolantðp;DðpÞÞ
A ¼ XðpÞI
Imin < Ii < Imax(i= 1, 2, · · ·, n)

End

Figure 5. Comparison results of FFR generation between the conventional pseudo-inverse method and the optimization method. a) Difference between two
methods in term of FFR isotropic factor. b) Response time of twomethods in various cases. c) Estimated position errors of FFR center. The blue bars represent
the conventional pseudo-inverse method and the green bars denote the optimization method. Three-dimensional images illustrate the simulated FFR gener-
ated by the conventional pseudo-inverse method at d) p (0,0,0) and e) p (0,10,0) and by the proposed optimization method at f ) p (0,10,0) and g) p (0,10,0).
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conditions, all the simulations were performed under the
assumptions that the velocity profile of the fluid flow at the inlet
is uniform, i.e., it starts to develop from the inlet. In addition, the
surface of the channel wall and the fluid flow were assumed to be
non-slip boundary condition and an incompressible laminar flow
with a low Reynolds number, respectively. The pressure at all
outlets was set as 1 atm, which means that all the outlets are
open, and the magnetic force map used in the theoretical calcu-
lation was assumed to be radially symmetric with respect to the
origin of the FFR. Therefore, the magnetic force map can be con-
sidered as a paraboloid-like surface of revolution having an axis
normal to the XY plane and crossing the XY plane at the origin
of the FFR (as shown in Figure 4b and S2, Supporting
Information). For solid validation, the FFR magnetic force
map exerted on the MC can be calculated based on the FFR mag-
netic field map and the magnetic properties of the MC for each
case. In addition, the FFR targeting parameters in the FE simu-
lation validation are slightly modified based on the theoretical
calculation to achieve the successful targeting performance.

Figure 6 shows simulation results of applying solutions found
by Algorithm 2 for targeting to six outlets in Figure 3 with inlet
speed, vinlet, set as 20mm s�1, including solutions for optimal
FFR position and its associated timing at each FCR.
Figure 6d–f,j–l illustrates the optimal FFRs positioned around
the corresponding FCR, denoted as red circle, and depict the the-
oretically induced magnetic force (red arrows) exerted on a mag-
netic particle. The MC waypoints (green dashed line) during the
targeting process at each FCR demonstrate the success of steer-
ing the MC toward the desired path. Details of the theoretical
solutions for the targeting tasks with inlet flow speed of
20mm s�1, including the predicted shooting time, ti, FFR shoot-
ing period, Δti in each FCR, are shown in Table S1, Supporting
Information. Figure 6a–c illustrates the stepwise FE simulation
results of the FFR targeting operation at each bifurcation under
20mm s�1 inlet velocity reaching the OL2. It can be seen that the
MC particle started from the middle of the inlet and was tilted in
its moving orientation along the desired path by applying the
magnetic force at the shooting time. In the FE simulation, the
magnetic force shooting time was modified to start when
the MC reached not exactly but around the bifurcation position.
The magnetic maps generated by the FFR at the shooting time of
each bifurcation (t1, t2, and t3) are shown in the background of
the channel scheme. The MC, marked by the red dot, is com-
pelled to attain the designated outlet, OL2. This trajectory, delin-
eated by the red line, is guided by the modified targeting
parameters derived from the previously mentioned theoretical
calculations. The origin of the FFR and the magnetic force vector
are represented by the red-cross line and the black arrows,
respectively. Figure 6g–i,m–o shows the FE simulation results
of the MC motion of all six paths under inlet flow velocity of
20mm s�1. As shown in Figure 6, the MC in all cases was
achieved to be targeted to the intended destination by the modi-
fied FFR targeting parameters. The total targeting time through
multiple bifurcations at flow speed of 20mm s�1 is about 3 s.
Thus, it can be verified that the FE simulation results are
well-matched to the theoretical calculation results with some
minor errors in the targeting parameters. Furthermore, addi-
tional simulations were implemented using different inlet flow
speeds to investigate the adaptiveness of the proposed strategy in

various environmental conditions. The optimization results for
different flow speeds of 10, 5, and 2mm s�1 can be found in
Figure S3–S5 and Table S2–S4, Supporting Information. The tar-
geting performance at the rest of the inlet velocities based on the
magnetic field map and the corresponding magnetic force map
are described in Figure S6–S29, Supporting Information.

