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 Abstract— Recent research has increasingly focused on 

delivering drug-carrying magnetic particles to diseased areas 

using electromagnetic actuation (EMA) systems. Particularly, in 

these systems, creating a field-free point (FFP) and using it to 

steer magnetic particles in the desired direction has attracted 

significant attention. However, most previous studies use closed-

type EMA systems, which, due to their structural characteristics, 

are difficult to integrate into actual surgical environments and to 

operate in conjunction with external imaging systems like X-ray. 

This study addresses these limitations by using an open-type 

EMA system, which is better suited for surgical integration. 

However, an open-type EMA system faces issues such as a 

significant decrease in magnetic force and an anisotropic 

magnetic field as the distance from the coils increases in the 

region of interest (ROI). To overcome these challenges, we 

optimized the open-type EMA system and proposed a suitable 

FFP generation method. Furthermore, we presented a targeting 

algorithm for steering a magnetic particle in blood vessels using 

anisotropic FFP. This proposed open-type EMA system and the 

control strategy using FFP were validated through multiphysics 

simulations and phantom experiments, proving the viability of 

magnetic particle targeting. 

 
Index Terms—Targeted drug delivery, open-type EMA system, 

field-free point, magnetic navigation, 3D blood vessel 

I. INTRODUCTION 

argeted drug delivery has emerged as a crucial field 

in medical research and treatment, aiming to enhance 

therapeutic efficiency while minimizing side effects by 

selective delivery of drugs to specific areas within the 

body [1]-[3]. Various drug-loaded particle targeting 

technologies have been studied, including the use of 

ultrasound, microbes, light, and magnetic fields [4]. Drug 
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delivery methods using ultrasound, microorganisms, and light 

each have advantages such as non-invasiveness and high 

targeting accuracy but are limited by drawbacks like tissue 

damage, immune responses, and restricted accessibility to 

deep regions within the body [5]-[9]. 

Magnetic field-based drug delivery is recognized as one of 

the most efficient methods for targeting drug-loaded particles, 

offering precise and non-invasive control of particle 

positioning using magnetic fields and magnetically loaded 

particles [10]-[12]. Among these methods, the field-free point 

(FFP) in electromagnetic actuation (EMA) systems has been 

widely studied for its ability to generate repulsive forces on 

magnetic particles surrounding it, steering them to desired 

locations while minimizing magnetic field gradient decay 

[13]-[15]. For instance, Y. Kim et al. proposed an FFP 

navigation system using magnetic potential fields (MPF), 

enabling stable micro-robot targeting even in dynamic 

environments [16]. Similarly, C. Kim et al. designed a 

portable EMA system with minimized size and coil count, 

suitable for large workspaces [17]. However, closed-type 

EMA systems in previous studies are impractical for surgical 

use due to limited access to surgical areas and difficulties in 

integrating with imaging systems like X-rays. 

To overcome these limitations, this study introduces an 

open-type EMA system. As shown in Fig. 1(a), the open-type 

system allows sufficient space for surgical operations and 

facilitates the placement of imaging systems without physical 

interference, enabling simultaneous EMA operation and 

imaging. However, the Biot-Savart law reduces magnetic field 

strength as the distance between the coils and the region of 

interest (ROI) increases, and the one-sided coil arrangement in 

open systems causes FFP distortion. 

This study addresses these challenges by optimizing the 

open-type EMA system through improved coil designs, 

placement adjustments, and a novel FFP generation method 

(Fig. 1(b)). Specifically, coil optimization compared the 

traditional ferromagnetic core-based electromagnetic actuator 

(FEMA) with the composite electro-permanent magnetic 

actuator (CEPMA), which combines hard and soft magnets 

with ferromagnetic cores. CEPMA, which demonstrated 

higher magnetic field strength and gradients, was selected 

[18]. A six-coil system was optimized for the small animal 

model. To counteract the inherent weaknesses of open-type 

systems, a new FFP generation method was developed. As 

shown in Fig. 1(a), a magnetic particle is injected at a 

controlled flow rate after using a balloon catheter to block 

blood flow. The position of the magnetic particle and the 

geometry of the blood vessel are analyzed to determine the 

optimal FFP location for effectively steering the magnetic 
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particle toward the target site. 

This paper is structured as follows: In Section 2, we proceed 

with coil optimization and coil configuration optimization. 

Section 3 introduces an improved FFP generation method to 

reduce the distortion of the FFP and obtain a strong magnetic 

field gradient, and an algorithm to steer a magnetic particle to 

a desired target. Section 4 validates the proposed open-type 

EMA system, the improved FFP generation method, and the 

magnetic particle targeting algorithm through 2D & 3D Y-

shaped phantom experiments and a 3D phantom simulating 

actual liver vasculature. Section 5 presents the discussion, and 

Section 6 concludes the paper. 

II. OPEN-TYPE EMA SYSTEM FOR MAGNETIC PARTICLE 

TARGETING 

A. Electromagnetic actuator optimization 

Electromagnetic actuator optimization was conducted using 

two actuator structures: FEMA and the CEPMA (Fig. 2(a)). 

