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Abstract— Magnetically targeted drug delivery (MTD) systems 
are used in the treatment of various diseases. However, few studies 
on the targeting of micro-/nano-sized magnetic particles (MPs) 
inside multi-bifurcations vessel with fluid flow have appeared. 
Here, we present a user-interface offline programming guidance 
(OLPG) scheme that controls MPs within a multi-channel 
dynamic vascular model. The OLPG scheme can simplify the 
guidance complexity for MTD and overcome the difficulties in 
real-time sensing of magnetic nanoparticles (MPs). Calibration 
between real and virtual environments minimizes OLPG errors 
due to the aggregation properties of the MPs. A Swarm of 
Aggregated MPs (SAMPs) can be defined experimentally as the 
equivalent diameter of a single MP. The joystick position is 
linearly related to the MP magnetic forces of a real 
electromagnetic actuator. SAMPs were controlled inside the MTD 
simulator using the joystick and their control commands can be 
downloaded to the real controller of the in vitro multi-channel 
vessel model. We performed both simulations and in vitro studies 
in the multi-channel vascular model. A user guided MPs to the 
desired locations in ~50% of simulations and ~49.5% of in vitro 
studies, in the absence of visual feedback. Also, a realistic 3D blood 
vessel model was simulated to evaluate the feasibility of the OLPG 
scheme. Our system has a potential to guide in vivo drug delivery. 

Index Terms— Targeted drug delivery, Offline programming, 
Interactive manipulation, Aggregation model, Swarm control 

I. INTRODUCTION 
icro-/nano-magnetic particles (MPs) have received 
extensive attention given the technological advances in 

biomedical applications, such as high-precision targeted drug 
delivery and micro-/nano-manipulations [1, 2]. Magnetic field 
therapy has no side-effects and the magnetic field can penetrate 
deep tissues more safely than in other methods. Thus, targeted 
drug delivery using magnetic fields is being actively studied 
[3].  However, some issues remain for implementing precise 
magnetically targeted drug delivery (MTD). The primary 
difficulty is the requirement of a real-time, high-resolution 
imaging device for detecting MPs [4]. Since currently available 
medical imaging devices [5-7] have limitations related to 
provision of fast high resolution MP position updates, most 
studies on guidance of MPs [8-10] focus on handling milliscale 
micro/nanorobots in a static fluid.  

The aggregation of magnetic particles and their swarm 
control can enhance the targeting and actuation efficiency with 
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better imaging quality with higher concentrations, while it can 
avoid blood clogging problems when the applied magnetic 
fields turn off. Therefore, pulsed magnetic field functions [11] 
have been suggested to guide the swarm of micro-/nano 
particles to a target region inside a Y-channel model by 
optimizing magnetic force and frequency inside the dynamic 
fluid. However, since this open-loop control method requires 
knowledge of the dynamic characteristics of MPs, vessel 
geometry and flow rates, it is difficult to extend this scheme to 
a dynamic fluid vessel with multi-bifurcations. Feedback 
control guidance scheme [12] for swarm guidance of micro-
/nano particles have been suggested for use in dynamic fluid 
flow conditions inside Y-shaped and multi-bifurcation vessels, 
but these researches are limited to simulation studies due to the 
difficulties involved in obtaining real-time positional feedback 
of the swarm of micro-/nanoparticles in a dynamic vascular 
environment. Recently, magnetic resonance navigation (MRN) 
method has been suggested for guidance of an aggregate of 
magnetic nanoparticles (~1.2mm) in a dynamic fluid vessel 
with multi-bifurcations [13]. A rotating magnetic field has been 
utilized to control microswarms (~1mm) inside a Y-shaped 
vessel with dynamic fluid [14], which could be detected using 
an ultrasonic imaging device. Also, a combination of acoustic 
and magnetic fields was suggested for guiding microswarms of 
robots in a dynamic fluid [15]. Despite recent studies, the 
generation and guidance of aggregated magnetic particles 
inside multi-bifurcated vessels with fluid flow is still a big 
challenge for MTD due to the dispersion characteristics of 
aggregated magnetic particles and the guidance complexity. 
Thus, a new guidance scheme for aggregated MPs should be 
considered to overcome these difficulties.  

In contemporary robotics, it is considered useful to employ 
virtual reality within a control loop [16], because simulation 
technologies combined with virtual environments afford a wide 
angle of view (AoV) that allows a user to perform various tests 
without real hardware (i.e., using real-time sensors). In the field 
of industrial robotics, off-line programming (OLP) is widely 
used because it provides precise robot control [17]. OLP allows 
the robot trajectories for virtual tasks to be created 
independently using a robot cell; these are then uploaded to the 
real robot that performs the task. OLP thus shifts the 
programming burden from the robot operator in the workshop 
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to the software engineer in the office. OLP can be used to create 
complex systems, and is efficient and cost-effective when 
applied to large-volume production [18]. In the medical field, 
OLP can be applied for ablation path planning/targeting [16]; 
virtual ablations are performed after identifying the targets. 
Each surgical plan is transferred to the real world using a 
clinical electro-anatomical navigation system, which defines 
optimal ablation targets via personalized, pre-procedural 
computational modeling. However, as OLP relies heavily on 
robot and workspace modeling, precise calibration is required 
to meet the accuracy requirements.  