Figure 6p–s illustrates the theoretical calculation of FFR tar-
geting parameters and evaluation results utilizing FE model tar-
geted six outlets under varying inlet flow speeds. Here, the
comparison between the theoretical calculation and model vali-
dation primarily focuses on the FFR shooting time and total tar-
geting time. Figure 6p shows the percentage differences in
total targeting time between the theoretical calculation and FE
validation results %

P
tCal �

P
tFE½ � ¼ 100� P

tCal �
P

tFEj j=ðP
tCal þ

P
tFEf =2gÞ. Figure 6q–s depicts the percentage differ-

ences in predicted FCR shooting time at the first, second, and
third bifurcation (%½ti,Cal � ti,FE�, i∶1, 2, 3). Overall, the simula-
tion results align well with the theoretical calculation exhibiting
relatively small differences with average of less than 10%. In par-
ticular, at the injection flow speed of 10mm s�1, the prediction
accuracy is highest with the smallest average percentage differ-
ences at six outlets among the other speeds as 2.5%, 1.9%, 3.7%,
and 2.1% for total targeting time, Σt, predicted shooting time at
first bifurcation, t1, second bifurcation, t2 and third bifurcation,
t3, respectively. The prediction results at 5 and 2mm s�1 account
for the second and third highest accuracy with average percent-
age differences for Σt, t1, t2, and t3 between theoretical calculation
and FE simulation at six outlets as 8.7% versus 3.1%, 3.9% versus
10.8%, 3.9% versus 2.8%, and 2.4% versus 2.8 %, respectively. In
a similar manner, the prediction results at 20mm s�1 exhibit the
lowest accuracy with average percentage differences as 3.4%,
14.3%, 7.4%, and 3.3% for Σt, t1, t2, and t3, respectively. Even
the worst case, at 20mm s�1, the average differences among
six outlets of these four factors are 0.1, 0.12, 0.125, and 0.07 s,
respectively. In detail, targeting parameter comparison between
optimization results and FE evaluation under flow speed of
10, 5, and 2mm s�1 can be found in Table S2–S4, Supporting
Information. In addition, Figure S30, Supporting Information,
shows the theoretical prediction of the FFR shooting periods
in comparison with validation result using FE model. It can
be seen that the discrepancies in FFR shooting time at a certain
bifurcation are always smaller than its shooting period. These
findings indicate that the theoretically calculated FFR can still
be affected in the FCR to steer the MC to desired direction,
despite the minor difference between the prediction value and
the FE model.

4. In Vitro Targeting Results

In vitro targeting experiment was performed based on the solu-
tion found by the optimization algorithm and confirmed by the
FE simulation. Figure 7 shows the experimental setup for the
targeting test in a 3D-printed vascular channel. The vascular
channel of similar size to the one considered in the optimization
algorithm and the FE model was printed from a transparent
material (Fullcure720, Stratasys, US). A programmable syringe
pump (Fusion 4000, Chemyx Inc., USA) with a 30mL syringe
(ID: 21.69mm, Shichang medical Co., Ltd) containing DI water
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Figure 6. FE simulation results based on optimization solutions found by the proposed algorithm targeted the MC under inlet flow speed of 20mm s�1 to
reach six possible outlets of the vascular channel; a–c) the solid red dots and curves indicate the current position and trail of the particle, respectively. The
red-cross markers represent the estimated position of the origin of the FFR. The black arrows show the magnetic force vectors generated by the EnEMAs.
Stepwise simulation results of the MC targeting through each FCR to reach outlet 2 at a) t1, b) t2, and c) t3; d–f,j–l) the theoretical calculation of the MC
targeting performance to reach the outlets from 1 to 6, respectively. The black dotted lines (center lines) represent the desired paths from inlet to each
outlet. The green dashed lines show the MC waypoints during the targeting process passing through the corresponding FCR. The red circles show the
optimal FFR estimated by the proposed algorithm. The red arrows depict the induced magnetic force exerted on the MC at each position; g–i,m–o) the FE
simulation results of the MC targeting performance to reach all outlets; p) the percentage differences between theoretical calculation and FE evaluation
results in total targeting time of MC reaching six outlets at various flow speeds. The percentage differences in shooting time of the FFR between theoreti-
cal calculation and simulation results at q) first bifurcation, r) second bifurcation, and s) third bifurcation targeted to six outlets with the flow speed varying
from 2, 5, 10, and 20mm s�1.
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was used to control the flow rate inside the channel. The MC was
injected by another 3mL syringe (ID: 8.66mm, Koreavaccine
Co., Ltd) containing MCs, which were connected to the inlet
of the channel. The flow rate of the pump with 30mL syringe
was set as 60.3 mLmin�1 to create the flow speed of 20mm s�1

at the channel inlet. A flow speed of 20mm s�1 was chosen
for the experiment due to its proximity to the typical range of
actual venous blood flow, which varies from 1.5 to 7.1 cm s�1.[42]