The CEPMA structure enhances the magnetic field and 

gradient by utilizing hard and soft magnets, where the 

magnetization direction of the soft magnet can either amplify 

or cancel the magnetic field. Both structures use SS400 as the 

ferromagnetic core material and enamel-coated copper wire 

for the coils. The hard and soft magnets in the CEPMA 

structure are NdFeB N45 and AlNiCo 5, respectively. 

The optimization process was performed in the COMSOL 

optimization module using the Nelder–Mead method, where 

the objective function was the magnetic field gradient at 

115 mm from the coil tip within the ROI of the EMA system 

[19]. FEMA optimization involved determining design 

variables, such as core and disk dimensions, as well as the 

number of coil turns. For CEPMA, additional parameters, 

including the height of the hard and soft magnets, were 

optimized. In the EMA system, the mass of each coil was 

limited to 10 kg, the resistance to 5 Ω, and the maximum 

current applied to each coil was limited to 20 A. The 

optimization results showed that CEPMA generated a 50.19% 

higher magnetic field (27.4 mT) and a 43.0% higher magnetic 

field gradient (0.466 T/m) compared to FEMA (Table I). 

Based on this performance advantage, CEPMA was selected 

for the study, and the coils were fabricated using optimized 

parameters. 

 

TABLE I OPTIMIZED PARAMETERS OF COILS 

 

 
B. Configuration optimization 

In this study, we designed an open-type EMA system for 

steering magnetic particles within the hepatic blood vessels

Model 

Name 

𝒍𝒄𝒐𝒓𝒆 

(mm) 

𝒍𝒎𝒂𝒈 

(mm) 

𝒓𝒄𝒐𝒓𝒆 

(mm) 

𝒓𝒅𝒊𝒔𝒌 

(mm) 

𝒍𝒅𝒊𝒔𝒌 

(mm) 
𝑵𝟏 𝑵𝟐 

|
𝝏𝑩𝒛

𝝏𝒛
| 

(T/m) 

|𝑩𝒛| 
(mT) 

FEMA 150.5 - 28.6 55.0 15.0 1402 - 0.326 18.2 

CEPMA 51.4 23.0 38.6 60.5 5.7 433 261 0.466 27.4 

Fig. 1. (a) Schematic diagram of magnetic particle targeting and (b) Schematic of the optimization process for the open-type EMA system. 

Fig. 2. (a) Structure and geometric parameters of FEMA and CEPMA, (b) 

Coordinate axis rotation and optimization parameters αn and θn for the 
configuration optimization of the nth coil, (c) A schematic diagram 

showing the isotropic factor of the FFP within the ROI, (d) Open-type 

EMA system fabricated through coil placement optimization. 
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of medium-sized animals, specifically New Zealand White 

rabbits weighing approximately 3 kg. Considering the heart 

girth of the animal (approximately 37 cm), the ROI was 

defined to match the size of the liver, with a cuboid of (W)50 

x (L)115 x (H)50 mm selected. And the system was designed 

to generate FFPs at all points within the ROI [20], [21]. While 

at least four magnetic sources are required for FFP generation, 

we selected and optimized the configuration of six magnetic 

coils which can be physically arranged as increasing the 

number of coils enhances the magnetic force. The coil 

placement was designed to accommodate operator access and 

facilitate the top-and-bottom arrangement of X-ray devices, 

with the system origin (𝑂𝑐) positioned 215 mm away from the 

coil tip. Additionally, a 50 mm gap was maintained between 

the animal and the coils to ensure safety and operational 

convenience (Fig. 1(b)(ii)). 

The configuration optimization is performed in two stages 

using MATLAB R2022a. First, coil configurations are 

generated by examining potential interference based on 

optimized coil geometrical parameters, the distance between 

𝑂𝑐 and the coil tip, and alignment angles α and θ (Fig. 2(b)). 

The general idea is to optimize the system configuration to 

generate isotropic FFP at an arbitrary point inside the ROI, 

thus inducing a sufficient magnetic force at the targeted point 

[21]. 

In the proposed steering strategy used in this work, it is 

important to have an isotropic FFP generation. Therefore, the 

isotropic factor of the FFP, 𝛿𝐹𝐹𝑃, which is used as one of the 

main optimization criteria in this optimization, is defined as 

the gradient field differences among three basic axes, 

considering each of the k points inside the ROI as follows: 

[  

𝐺̂𝑥

𝐺̂𝑦

𝐺̂𝑧

  ] =

[
 
 
 
 
 
 
 
 

  

∑
∂𝐵𝑗𝑥+∂𝐵𝑗𝑦+∂𝐵𝑗𝑧

∂𝑥

𝑛

𝑗=1

∑
∂𝐵𝑗𝑥+∂𝐵𝑗𝑦+∂𝐵𝑗𝑧

∂𝑦

𝑛

𝑗=1

∑
∂Bjx+∂𝐵𝑗𝑦+∂𝐵𝑗𝑧

∂𝑧

𝑛

𝑗=1

  

]
 
 
 
 
 
 
 
 

= 𝐺̂𝑥  [  

1
𝐺̂𝑦 𝐺̂𝑥⁄

𝐺̂𝑧 𝐺̂𝑥⁄

  ] (1) 