Magnetically targeted drug delivery (MTD) would benefit 
from OLP. Through implementing OLP, we can guide micro-
/nano particles to a desired location inside the vascular using a 
magnetic guidance simulator without an imaging device. 
Furthermore, user can easily generate particles’ trajectories 
because user can intuitively steer micro-/nano particles inside 
the real-time simulator and get visual feedback from the 
simulator. Thus, this method can simplify the guidance 
complexity for MTD and overcome the real-time sensing 
necessity of the feedback control method. To the best of our 
knowledge, no previous study has reported the swarm steering 
of MPs inside a multi-channel dynamic vascular model via OLP 
in the real world.  

In this paper, we developed a novel, user-interfaced offline 
programming guidance (OLPG) scheme for controlling MPs 
inside a dynamic vascular model. Here, we implement an 
OLPG scheme in vitro and calibrate the process using magnetic 
fields, while control commands from the MP guidance 
simulator [12] can be downloaded to a real vascular model for 
MPs’ swarm guidance without real-time imaging.  In Section II, 
the overall concept is explained. Section III introduces the 
MTD simulator and calibration scheme for intuitive OLP. 
Section IV includes simulations of the OLPG scheme 
performed using commercial software (COMSOL 
Multiphysics), Section V presents the in vitro experimental 
results, and Section VI presents the 3D simulation result and 
discussions for in-vivo application and Section VII provides the 
conclusions with the planned future work.  

II. USER-INTERFACED OFFLINE-PROGRAMMING GUIDANCE 
SYSTEM 

The user-interfaced OLPG system for MPs features an MTD 
simulator with a joystick, a real-world MP guidance control 
system, and a calibration scheme to minimize modeling errors 
between the two systems (Fig. 1).  When the user controls MPs 
in the MTD simulator using the joystick, the interaction point 
of the control interface must be defined. In MP swarm control 
[12], it is not possible to set the interaction point by 
continuously measuring  the average MP position inside the 
vascular model; an imaging device that detects individual MPs 
is lacking. Thus, we set the interaction point to the center point 
of a swarm of aggregated MPs (SAMP) based on a calibration 
algorithm with MP aggregation studies (Fig. 1(a)). First, we 
determined the relationship between the electromagnetic force 
and joystick position inside the region of interest (Section III 
D.1). Second, we obtained the equivalent diameter (deq) of 
aggregated MPs via an aggregation study (Section III D.2). 
Third, we assumed that the aggregated MPs moved as a single 
particle because their properties and sizes are identical based on 

the deq of the aggregation model. Thus, the SAMP represents all 
aggregated MPs inside the vascular model, and is defined as a 
single particle when the MTD simulator calculates average 
positions by reference to the deq of aggregated MPs. When using 
the SAMP center position as the interaction point, the initial 
position of that should be obtained via calibration; the position 
must be identical when all aggregated MPs are injected via an 
inlet into the in vitro system. The user-driven OLPG system is 
shown in Figure 1(b). Via calibration, we define the SAMP 
inside the MTD simulator. Then, the user intuitively guides the 
center SAMP position to the desired location by applying 
magnetic force to aggregated MPs inside the virtual vascular 
model. Next, the resultant force trajectories are uploaded to the 
in vitro multichannel guidance control system. Finally, we 
compare the guidance results of the MTD simulator with those 
obtained in vitro using image processing. Compared to rotating 
or oscillating magnetic fields [8], the suggested scheme uses a 
constant magnetic field to generate aggregations of MPs in the 
calibration stage and uses the gradient field in the guidance 
stage. Consequently, the aggregated MPs can be steered by 
changing their radial positions inside the vessel through the 
gradient magnetic field and the fluid flow can be utilized to 
propel the aggregated MPs. Whereas, the rotating magnetic 
field method requires the surface interactions of the substrates 
of the swarmed MPs for locomotion [8]. Since the proposed 
guidance scheme does not require the complex locomotion 
control of MPs inside a vessel with dynamic flow, this can 
simplify the swarm control of MPs in a dynamic flow compared 
to the existing swarm controls [9]. 

III. INTUITIVE MTD SIMULATOR AND CALIBRATION OF IN 
VITRO SYSTEM 
A. Force modeling for steering of MPs in the blood vessel 
model 
Many forces act on MPs moving inside blood vessel model, 

including hydrodynamic drag and inertial, buoyancy, gravity, 
adhesion, and contact forces; the hydrodynamic drag, 