The vascular channel was placed inside the work space of
the EnEMAs and, in advance, a coordinate matching process
was worked to fit the channel coordinate to the EMAs coordinate.
A digital single-lens reflex (DSLR) camera (Canon EOS 600D)
with a macrolens (Canon EF 100mm, f/2.8) was set on top of
the EnEMAs to record the MC motion inside the channel.
The MCs were fabricated using the water-in-oil-in-water

emulsion of poly lactic-co-glycolic acid (PLGA) and gelatin and
flow control method.[28] The MC has a porous structure to
increase the amount of magnetic nanoparticles attached to its
surface. The average diameter, saturated magnetization, and
mass concentration of the MC are listed in Table 1.

In the targeting experiment, first, after a user designates the
desired outlet and injection speed, the proposed targeting
scheme starts when the MC is manually injected and it is recog-
nizable at the inlet of the channel. The FFR is then generated at
computed optimal position and shooting time. Figure 8 describes
the successful trials of the targeting task utilizing the proposed
FFR scanning strategy to six different outlets of the vascular
channel under flow speed of 20mm s�1. The time-lapse image
of the MC and its waypoints (denoted as white dashed lines)
clearly demonstrates that the proposed targeting method can suc-
cessfully steer a single MC to the desired destinations in the pre-
defined multibranch channels. Consequently, the recorded
targeting times were 3.06, 2.87, 2.87, 2.93, 2.87, and 3.12 s from
OL1 to OL6, respectively, and these resulted in a yield of nearly
100% on effective targeting through first, second, and third
bifurcation.

5. Discussion

The proposed targeting strategy was successfully implemented
and validated with a single magnetic particle in various targeted
branches under different flow speeds. The FFR scanning-based
targeting methodology in this work is more efficiency than that of
directional magnetic force control method in term of power con-
sumption with 43% lower in power requirement to create suffi-
cient gradient field at the same point (as shown in Figure S32 and
Table S5, Supporting Information). Furthermore, it can align
seamlessly with one of the most promising particle tracking tech-
niques, MPI offering exceptional performance characteristics.
This alignment presents an opportunity to integrate the proposed
method withMPI, thereby creating a novel targeting scenario fea-
turing real-time feedback on the position information of mag-
netic nanoparticles.

Figure 7. Experimental setup for realization of the targeting scheme using
the 3D-printed vascular phantom placed inside EnEMAs working space
(red circle). White dashed bounded region shows the EnEMAs which is
used to create FFR at a desired position.

Figure 8. Time-lapse images during the targeting tasks in a 3D-printed vascular channel following a given path to six different outlets; a) outlet 1,
b) outlet 2, c) outlet 3, d) outlet 4, e) outlet 5, and f ) outlet 6, respectively. In (a), the dark rectangular box shows a closed-up of the MC used in this
work. The white dashed curves represent the waypoints of the MC in each case. The scale bar indicates 10 mm.
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The FFR position can be optimized for multiple particles tar-
geting scheme. However, the FFR timing algorithm is currently
limited to a single particle only, making it unsuitable for target-
ing multiple MCs. This is due to random distribution of the MCs
at the inlet and tendency to move independently rather than
aggregate and move together. Consequently, the arrival time
of each MC to the FCR may vary. To address this challenging
issue for multiple MCs targeting, an alternative timing algorithm
is required to predict the appropriate FFR shooting time and
shooting period to target a cluster of MCs throughmultiple bifur-
cation in a predefined vascular channel. In tandem with this
computational solution, an alternative avenue emerges in the
form of MC trapping and aggregation. This technique involves
the strategic deployment of an On/Off maneuverable magnetic
coil situated at the MC injection outlet. The dipole–dipole inter-
action among the MCs, once trapped, facilitates their aggregation
into a cluster. As a result, they can be effectively targeted using
the proposed method. These solutions aim to overcome the lim-
itations of the current FFR timing algorithm and accommodate
the complexities associated with targeting multiple MCs. By
developing a suitable timing algorithm and implementing the
MC trapping and aggregation technique, the proposed strategy
can be extended to enable efficient targeting of clusters of
MCs in complex vascular networks.