𝛿𝐹𝐹𝑃 = |  | 

1
𝐺̂𝑦 𝐺̂𝑥⁄

𝐺̂𝑧 𝐺̂𝑥⁄

 | − | 
1
1
1
 |  | (2) 

Here, B𝑗𝑥,B𝑗𝑧 ,B𝑗𝑧 and 
𝜕𝐵𝑗𝑥

𝜕𝑥
, 

𝜕𝐵𝑗𝑥

𝜕𝑦
,
𝜕𝐵𝑗𝑥

𝜕𝑧
  are the x, y, and z 

terms of unit-current magnetic field and gradient field values 

at a point p(x, y, z) generated by jth coil , respectively. And 𝐺̂𝑥, 

𝐺̂𝑦, and 𝐺̂𝑧 are the x, y, and z terms of the resultant gradient 

field at point p generated by n number of magnetic sources. 

As shown in Fig. 2(c), 𝛿𝐹𝐹𝑃  was calculated for k (k = 144) 

equally distributed points inside the ROI of a certain coil 

configuration. Among 1000 candidate configurations, an 

optimization process was performed to determine the best 

configuration. The configuration that creates the most 

isotropic FFP corresponds to the one with the smallest  𝛿𝐹𝐹𝑃 

among all coil configurations. The angles of each optimized 

coil resulting from this process are listed in Table II, and the 

fabricated open-type EMA system can be seen in Figure 2(d). 

 

TABLE II OPTIMIZED COIL CONFIGURATION PARAMETERS 

Coil numbers 1 2 3 4 5 6 

Placement 

θ (°) -27 25 -31.8 28.9 -25 28.6 

α (°) 39.5 38 1.7 -1.7 -39.5 -40.1 

III. MAGNETIC PARTICLE TARGETING STRATEGY 

A. Analytic model 

A dynamic model based on Newtonian mechanics was 

developed to describe magnetic particle targeting. The 

governing equation presented below is based on well-

established formulations in magnetic microcarrier dynamics 

[21], [22], [23].  

𝑚𝑝

𝑑𝒗𝑝

𝑑𝑡
=  𝑭𝑚𝑎𝑔 + 𝑭𝑑𝑟𝑎𝑔 + 𝑭𝑔 + 𝑭𝑒𝑡𝑐 (3) 

where, 𝑚𝑝 and 𝒗𝑝 represent the mass and velocity of the 

magnetic particle. The terms 𝑭𝑚𝑎𝑔 ,  𝑭𝑑𝑟𝑎𝑔 , and 𝑭𝑔 

correspond to the magnetic force, drag force, and gravitational 

force acting  

on the particle. The term 𝑭𝑒𝑡𝑐  accounts for the remaining 

forces, such as electrostatic, adhesion, which are considered 

negligible. 

The magnetic force is given by: 

𝑭𝑚𝑎𝑔 = 𝜇0𝑉𝑝𝑴(𝑯)∇𝑯 (4) 

where 𝜇0 is the permeability of free space, 𝑉𝑝 is the volume 

of the magnetic particle, 𝑴(𝑯) is the magnetization of the 

particle due to the external magnetic field, and ∇𝑯 is the 

magnetic field gradient. 

The drag force follows Stokes’ law: 

𝑭𝑑𝑟𝑎𝑔 = 6𝜋𝜂𝑟(𝒗𝑓 − 𝒗𝑝) (5) 

where 𝜂  is the viscosity of fluid, 𝑟  is the radius of the 

magnetic particle, and 𝒗𝑓 is the fluid velocity. Given that the 

Reynolds number in the experiments does not exceed 1, the 

system is governed by Stokes' law. 

B. FFP generation method 

The targeting algorithm generates an operational plane (𝑥′𝑦′) 
at each time step. The position of the particle at each time step 

(𝑞𝑘) is the origin of the plane, and the desired force vector (𝐹𝑘) 

aligns with the 𝑥′ axis, while the plane's normal vector aligns 

with  𝑧′.  

In previous studies, the following equations were used for the 

FFP generation [17], [21]. 

[
 
 
 
 
 
 
 
𝑩̂𝑥′(𝒑)

𝑩̂𝑦′(𝒑)

𝑩̂𝑧′(𝒑)

𝑮̂𝑥′(𝒑)

𝑮̂𝑦′(𝒑)

𝑮̂𝑧′(𝒑)

  

]
 
 
 
 
 
 
 

[  

𝑖1
𝑖2
⋮
𝑖𝑛

  ] =

[
 
 
 
 
 
 

  

𝐵𝑥′(𝒑)

𝐵𝑦′(𝒑)

𝐵𝑦′(𝒑)

𝐺𝑥′(𝒑)

𝐺𝑦′(𝒑)

𝐺𝑧′(𝒑)

  

]
 
 
 
 
 
 

= [ 
𝟎3×1

𝑮𝑑𝑒𝑠𝑖𝑟𝑒𝑑3×1
 ] (6) 