 
Figure 1. The user-interfaced off-line programming guidance system. (a) 
Calibration.  (b) Guidance. 
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magnetophoretic, and gravitational forces are the most 
important. Gravitational force can be the main factor in 
aggregate formation. Thus, the total force on MPs during 
particle steering can be derived as: 
F = FMAP + Fdrag + Fm + Fetc (1) 
where FMAP is the magnetophoretic force, Fm is the gravitational 
force, and Fdrag is the hydrodynamic drag force. Fetc includes the 
un-modeled forces like dipole force, contact-adhesion force and 
normal force from the substrate. These forces are neglected due 
to their small contribution in generation of the overall MPs 
trajectory, as compared to the magnetic gradient field [21]. In 
addition, we have assumed elastic boundary conditions for the 
vascular environment [30]. As the MPs are spherical, lift, the 
side fluidic forces, and all three fluid moments can be ignored. 
Each MP is only subjected to the fluid drag force. During MP 
steering, viscous effects predominate. The drag force on the 
particles is derived using Stokes’ Law as: 
۴ୢ୰ୟ୥ = ௣ݒ൫݀ߟߨ3− −  ௙൯ (2)ݒ
where ߟ is the fluid viscosity, d is the MP diameter, vp is particle 
velocity, and vf is the fluid velocity. The gravity and buoyancy 
forces determine the gravitational force: 
Fm = ଵ

଺
௣ߩଷ൫݀ߨ −  (3) ܩ௦൯ߩ

where d is the MP diameter, and ρp and ρs are the MP and fluid 
densities respectively. The magnetic force FMAP is given by: 
FMAP = V(M∙∇) B (4) 
where V is the MP volume, M is the net magnetic polarization, 
and ∇B is the magnetic gradient field. This simplifies to:  
۴ெ஺௉ = ଵ

଺
 (5) ࡴ଴M(H)સߤଷ݀ߨ

where µ0 is the permeability of free space, H is the magnetic 
intensity, d is the particle diameter, and H is the magnetic 
intensity gradient. M(H) is proportional to the magnetic 
intensity (< 50mT) and we can assume that this is saturated at 
60kA/m (> 50mT) [19]. 
B. Real-time MTD simulator 

Our MTD simulator (Fig. 2(a)) [12] features a virtual multi-
channel vascular model providing visual information, a 
simulation engine that accurately reflects MTD dynamics, and 
a user input device that adjusts magnetic force magnitude and 
direction. The simulation engine for three-dimensional MP 
guidance is divided into graphics and physics engine (Fig. 2(b)). 
The physics engine simulates MPs movements based on fluid 
dynamics and external magnetic forces. The graphics engine 
generates visual feedback for the user. The both physics engine 
and graphics engine were developed using C# programming in 
Visual Studio 2019 and operates at 1kHz. The position of all 
MPs are transmitted to the graphics engine. Figure 2(c) shows 
a flowchart of the physics engine. Before the simulation is run, 
the user sets parameters for MPs and the vessel (Table I). Then, 
a fluid velocity profile is generated by COMSOL and this 
exported to the MTD simulator based on tiny meshes prior to 

simulation (offline). When simulation commences, the drag 
force is calculated based on the fluid velocity profile, and the 
joystick controls the magnitude and direction of the magnetic 
force (online). Furthermore, the gravitational force is applied 
based on the parameters listed in Table I.  

C. Modeling virtual vascular with flow fluid and in vitro 
implementation  

The COMSOL fluid dynamics of vessel flow can be 
implemented in a real in vitro vessel. We used 3D CAD 
software (SolidWorks) to design a three-dimensional 
multichannel vascular model (Fig. 3(a)), and the 
polydimethylsiloxane (PDMS) chip shown in Fig. 3(b) was 
manufactured. The remaining lengths have co-length (5mm) 
and co-diameter (2mm). Figure 3(c) illustrates the computed 
flow velocity profile inside the channel that shows a low 
velocity near the walls and a higher velocity in the center of the 
channel. One inlet was used for continuous water injection, and 
the other was used for single-step MP injection. We aimed to 
create identical virtual and real vessels in terms of fluid velocity 
and geometry. 

D. Calibration of MP force modeling 
For implementing the OLPG scheme for MTD, a precise 

calibration between the virtual and real vessels is essential.  
1) Electromagnetic force generation using a joystick 
MPs become magnetically saturated during MTD using high 

fields. As shown in Eq. (5), magnetic force is influenced mainly 
by the gradient field. We measured the magnetic field (mT) 
every 5 mm in the regions of interest (ROIs) of the magnetic 
actuators using a Gauss/Tesla meter (FW BELL 5180) (Fig. 4(a) 
and (b)). The magnetic field is shown in Figure 4(b). As the 
coils used not in the precise Maxwell configuration, the 
gradient field was not constant within the ROIs. The gradient 

 
Figure 3. The multichannel geometry; (a) the virtual environment and (b) the 
real-world environment. (c) The volumetric flow field in the multichannel 
environment (mm3/s). 
 

 
Figure 2. The MTD system. Overall view (a). The simulation engine (b). Flow 
chart of the physics engine (c). 