The FE simulation was conducted under some assumptions to
simplify the problems. First, the FE simulation was conducted in
a 2-dimensional study corresponding to the targeting strategy
proposed in this work. However, to mirror real-world applica-
tions, which encompass the intricacies of a three-dimensional
vascular network, the full 3-dimensional study should be under-
taken in forthcoming investigations. Second, the interaction
between the particle and the surrounding fluid flow was not con-
sidered in this study, such as vortices forming around the par-
ticles, particularly in proximity to the channel wall within the
bifurcation region. This might cause the difference between
the FE simulations. This could be resolved by adopting the hydro-
dynamic mobility tensor coupling.[43] Lastly, the adhesive inter-
action between the channel wall and the MC particle was
excluded from the FE simulation. This omission might contrib-
ute to the divergence between the simulation results and real-
world observations. Mitigating this discrepancy could involve
the integration of adhesion models governing particle–wall
interactions.[44]

The disparities noted between the theoretical predictions and
FE model simulation results can be attributed to certain assump-
tion made at FCR. In the FCR, it is presumed that the MCs con-
sistently remain in the worst-case scenario, leading to an
extended FFR shooting time compared to what was anticipated.
While this assumption is essential for a multiple particle target-
ing scheme, it may contribute to the observed differences. A
notable challenge encountered during in vitro navigation of
the MCs, leading to test failures, pertains to the surface adhesion
of the MCs to the channel wall. This aspect was intentionally
omitted from consideration due to the intricate nature of surface
properties linked to fluid viscosity, rendering accurate mimicry
in real-world experiments extremely challenging. Moreover,
there is a dearth of previous references concerning the friction
model and interaction between particles and the vessel channel
wall. Empirical observations suggest that surface friction

between the MC and the channel is more pronounced at low
injection speeds compared to higher injection speeds, with rare
occurrences observed at the flow speed of 20mm s�1. However,
when such instances do arise, the targeting scheme employing
optimized FFR parameters struggles to adapt to this situation,
resulting in a shift in particle motion. Consequently, the MC
may become immobilized at a specific point within the channel.
Additionally, the head losses incurred at sudden enlargement,
particularly at the inlet connector, pose a challenge during the
in-vitro experiment. This phenomenon generates recirculation
zones near the enlarge area of the inlet (refer Figure S31,
Supporting Information, for more details). The change in flow
dynamic associated with these recirculation zones can signifi-
cantly affect to the trajectories of the MC.[45] Certain particles
might even experience a complete lack of motion within these
regions. To mitigate the influence of sudden expansion head
losses, a gradual expansion of the channel is implemented from
the connection point. This strategy aims to minimize disruptions
in flow dynamics, diminish pressure gradients, and optimize
particle transport efficiency through channel geometry.
Mismatch in FFR position control can also be a significant factor
contributing to errors in the targeting task. Two potential issues
may give rise to this position error. First, there may be a mis-
match between the gradient and magnetic field input and the
applied current output due to the employed mapping algorithm.
Second, system errors may arise from the primary misalignment
of the fabricated coil in comparison to the desired system. In this
study, the utilized mapping algorithm demonstrates a relatively
small FFR position error compared to the conventional algo-
rithm, with position errors of 0.1 and 0.5mm, respectively.
The primary system error of this EnEMAs was previously ana-
lyzed in our earlier works,[39,40] revealing a propulsion error of
1.05° and a mean FFR-controlled position error of 1.3 mm. The
details of the simulated FFR position and the desired FFR posi-
tion considered in this study can be found in Figure S6–S29 and
Table S1–S4, Supporting Information. Generally, the FFR posi-
tion errors in these cases are not significant enough to adversely
affect targeting accuracy.

Despite the minor disparities in predicted FFR timing values,
FE model evaluation outcomes, and in vitro navigation test, the
proposed targeting scheme consistently performed well across
most tests explored in this study. As long as the variations in
FFR shooting time at specific bifurcation points do not exceed
their respective shooting periods, the targeting scheme demon-
strates its efficacy.

6. Conclusion

The FFR scanning strategy in this study was demonstrated to
effectively guide the magnetic particle from injection point
through intricate vascular networks, encompassing multiple
bifurcations, irrespective of particle’s visual position feedback.
This approach holds significant promise for augmenting treat-
ment efficiency and minimizing adverse effects. The method’s
applicability extends to a broad spectrum of existing electromag-
netic navigation systems, rendering it poised for scalability and
potential application within in vivo scenarios. The primary chal-
lenge inherent in this proposed method pertains to the initial
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system setup, necessitating considerable effort to gather environ-
mental parameters. Nevertheless, this challenge is not insur-
mountable from a technical standpoint and can be addressed
using available techniques. Subsequent directions for this
research will concentrate on multiple MC targeting in a complex
3D vascular network and translating this method into an animal
model setting.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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