𝑨(𝒑)𝒊 = 𝒃𝑑𝑒𝑠𝑖𝑟𝑒𝑑  ↔  𝒊 = 𝑨+(𝒑)𝒃𝑑𝑒𝑠𝑖𝑟𝑒𝑑 (7) 
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where 𝑩̂𝑥′(𝒑), 𝑩̂𝑦′(𝒑), 𝑩̂𝑧′(𝒑), 𝑮̂𝑥′(𝒑), 𝑮̂𝑦′(𝒑), and 𝑮̂𝑧′(𝒑) 

represent the unit-current magnetic field and gradient field 

vectors (1×n) in the 𝑥′, 𝑦′,  and 𝑧′ directions at point 𝒑 , 

generated by unit current in each coil. And 

𝐵𝑥′(𝒑), 𝐵𝑦′(𝒑), 𝐵𝑧′(𝒑),  𝐺𝑥′(𝒑), 𝐺𝑦′(𝒑), and 𝐺𝑧′(𝒑) 

represent the desired magnetic field and gradient field in the 

𝑥′, 𝑦′,  and 𝑧′ directions at point 𝒑(𝑥′, 𝑦′, 𝑧′) . Therefore, 

𝒃𝑑𝑒𝑠𝑖𝑟𝑒𝑑  denotes the desired matrix and 𝑨(𝑝) denotes the 

unit matrix corresponding to each coil at point 𝒑. As shown in 

(6), the required current for FFP generation is determined by 

solving the inverse matrix after substituting 𝐵𝑥′(𝒑) =
𝐵𝑦′(𝒑) = 𝐵𝑧′(𝒑) = 0  and the desired gradient values. 

Previous methods enforce 𝐺𝑥′(𝒑) = 𝐺𝑦′(𝒑) = 𝐺𝑧′(𝒑) , 

leading to a weaker magnetic gradient and reduced force on 

the magnetic particle due to anisotropy open-type EMA 

system.  

To overcome this, we propose a new FFP generation method: 

[
 
 
 
 

  

𝑩̂𝑥′(𝒑)

𝑩̂𝑦′(𝒑)

𝑩̂𝑧′(𝒑)

𝑮̂𝑥′(𝒑)

  

]
 
 
 
 

[ 

𝑖1
𝑖2
⋮
𝑖𝑛

 ] =

[
 
 
 
 

  

𝐵𝑥′(𝒑)

𝐵𝑦′(𝒑)

𝐵𝑧′(𝒑)

𝐺𝑥′(𝒑)

  

]
 
 
 
 

= [ 
𝟎3×1

𝐺𝑑𝑒𝑠𝑖𝑟𝑒𝑑1×1
 ]

↔      𝑨(𝒑)𝒊 = 𝒃𝑑𝑒𝑠𝑖𝑟𝑒𝑑 (8)

 

𝒊 = 𝑎𝑟𝑔𝑚𝑖𝑛 (|  ∣ 𝐺𝑥′  (𝒑) ∣ - ∣ 𝐺𝑦′  (𝒑) ∣  |)

𝑠. 𝑡.     𝑨(𝒑)𝒊 = 𝒃𝑑𝑒𝑠𝑖𝑟𝑒𝑑 (9)
 

Here, 𝑩̂𝑥′(𝒑), 𝑩̂𝑦′(𝒑), 𝑩̂𝑧′(𝒑), and 𝑮̂𝑥′(𝒑)  represent the 

1×n matrices of the unit-current magnetic field and gradient in 

the 𝑥′-direction at point 𝒑 . The previous FFP generation 

method considered gradients along all three axes. However, in 

the open-type EMA system, the equal gradient condition 

reduces the FFP strength due to insufficient generation along 

certain axes. Therefore, in this study, only the gradient term in 

the main axis (x'-axis), which applies the desired force, is 

considered. This increases redundancy and allows for larger 

magnetic field gradients. In accordance with (9), we selected 

the optimal current combination that minimizes the difference 

between the gradient terms in the 𝑥′ and 𝑦′ directions in the 

set of combinations that satisfy the predefined conditions, 

thereby ensuring the isotropy of the FFP. 

For intuitive understanding, the xyz coordinate system 

based on the ROI was used instead of the xcyczc coordinate 

system employed in the coil configuration, as shown in Fig. 

3(a). Simulations using COMSOL Multiphysics were 

performed to generate FFPs at specific points on the xy-plane 

- (10, 0, 0), (57.5, 0, 0), and (105, 0, 0) - with both the 

previous and proposed methods. Using the proposed method, 

FFPs displayed higher magnetic field strengths and gradients 

with improved isotropy in the operational plane, as shown in 

Fig. 3(b) and (c). 

As shown in Fig. 3(d), quantitative comparison of FFPs 

generated along the main axis (x-axis) and sub axis (y-axis) at 

1 mm intervals demonstrated significantly higher magnetic 

field gradients with the proposed method. At (10, 0, 0), (57.5, 

0, 0), and (105, 0, 0), the proposed method produced x-axis 

gradients of 0.6370, 0.2288, and 0.1111 T/m, compared to 

0.1920, 0.0432, and 0.0276 T/m for the previous method. Sub-

axis (y-axis) gradients followed a similar result. These results  

  

 
confirm that the proposed FFP generation method exhibits 

substantially higher magnetic fields and gradients than the 

previous method in the operational plane. 