TABLE I 
EXPERIMENTAL PARAMETERS  

PARAMETER Value 
MP initial diameter (݀௜) 1μm 

Water viscosity 0.000894Pa∙s 

Glycerol + Water (1:1) viscosity 0.004Pa∙s 
଴ 4πߤ × 10ି଻ܰ/ܣଶ  

Particle density (ߩ௣) 2250kg/mଷ 
Water density (ߩ௦) 997kg/mଷ 

Glycerol + Water density (ߩ௦) 1112kg/mଷ 
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field depended on MP location and the applied current. That 
current in the magnetic actuators was determined by joystick 

position (Fig. 4(c)). 
2) Aggregation of MPs 

Under the external magnetic field, MPs become aggregated 
via a dipole force [20], and the saturated degree of aggregation 
depends on the magnetic field, particle size and concentration. 
In the calibration stage, when the single coil turns on with the 
maximum current, MPs are aggregated as rod-shaped magnetic 
chains orientated in the direction of the magnetic field, and the 
aggregation is saturated as a constant shape after a short period 
of a few milliseconds. In the guidance stage, the currents in the 
pair of coils can be changed according to the joystick position. 
During this stage, we can assume that the equivalent diameter 
of the aggregated MPs will not change as long as the magnetic 
field generated by the electromagnetic actuator is lower than the 
maximum magnetic field applied during the calibration stage 
(Eq.8). After the end of the guidance stage, MPs become 
dispersed and disaggregated when the currents of the coils are 
turned off.   

Therefore, we modeled the aggregated MPs as the equivalent 
diameter (deq) of a single MP, which can be obtained   
experimentally [21] (see Fig.5). MPs are aggregated as rod-
shaped and each MP of aggregated MPs has an initial diameter 
d. The equivalent diameter of aggregated MPs is determined by 
n2d and the height n1d. n1 is the number of MPs in the horizontal 
direction; n2 is the number in the vertical direction (Fig. 5). The 
aggregated MP volume is π/4(n1n2

2d3) and the deq is thus given 
by: 

deq=ටଷ
ଶ

݊ଵ݊ଶ
ଶయ ݀ (7) 

We take ටଷ
ଶ

݊ଵ݊ଶ
ଶయ  as the equivalent coefficient (n) for aggregated 

MPs with a deq of nd. When considering aggregation effects, the 
forces acting on aggregated MPs are found by using deq rather 
than d in Eqs. (2), (3), and (5). To determine the deq of 
aggregated MPs, we performed a simple experiment based on 
the fluid velocity and particle concentration of the in vitro 
experiment in Section V (Fig. 5(b)). Water continuously 
injected from inlets with fluid velocity inside the channel (Fig. 
3(c)). MPs were injected into the center inlet (Fig. 5(b), white 
dot circle) and aggregated by applying the maximum magnetic 
field (6A; 200mT) during 10s (Fig. 5(b2)). After the aggregates 
of MPs were formed, an opposite magnetic force was applied 
to move the magnetic particles towards the opposite wall (Fig. 
5(b3)). Each aggregate of MPs has a different deq. To get the 

average deq of aggregated MPs, the average time to reach the 
opposite wall was estimated and denoted as tavg (Fig. 5(c)). The 
average deq was 19μm and tavg was 0.25s, which were obtained 
through both the simulations and the in vitro experiments (Fig. 
5(c)). We repeated the procedure ten times to determine the 
average equivalent diameter (Fig. 5(c)).  

The aggregation between magnetic particles is related with 
magnetic coupling parameter Γ [22]: 
Γ = ఓబ୑(ୌ)మ

ଶగௗయ௞ಳ்
 (8) 

where kB is the Boltzmann constant, T is temperature, M(H) is 
the magnetization of MP, and μ0 is the magnetic permeability 
of free space. Physically, Γ ≫ 1  corresponds to a situation 
dominated by magnetic interactions, whereas at Γ ≪ 1, thermal 
agitation becomes dominant only when magnetization 
approaches zero. After the aggregated MPs reach the 
equilibrium state at the maximum magnetic field (200mT), the 
aggregates will be formed. Then, if the minimum magnetic field 
is higher than 30mT and the magnetic coupling parameter (Γ) 
satisfies the condition (Γ ≫ 1), the aggregation of MPs will 
maintain a constant size. It should be noted that the magnetic 
field during the guidance stage needs to be between 30mT and 
200mT. 

E. Calibration of the SAMP center position  
Using the experimentally determined deq, we represented the 

aggregated MPs as a SAMP that moved like a single particle 
(Fig. 6(a)). Although the SAMP can represent aggregated MPs 
inside a vessel, portion of MPs are not aggregated and thus, the 
SAMP of the MTD simulator does not represent non-
aggregated MPs inside a vessel. Furthermore, it is impossible 
to control both non-aggregated and aggregated MPs with 
different deq using a global magnetic field. Consequently, 
SAMP can only represent aggregated MPs. The SAMP was 
assumed to be a single particle with the average deq of 
aggregated MPs under a magnetic force inside the vessel (Fig. 
6(a)). Additionally, initial SAMP position should be determined 
in calibration stage. Specifically, first, water was continuously 
injected with target velocity through one inlet. Then, MPs were 
injected into another inlet (see Fig. 3) and the magnetic field is 
kept in the negative y-direction to hold the MPs at the channel 
wall (Fig. 6(b)). Finally, we estimated the initial average 

 
Figure 4. The electromagnetic actuation system. (a) The system for offline 
programming. (b) Mapping between the workspace of the joystick and the 
electromagnetic actuation current. The spatial distribution of (c) the magnetic 
field and (d) the gradient field, when a current of 1–6 A is applied. Magnetic 
flux distribution for steering of MPs to the right with 6A current applied to coil 
1 (e). 