In magnetic steering using FFP, isotropy, alongside the 

strength of the magnetic field and gradient, is crucial for 

precise control. An isotropic FFP ensures alignment between 

the repulsive force ( 𝐹𝑚𝑎𝑔 ) and the directional vector 

(𝑢𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛), enabling accurate targeting. In contrast, reduced 

isotropy complicates force prediction and increases targeting 

errors. To evaluate isotropy within the operational plane, a 

grid of 116 × 51 points spaced at 1 mm intervals was 

established. At each x-axis point, FFPs were generated, and 

the angle differences (∆θ) between 𝐹𝑚𝑎𝑔 and 𝑢𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 to 

Fig. 3. (a) Relationship and equations defining the coordinates used for 

placement optimization relative to the ROI, (b) Magnetic field distribution 

on the xy-plane for FFP generation at (10,0,0), (57.5,0,0), and (105,0,0) 
using the previous FFP generation method [17], [21], (c) Magnetic field 

distribution on the xy-plane at the same positions using the proposed FFP 

generation method, (d) Comparison of magnetic field gradients on FFP 
center along the main  and sub-axis using both FFP generation methods, (e) 

(i) Schematic diagram showing the calculation of the average angle 

difference (∆𝜽𝒂𝒗𝒆𝒓𝒂𝒈𝒆), and (ii) ∆𝜽𝒂𝒗𝒆𝒓𝒂𝒈𝒆  measured at various distances 
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the grid points were measured. The average angle difference 

(∆𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒) served as an isotropy indicator (Fig. 3(e)(i)). 

Fig. 3(e)(ii) compares ∆𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒  for FFPs generated at 

three specific points: (10, 0, 0), (57.5, 0, 0), and (105, 0, 0). 

The proposed method produced ∆𝜃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 values of 15.22, 

13.97, and 31.76 degrees, respectively, outperforming the 

previous method’s 19.53, 29.50, and 52.30 degrees. These 

results demonstrate the proposed method's enhanced isotropy 

in the operational plane, addressing open-type EMA 

limitations by mitigating reductions in magnetic field strength. 

C. Magnetic particle targeting algorithm 

Tracking the real-time position of the small magnetic 

particles within blood vessels via imaging poses significant 

challenges. To address this, we propose an open-loop 

magnetic particle targeting algorithm. In this approach, we 

assume a surgical scenario involving a balloon catheter. 

Initially, the catheter is inserted into the desired blood vessel 

entrance, and the balloon is inflated to block the blood flow. 

Subsequently, the magnetic particle is injected through the 

catheter along with a fluid, allowing the fluid flow to carry the 

particle. To compensate for the relatively weak magnetic 

forces generated by the open-type EMA system, the algorithm 

dynamically determines the location of FFP at each timestep 

based on the shape of the blood vessel, applying continuous 

magnetic forces to guide the particle along the desired path. 

This study introduces a method that selects operational 

planes for effective force application, enabling the particle to 

move toward the desired outlet based on geometric and fluid 

flow data acquired via COMSOL Multiphysics. The paths 

from the inlet to the branch points, as well as between 

consecutive branch points, are divided into segments. Using 

these segments, a trajectory is established to guide the particle.  

As shown in Fig. 4(a), a timeline is generated for each 

segment between branch points using the targeting algorithm, 

and these are integrated into a complete timeline (Fig. 4(d)). In 

the rth segment, based on the acquired fluid flow then created 

using the central line points, and the optimal FFP location is 

selected for each operational plane. To ensure the operational 

plane spans the appropriate force direction for guiding the 

magnetic particle toward the desired outlet, the first plane is 

generated at the branch point to account for its geometry. 

Subsequent operational planes are then generated in reverse 

order, moving progressively towards the inlet or the previous 

branch point. 

Fig. 4(b) shows the process of generating the operational 

plane and selecting the FFP location at the branch point  𝑞𝑚𝑟
. 

Initially, as shown in Fig. 4(b)(i), the first plane (plane 𝑚𝑟) is 

established by passing through the branch point 𝑞𝑚𝑟
, and two 

additional points 𝑞𝑏1  and 𝑞𝑏2 , located at differential 

distances from 𝑞𝑚𝑟
 along the central lines of the subsequent 

sections.  

Next, as depicted in Fig. 4(b)(ii), to adjust the force 

direction at the FFP location, multiple candidate FFPs are 

generated at 1 mm intervals along the operational plane 𝑚𝑟. 

From these candidates, the FFP that provides the largest force 

component 𝐹𝑚𝑟
 in the desired outlet is selected. The force 

direction guiding the magnetic particle toward the target 

branch is set perpendicular to the projection vector 

 

 
𝑣𝑚𝑟,𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛, which is the velocity vector 𝑣𝑚𝑟

 at the central 

point 𝑞𝑚𝑟
, projected onto plane 𝑚𝑟 . This force direction 

aligns with one of the two vectors passing through plane 𝑚𝑟 

towards the desired outlet. To maximize the magnetic field 

gradient in the direction of the   desired force, the selected 

vector is designed as the main axis (𝑥′) during the FFP 

generation process. 