 
Figure 5. Average time taken by aggregated MPs to reach the opposite wall
(tavg) in the MDT simulator (s) and in the in vitro environment under an external 
magnetic field with dynamic fluid conditions. The equivalent diameter (deq) was 
19μm, based on both the simulation and experimental results. (a) The real 
channel. (b) The aggregation study protocol (enlarged image near the MPs 
inlet). (c) Reaching time comparison between the simulation and the real-world 
experiment. 
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position of the aggregated MPs using a microscope 
(SMTUSCOPE; Shenzhen Qi Yao Technology Co.,Ltd) 
installed near the MP inlet and mapping the SAMP center to the 
average position of the aggregated MPs. 
IV. OLP VERIFICATION VIA SIMULATION OF A MULTICHANNEL 

VASCULAR MODEL 
To evaluate the proposed guidance scheme, we compared the 

SAMP trajectories of the MTD simulator and MP trajectories 
simulated by COMSOL under the same magnetic fields. Thus, 
COMSOL simulations served as the testbed for verification of 
our OLPG scheme. First, using the MTD simulator in Section 
III-A, the user viewed the visual screen and guided the SAMP 
to the desired location. During this process, the SAMP is 
controlled by drag, magnetic, and gravitational forces. The 
magnetic force is under the user control. At the end of the 
guidance process, the magnetic force which is generated by the 
joystick control at guidance process were uploaded to 
COMSOL. The COMSOL simulations included 500 non-
aggregated and 500 aggregated MPs [20]. We defined the non-
aggregated MPs with a lower degree of aggregation (1-3μm) 
than the average equivalent diameter (19μm). Moreover, based 
on the aggregation study (Fig.5), we assumed that all 
aggregated MPs exhibit a randomly distributed deq between 
14μm and 24μm. The conditions for both MTD simulator and 
COMSOL simulation are shown in Tables I and II, and the fluid 
flow (Fig.3(c)) reflected blood velocity (0.2–10mm/s) [23]. 
Figure 7 (a) shows the magnetic forces used to steer the SAMP 
to the desired location in the MTD simulator. 

Additionally, we compared the trajectories of SAMP in the 
MTD simulator and of MPs positions in the COMSOL 
simulation (Fig.7 (b)). During 10s, constant magnetic field is 
applied to generate MPs aggregation and to attach MPs to 
channel wall for keeping initial position of MPs. Although, both 
the non-aggregated (blue) and aggregated MPs (red) were near 
the channel wall, non-aggregated MPs are dispersed, move 
beyond first bifurcation and thus exist near the channel wall 
toward to outlet4. On the other hand, aggregated MPs are 
attached instantly to channel wall before reaching to the first 
bifurcation. The initial SAMP position was defined using the 
calibration procedure described in Section III E. At 10s, neither 

the aggregated nor non-aggregated MPs moved because the 
flow velocities converged to zero near the channel wall. At 
t=13.1s, the both aggregated MPs and non-aggregated MPs 
became dispersed. Aggregated MPs with a similar deq of 19μm 
exhibited small trajectory errors compared to the simulated 
SAMP trajectories. Meanwhile, non-aggregated MPs were not 
affected by the applied magnetic fields and thus remained near 
the channel wall. Even though non-aggregated were affected by 
the applied magnetic fields, they cannot follow desired 
trajectories of SAMP due to they already passed through first 
bifurcation during 10s. At t=17.1s, the SAMP and aggregated 
MPs were located at the same target. The trajectory errors 
mainly reflect dispersion of aggregated MPs during the 

COMSOL simulation.  
As mentioned in sub-Section III-D, intensity of the magnetic 

force applied during MTD should be greater than 0.2nN 
(external magnetic field ~30mT) to maintain MP aggregation. 
Therefore, the SAMP is always in motion, but its velocity 
converges to zero at the channel wall. Thus, if the SAMP is 
close to the channel wall, the user must generate an opposite 
magnetic force to move it. This explains why the SAMP 
trajectory zigzags in Figure 7(b). 

Table III shows the number of MPs reaching the target at the 
end of simulation (18s). Non-aggregated MPs (“MPs” in Table 
III) reached undesired outlets because, as explained above, non-
aggregated MPs were not affected enough by the applied 
magnetic forces and thus had different trajectories than the 
SAMP. A total of 500 aggregated MPs of 500 MPs (“a-MPs” in 
Table III) were steered to the desired locations. Although 
aggregated MPs may become dispersed, because of their small 
difference of deq, the SAMP was guided in this manner and thus 
guided to target location. The COMSOL results showed that 
most aggregated MPs could be steered via SAMP guidance by 
exploiting the intuitive trajectory changes of the MTD 
simulator; non-aggregated MPs were not guided. 