Fig. 4(c) shows the process of generating operational planes 

and selecting the FFP location at points preceding the branch 

point (e.g., 𝑞𝑚𝑟−1, 𝑞𝑚𝑟−2, ⋯ , 𝑞𝑘 , ⋯ , 𝑞1). For any given point 

𝑞𝑘, as depicted in Fig. 4(c)(i) and (ii), the operational plane is 

created by passing through point 𝑞𝑘+1 and the contact points 

𝑞𝑐1,𝑘+1 and 𝑞𝑐2,𝑘+1, where the perpendicular line from the 

projected vector 𝑣𝑘+1,𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (the velocity vector 𝑣𝑘+1  at 

the central point 𝑞𝑘+1 , projected onto the plane 𝑚𝑘+1 ) 

intersects the blood vessel wall. Subsequently, as shown in Fig. 

4(c)(iii), multiple candidate FFPs are generated along the 

operational plane. The FFP with the largest force component 

𝐹𝑘  in the direction of the desired outlet is then selected, 

ensuring optimal guidance of the magnetic particle toward the 

target.  

Dynamic simulations are then conducted to verify whether 

the magnetic particle moves toward the desired branch along 

the timeline by applying the magnetic field. If the simulations 

indicate that the particle fails to move in the desired direction 

on certain timelines, the input flow rate is reduced to allow an 

increase of one in the number of FFP locations at points, as 

Fig. 4. Overview of the targeting algorithm: (a) Segmentation of flow-based 

unit time intervals at the rth branch, (b) For plane k = mr : (i) Generation of 

plane mr and (ii) Method for selecting 𝐹𝐹𝑃𝑟,𝑚𝑟
, (c) For planes k = mr - 1to 

1 : (i) Determination of 𝑞𝑐1,𝑘+1 and 𝑞𝑐2,𝑘+1, (ii) Generation of plane k, and 

(iii) Method for selecting 𝐹𝐹𝑃𝑟,𝑘, and (d) Overview of the entire timeline, 

combining the FFP application timelines for each branch. 
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described in line 29 of Algorithm 1. It extends the duration 

that the particle remains under the influence of the magnetic 

force. This adjustment is repeated across all timelines until the 

magnetic particle is successfully guided toward the desired 

branch. Once the optimal movement is achieved, a complete 

timeline is constructed by sequencing the optimized FFPs 

according to the movement of the particle. The FFPs are then 

applied in sequence to guide the particle along the final 

trajectory. This entire process is described in Algorithm 1. 

IV. EXPERIMENTS 

A. Experimental setup 

The 2D and 3D Y-shaped phantoms were fabricated using 

stereolithography (SLA) 3D printing with Clara A material. 

The 3D blood vessel phantom experiment targeted 

transcatheter arterial embolization (TACE). The 3D blood 

vessel phantom was created from a model of real liver 

vasculature obtained by CT imaging and printed using SLA 

3D printing with Accura ClearVue material. The magnetic 

particles were made from alginate, a biocompatible and 

biodegradable material, embedded with Fe3O4 magnetic 

nanoparticle. The size of the magnetic particles was designed 

to be approximately 450–500 μm, within the typical range of 

embolic particles (40–500 μm), to enhance imaging 

performance. The particle has a magnetization value of about 

24 emu/g, and a density is 1380 kg/m3. A 60% glycerol 

solution was used as the fluid because its properties closely 

resemble those of blood at low flow rates. To enhance 

visibility, pigment was mixed into the fluid, helping 

distinguish between the fluid and the phantom walls and 

aiding observation of the phantom. The experiments were 

conducted with an input flow rate of 0.65 mL/min for the Y-

shaped channels and 0.7 mL/min for the 3D blood vessel 

channel. Fluid analysis and magnetic field analysis were 

conducted using COMSOL Multiphysics, and the resulting 

fluid velocity data were incorporated into MATLAB R2022a 

for magnetic particle simulations. As shown in Fig. 5(b), five 

starting points (30, 50, 70, 90, and 110 mm) were used for 

experiments, with the inlet of the phantom aligned along the x-

axis of the system, extending from the outside toward the 

inside. Each experiment was repeated 50 times, and delivery 

efficiency was defined as the ratio of successful deliveries to 

the total trials. 

B. Magnetic particle targeting in 2D & 3D Y-shaped phantom 

Experiments were conducted on the 2D and 3D Y-shaped 

phantoms to evaluate the performance of the proposed open-

type EMA system, FFP generation method, and magnetic 

particle targeting algorithm. Initially, magnetic particle 

targeting was tested on the 2D Y-shaped phantom. As shown 

in Fig. 6(a), the inlet angle (𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚) relative to the x-axis 

was designed and fabricated to be -45, 0, and 45 degrees. The 

phantom comprises two key sections: the connecting part, 

where the Tygon tube attaches to the phantom, and the 

actuation part, where the magnetic particle is exposed to 

magnetic forces. The distance from the inlet to the branch is 

30 mm, with the actuation part about 25 mm. Video 1 shows 

the targeting experiments at a starting point of 70 mm. It 

validates that the magnetic particle was successfully targeted 

to the desired outlet in the 2D Y-shaped phantom.  