V. IN VITRO RESULTS  
A. Experimental setup 

External magnetic forces are used to steer MPs in real in 
vitro environments. The electromagnetic actuator has two sets 
of coils (each with 9300 turns and a diameter of 60mm) with 
cores (Fig.4(a)) accepting a current of up to 6 A (Fig. 4(b)). 
Fig.4(c) shows the mapping between the joystick workspace 

Figure 6. SAMP calibration. (a) Definition of the SAMP and (b) setting of the 
initial SAMP position. 

TABLE II 
PARAMETERS USED IN THE SIMULATION 

PARAMETER COMSOL MTD 
simulator 

Aggregated MP diameter 14-24μm 
SAMP: 19μm Non-aggregated MP 

diameter 1-3μm 

 

TABLE III 
VARIATIONS IN MP DISTRIBUTION AT THE END OF THE SIMULATIONS 

Fluid Particles Attaining targets 
1 2 3 4 Remain 

Water 
na-MPs 0 0 314 171 15 
a-MPs 0 500 0 0 0 

 
Figure 7. Magnetic force trajectories controlled by the user. (a) MP trajectories 
of the MTD simulator and COMSOL. (b) The SAMP trajectories (Unity 3d, 
orange curve), the COMSOL aggregated (red curve) and non-aggregated (blue 
curve) MPs trajectories. The aggregated and non-aggregated MPs are shown 
as red and blue spheres, respectively. 
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 and coil current intensity. The negative sign indicates a 
directional change in the magnetic force. A PXI controller and 
two independent power supplies (Aetechron-7224) were used 
to control each coil through a LabVIEW interface (Fig.8). MPs 
1μm in diameter at 50mg/mL (SIMAG-Silanol 1101; Chemicell, 
saturation magnetization value: 60kA/m with 
superparamagnetic hysteresis loop [19]) were injected through 
a syringe needle (0.02mL). Simultaneously, water was 
continuously injected via a syringe pump at 0.942 ml/min, 
identical to the conditions described in Section III and IV. The 
multichannel was also identical to that of the simulation 
(Figs.7(b) and 8). 

To evaluate OLPG efficiency and functionality, we used two 
test modes. In the Default mode (D), MPs moved without the 
magnetic guidance. In the OLPG mode, the user steered the 
SAMP via visual feedback from the virtual screen, and the data 
were uploaded to the in vitro model. 

B. Results 
We evaluated OPLG performance; the targeting ratio was 

estimated with ImageJ software (NIH). MPs were injected 
through an inlet under the maximum constant magnetic field 
(~200mT) (Fig. 4), which prohibits MPs from flowing with the 
water and triggers MP aggregation prior to any user command. 
The initial SAMP position was the same as in the calibration 
procedure described in Section III-E. Then, the user commands 
(Fig.7(a)) were uploaded to the PXI controller (Fig.8). The 
targeting ratio was estimated by measuring the area occupied 
by MPs, as revealed by an image processing technique using 
color segmentation (Fig. 9, measuring the pixel areas). 

The representative guidance results are shown in Figure 9. In 
the simulator trial, the SAMP trajectory was divided into 19 
representative points. The images show where the MPs are 
located at each representative point during the in vitro 
experiment. The first point (1) is at the end of the calibration 
stage (~10s) where a constant magnetic field had been applied 
and MPs had moved in the upward direction. Point 7 shows that 
some aggregated MPs became dispersed because of their 
different deq and the non-aggregated MPs had already dispersed 
towards the undesired outlets. The remaining aggregated MPs 
moved to the desired position following trajectories similar to 
those in the simulation (point 15).  At the final point (19), most 
of the aggregated MPs existed near the reference point, while 
the non-aggregated MPs remained at the undesired locations. 

Without magnetic field in Default mode, the areas of the four 
targets occupied by MPs were similar, at 26.2%, 26.9%, 23%, 
and 23.9% for targets 1–4, respectively (Table IV). The results 
are similar with simulation results. The OLPG results are shown 
in Figure 9; about 49.5% of all MPs reached the desired target. 
After point 15, the MP concentration changed because of the 
continuous water injection; image processing did not clearly 
reveal areas covered by MPs. Therefore, we calculated the 
results at point 15. We first measured the area (941 pixels) 

occupied by MPs at the calibration stage (point 1). Unlike in the 
COMSOL simulation, MPs did not remain close to the channel 
wall because they were under an injection force, and had 
already dispersed toward target 4. After guidance to point 15, 
the area occupied by MPs near the desired target 2 was 466 
pixels; (466 × 100/941 = 49.5%). The value for target 4 was 421 
pixels (44.7%). The remaining area was 54 pixels (941 – 466 - 
421 = 54).  

During MTD, this remaining area of MPs passed through the 
targets and were thus lost. The targeting ratios are shown in 
Table IV. As for the simulation results (Table IV), the targeting 
ratios of non-aggregated and aggregated MPs cannot be 
distinguished in vitro due to the uncontrollable characteristics 
of the non-aggregated MPs and we thus compared the summed 
targeting ratios. The proportion of MPs reaching the desired 
target 2 was 50% in the simulation and 49.5% in vitro; the 
respective proportions that reached undesired outlets or 
remained inside the channel were 50% and 50.5%.  