Fig. 6(c) summarizes the experimental results of magnetic 

particle targeting at five starting points in three 2D Y-shaped 

phantoms. Without magnetic force, particle distribution 

depended on the inlet angle (𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚) : for 𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚= -45°, 

20% of particles reached outlet 1 and 80% outlet 2; for 

𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚= 0°, the distribution was even (50% each); and for 

𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚 = 45°, 82% reached outlet 1 and 18% outlet 2. With 

the proposed system and algorithm, 100% of particles were 

guided to the target outlet for starting points of 30–70 mm. At 

a starting point of 90 mm, an average of 98.3% (with a 

Algorithm 1: Magnetic Particle Targeting Algorithm. 

Input: vinlet, dt, channel geometry 

Output: FFP Timeline 

1: for r = 1 to N do 

2: central line ← Get_centralline (channel geometry (r)) 

3: roof = 0 

4: while roof = 0 do 

5: vr, average ← Fluid_simul (vinlet, channel geometry) 

6: {q1~qmr} ← Get_dots (central line, interval = vr, averagedt) 

7: for k = mr do 

8: qb1, qb2 ← Get_dots (central line, interval = ds) 

9: plane k ← Get_plane (qb1, qb2, qk) 

10: vk, projection ← projection (vk, plane k) 

11: Fk ← Get_verticalvector (vk, projection, plane k) 

12: FFP list ← Get_grid (origin = qk, main axis = Fk,  
interval = 1 mm, plane = plane k) 

13: FFPr, k ← argmax (Fk (FFP list)) 

14: end for 

15: for k = mr – 1 to 1 do 

16: line k ← Get_verticalline (vk+1, projection, plane k+1, qk+1) 

17: qc1, k+1 qc2, k+1 ← Contact_point (line k, channel geometry) 

18: plane k ← Get_plane (qc1, k+1 qc2, k+1, qk)  

19: vk, projection ← projection (vk, plane k) 

20: Fk ← Get_verticalvector (vk, projection, plane k) 

21: FFP list ← Get_grid (origin = qk, main axis = Fk, 

interval = 1 mm, plane = plane k) 

22: FFPr, k ← argmax (Fk (FFP list)) 

23: end for 

24: Goal ← Dynamic_simul ({FFPr, 1, FFPr, 2, … FFPr, mr}) 

25: if Goal = True then 

26: roof = 1 

27: Timeline r ← {FFPr, 1, FFPr, 2, …, FFPr, mr} 

28: Else 

29: vinlet ← Length (central line)vinlet / (Length (central line) + 

vinletdt) 

30: end if 

31: end while 

32: end for 

33: return FFP timeline ← {Timeline 1, Timeline 2, …, Timeline N} 

Fig. 5. (a) Open-type EMA system and phantom setup, and (b) Positioning 

of the phantom relative to the ROI of the open-type EMA system and 

variation of the starting point. 
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minimum of 92%) of the particles reached the target outlet. At 

a starting point of 110 mm, the targeting success rate averaged 

88.3%, with a minimum of 62% reaching the desired outlet. 

As depicted in Fig. 6(b), the 3D Y-shaped phantom relative to 

the x-axis (𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚) was designed and fabricated to be -45, 0, 

and 45 degrees. To enable a direct comparison with the 2D Y-

shaped phantom experiments, the distance from the inlet to the 

branch was designed as a 20 mm-radius arc. Additionally, 70% 

of this arc was designed as the actuation part, closely matching 

the length of the actuation part used in the 2D Y-shaped 

phantom experiments. Video 2 shows the targeting 

experiments at a starting point of 70 mm. It validates that the 

magnetic particle was successfully targeted to the desired 

outlet in the 3D Y-shaped phantom.  

Fig. 6(d) summarizes the experimental results for the 

magnetic particle targeting at five starting points in three 3D 

Y-shaped phantoms. Without magnetic force, particle 

distribution varied by phantom: for 𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚= -45°, 16% of 

particles reached outlet 1 and 84% outlet 2; for 𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚= 0°, 

52% reached outlet 1 and 48% outlet 2; and for 𝜃𝑝ℎ𝑎𝑛𝑡𝑜𝑚= 

45°, 82% reached outlet 1 and 18% outlet 2. With the 

proposed system and algorithm, an average of 99.3% 

(minimum of 98%) of particles reached the desired outlet for 

starting points of 30–70 mm. At a starting point of 90 mm, the 

average success rate was 91.3% (minimum of 76%), and for a 

starting point of 110 mm, the average delivery efficiency was 

82% (minimum of 56%). 

For both the 2D and 3D Y-shaped phantoms, the delivery 

efficiency decreased beyond the starting point of 70 mm. This 

is because the magnetic force decreases as the distance 

between the system and the phantom increases, resulting in an 

increase in the relative influence of non-magnetic forces 

acting on the particle. In addition, the 3D Y-shaped phantom 

exhibited lower delivery efficiency at the same starting points 

compared to the 2D Y-shaped phantom. This decrease is 

presumed to be due to the weaker magnetic force with 

increasing distance between the system and the phantom, 

despite the same actuation part length.  