In simulation, the percentage of MPs entering outlet3 and 
outlet4 can be measured, respectively, but in in-vitro, the 
percentage is estimated through the image processing at the end 
of calibration stage (10s) and the image after guidance (18s). It 
is difficult to measure targeting ratio of outlet3 or outlet4 during 
guidance. Therefore, we compare the sum of outlet3, outlet4 
and remaining. It is 50% and 50.5%, which is similar to the 
simulation result. In other words, the targeting ratio was also 
50% and 49.5%, and similar results could be achieved in-vitro 
with simulation result.  

To evaluate feasibility of the proposed guidance scheme for 
in-vivo applications, we performed an additional experiment in 
a solution with blood-like viscosity (glycerol 50% + water 50%, 
viscosity ~0.004Pa ∙ s), that involved generating the SAMP 
trajectory (Fig. 10(a)) and uploading the force trajectory (Fig.10 
(b)). As compared to water, the 50% glycerol solution requires 
higher magnetic forces to overcome the drag forces (F௥௠௦ =

ට ଵ

మ்ି భ்
∫ [F(ݐ)ଶ]݀ݐమ்

భ்
, Frms in water: 5.44nN (Fig.7(a)) and Frms 

in 50% glycerol: 8.88nN (Fig.10(b))).  Specifically, during the 
calibration stage where the maximum magnetic field is applied 
(point1), the aggregated MPs (red spheres) in 50% glycerol 
were more dispersed due to the vessel flow (see Fig. 7(a) at 
t=10s and Fig.10(c) at point 1). In addition, the non-aggregated 
MPs (blue spheres) in the 50% glycerol were less affected by 
the magnetic forces. Thus, they were dispersed throughout all 
the channels, which could be observed in both the simulation 
(Fig. 10(c)) and the in-vitro (Fig.10(d)) results. Due to the initial 
dispersion at the calibration stage, some aggregated MPs cannot 
follow the reference trajectory (point 3). Thus, the guidance 
efficiency in the 50% glycerol is slightly less than that in water. 
At the end of the guidance stage (point 9), we measured the 

 
Figure 8. The in-vitro system. 

 
Figure 9. OLPG implementation in vitro. Simulated SAMP trajectories, MP 
images obtained in vitro without and with image processing. Outlet 2 was the 
desired target during both simulation and in vitro.  
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pixel area of MPs that had moved towards outlet 2 (Table IV). 
The results showed that we were able to guide ~ 46% of the 
MPs to the desired outlet in the simulator and ~42% (1018/2406) 
in the in-vitro experiment. Thus, the proposed guidance scheme 
is feasible for use in an environment with blood-like viscosity. 

VI.OLP STEERING SIMULATION IN A 3D BLOOD VESSEL 
MODEL AND DISCUSSIONS 

A.  Simulation in a 3D blood vessel model 
To evaluate the feasibility of the proposed scheme in in-vivo 

applications, a simulation was designed in a 3-D realistic 
channel. The 3-D vessel geometry of a specific vessel of the 
human brain was selected and extracted using MRI [24]. our 
guidance approach will be more beneficial to the brain, which 
is difficult to be accessed through a catheter.  

 The final 3-D model of the channel is shown in Fig. 11(b) 
and the velocity inside the channel, computed using the CFD 
module of COMSOL, is shown in Fig. 11(a). The channel was 
filled with an environment that has characteristics similar to that 
of blood (the density was 1050kg/m3 and the viscosity was 
0.004Pa∙s). Additionally, we use the six magnetic actuators 
with cores to consider the 3D steering of MPs [25]. Each coil 
pair has the same configuration as the current system, as shown 
in Fig.4. In this simulation, the overall approach is the same as 
the current system. Moreover, we assumed that current of each 
set is mapped with the position of the joystick. First, 1000 MPs 
are injected into the inlet and the maximum constant magnetic 
force is applied over 0.8s to generate the aggregation of MPs 
(calibration stage). Second, the force trajectory of SAMP is 
uploaded to COMSOL (guidance stage). In the simulations, the 
same particle conditions as Table II were used. Representative 
results (desired outlet5) were captured after the calibration 
stage (Fig.11(c)) and the guidance stage (Fig.11(d)), 
respectively.  
The distribution numbers of MPs in all the cases are presented 
in Table V. Compared to the default mode (no magnetic field), 
the targeting ratio with the OLPG can be improved by 162 ~ 

611%. The number of bifurcations affects the targeting 
efficiency. From the simulation results of the realistic blood 
vessel model, we found that the outlets (2,3,4) with two 
bifurcations have similar targeting efficiencies of 29.6 ~ 65.1%, 
given in table V, as compared to the 50% (see table IV) 
observed in the in-vitro experiment with two bifurcations. 
Whereas, outlet 6 with three bifurcations has only 5% targeting 
result even though the targeting improvement ratio is above 
600%. Modifying the viscosity of the fluid only rescales the 
equilibrium time of the aggregation process, without modifying 
the underlying physical mechanism [26]. Thus, high viscosity 
will require enough magnetic guidance force to overcome the 
drag force for real in-vivo applications.  