C. Magnetic particle targeting in 3D blood vessel phantom 

Simulations and experiments for magnetic particle targeting 

were conducted in the 3D blood vessel phantom. Fig. 7(a) 

shows the geometry of the 3D blood vessel phantom model, 

and the fluid velocity distribution obtained from simulations. 

As shown in Fig. 7(a), the 3D blood vessel phantom consists 

of one inlet, two branches, and three outlets. The inlet has an 

internal diameter of 1.5 mm, while the outlets have diameters 

of 1.0 mm, with the channels gradually narrowing from the 

inlet to the outlets. Fig. 7(b) and Video 3 present the results of 

simulations and experiments using the proposed targeting 

algorithm to guide the magnetic particle to the desired outlet 

from a starting point of 70 mm in the phantom. The figure 

shows the particle trajectories and magnetic forces applied 

during the simulation, displayed at 0.2-second intervals, while 

the experimental results depict the movement of the particle at 

0.5-second intervals. Both the simulations and experiments 

confirm that the magnetic particle is successfully guided to the 

desired outlets, following similar trajectories in each case. 

Fig. 7(c) summarizes the experimental results for targeting 

the magnetic particle to outlets 1, 2, and 3 from five different 

starting points in the 3D blood vessel phantom. Without 

magnetic force, the particles followed the fluid flow, with 52% 

reaching outlet 1, 38% reaching outlet 2, and 10% reaching 

outlet 3. When using the proposed open-type EMA system and 

targeting algorithm, the delivery efficiency to the desired 

Fig. 6. (a) Fabricated 2D Y-shape phantom, (b) Fabricated 3D Y-shape 
phantom, (c) Delivery efficiency of magnetic particles towards outlet 1 and 

2 from 5 different starting points (30~110 mm) for: (i) 2D -45°, (ii) 2D 0°, 

and (iii) 2D 45° phantom (n = 50), (d) Delivery efficiency of magnetic 
particles towards outlet 1 and 2 from 5 different starting points (30~110 

mm) for: (i) 3D -45°, (ii) 3D 0°, and (iii) 3D 45° phantom (n = 50). 
 

Fig. 7. (a) Geometry of the 3D blood vessel phantom and the fluidic 

velocity distribution, (b) Simulation and experimental results at the starting 
point of 70 mm, showing the trajectories and magnetic forces applied to 

magnetic particles targeting outlet 1, 2, and 3, and (c) Delivery efficiency of 

magnetic particles directed towards outlet 1, 2, and 3 from 5 different 
starting points (30~110 mm) in the targeting experiment (n = 50). 
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outlet was at least 90% for starting points of 90 mm or less, 

and at least 72% for starting points of 110 mm. Specifically, 

fortargeting outlet 2, the delivery efficiency was 100% for 

starting points of 70 mm or less, 74% at 90 mm, and 42% at 

110 mm. The overall average delivery efficiency across all 

three outlets was 99.3% for starting points of 70 mm or less, 

85.3% at 90 mm, and 63.3% at 110 mm. These results 

demonstrate the effectiveness of the proposed EMA system 

and targeting algorithm for guiding the magnetic particle in 

blood vessels with two branches, especially for starting points 

of 90 mm or less. Compared to the 2D and 3D Y-shaped 

phantoms, the 3D blood vessel phantom showed significantly 

lower efficiency. This is due to the additional branches that 

require more complex navigation, further reducing delivery 

efficiency. 

V. CONCLUSION 

In this study, we introduced the new open-type EMA system, 

the novel FFP generation method tailored for this system, and 

the targeting algorithm for steering the magnetic particle in 3D 

microvascular environments. To address the limitations of 

previous closed-type EMA systems, we designed and 

optimized the open-type EMA system, focusing on 

compatibility with imaging devices and spatial efficiency. Coil 

structure optimization using the CEPMA design led to a 50.19% 

increase in magnetic field strength and a 42.99% improvement 

in gradient compared to the FEMA structure. Additionally, we 

optimized the coil configuration for FFP generation by 

increasing the isotropy of the gradient field. 

Then, the constraints for FFP generation were reduced from 

six to four, increasing the gradient strength in the desired 

direction while maintaining isotropy. Additionally, we 

developed a targeting algorithm for guiding the magnetic 

particle to desired locations within complex vascular 

structures. The various simulations and experiments 

performed in 2D and 3D Y-shaped phantoms, as well as in a 

3D phantom modeled after liver vasculature, demonstrated 

that the proposed open-type EMA system and targeting 

algorithm effectively guide the magnetic particle to target 

outlets in various vascular structures. The proposed system 

achieved delivery efficiencies of over 96% for starting points 

within 70 mm, with average efficiencies of 88.3%, 82%, and 

63.3% in the 2D Y-shaped, 3D Y-shaped, and liver-model 3D 

phantoms at 110 mm. While the algorithm showed robust 

single-particle control, multi-particle scenarios may introduce 

discrepancies due to inter-particle interactions. Future work will 

explore clustering effects and develop algorithms for multi-

particle control. Ex-vivo and in-vivo experiments will assess 

clinical applicability, addressing challenges from real blood 

vessel properties and flow dynamics. These findings are 

expected to advance non-invasive targeted drug delivery 

systems using magnetic actuation technology. 
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