B. Discussions for in vivo applications  
To extend OLPG in an in-vivo experiment, precise calibration 

procedures between the simulator and real-environments is 
inevitable.  There are four major calibrations required to apply 
OLPG in MTD. The first step is to bring the in-vivo model 
equally into the simulation. Recently, a MRI imaging technique 
combined with deep-learning is suggested to reconstruct image 
of brain or complex vessels [24]. Thus, we can reconstruct as 
virtual image that is the same with real image. The second step 
is the aggregation modeling. In this paper, we estimate the 
equivalent diameter through experiment results. However, 
during MTD, the equivalent diameter may change due to the 
fluid dynamics effects or geometrical structures. Currently, 
researchers can estimate the changes of aggregation in a fluid 
under magnetic field [27]. Thus, by implementing the 
aggregation model into a MTD simulator, we can get the 
equivalent diameter precisely. As increasing magnetic field, we 
can increase portions of the aggregated MPs inside the vascular 
and higher equivalent diameters of MPs. However, this can 
cause clogging inside the vascular [28]. The aggregation size 
should be carefully determined between the guidance efficiency 
and the safety of patients. It should also be noted that since the 
particle diameter used for OLPG is 1μm, biocompatible 

 
Figure 10. In vitro OLPG implementation (blood-like solution). (a) SAMP 
trajectory. (b) applied magnetic force. (c) COMSOL simulation testbed. (d) in 
vitro image and (e) image processing to determine targeting ratio. 

TABLE IV. TARGETING RESULTS DURING IN VITRO AND SIMULATION  

Fluid Study Mode Attainment of target (%) 
1 2 3 4 or more 

Water 
Simul 

Default 25.2 24.7 26 24.1 
OLPG 0 50 31.4 18.6 

In vitro 
Default 26.2 26.9 23 23.9 
OLPG 0 49.5 50.5 

50% glycerol 
Simul 

Default 25.2 24.7 26 24.1 
OLPG 16.4 46.7 9.2 27.7 

In vitro 
Default 24.8 25.1 25.4 24.7 
OLPG 0 42.3 57.7 

 

TABLE V. PARTICLE DISTRIBUTION 

Target 
Reaching to outlets Remained 

in channel 1 2 3 4 5 6 
Default 284 53 105 401 9 143 5 

1 732 26 40 158 2 25 17 
2 299 445 47 153 6 36 14 
3 205 36 296 158 6 190 109 
4 163 36 51 651 7 36 56 
5 184 36 48 203 55 83 238 

6 202 36 48 156 6 536 16 
 

 
Figure 11. (a) fluid velocity profile. (b) 3-D model of a real vessel from human 
brain. One representative result both calibration stage (c) and guidance stage (d) 
(desired location: outlet 5). Black sphere in MTD simulator: SAMP, blue sphere 
(non-aggregated MPs) and red sphere (aggregated MPs). 
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nanoparticles with a smaller size (under 200nm) should be 
considered for in-vivo applications [29].  

In the third step, precise initial position acquisition of SAMP 
is also required for precise guidance. Estimated SAMP can be 
calibrated frequently by the average position of MPs through 
imaging device. Finally, modeling of the forces acting on 
nanoparticles should be improved to better simulate the real 
environment. In this paper, we have considered only the major 
forces, i.e. gravitational, drag and magnetic forces. However, in 
real applications, there will be blood pulse and friction [30] with 
the vascular wall, which also severe to influence the 
nanoparticles’ motion. The wall effect will also have an effect 
on the drag forces and the friction gradient, which is 
proportional to the distance between the magnetic particle and 
the wall [31]. These issues can be solved through consideration 
of these factors in the simulator or through frequent calibration 
of the imaging device. Additionally, when we extend the OLPG 
to a 3D environment, it is essential to extend the actuation 
system to 3D. A virtual field free point (FFP) for linear control 
of MPs can be used as a 3D intuitive actuation system [32]. 

VII. CONCLUSIONS AND FUTURE WORK 
 We successfully developed a user-interfaced OLPG scheme 
for swarm guidance of aggregated MPs in multi-bifurcation 
vessel with flow fluid. Simulation and in vitro studies were 
performed. Precise calibration between the simulator and real 
vessel is required. MP aggregation study revealed the deq of MP 
aggregations and SAMPs. Initial SAMP position was obtained 
via positional matching of aggregated MPs in the real vascular 
model. During simulation, the user guided ~50% of all MPs to 
the target; the in vitro value was ~49.5%. The simulation and 
experimental results were in acceptable agreement. 
Furthermore, we simulated a 3D realistic vessel model with 
different dynamic conditions and showed the effectiveness of 
the OLPG. In future, we will perform in-vitro experiments with 
more complex vascular models for in vivo applications. 
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