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ABSTRACT Swarm magnetic control is a promising technology for use in nanorobotics. However,
automated control schemes for small and large populations of nanoparticles are not effective due to the
complexity of real blood vessels, the lack of technologies for motion control feedback of individual particles,
and the inaccuracy of the mathematical models. It is quite difficult to control unexpected magnetic particle
movements in a real vessel. Specifically, when magnets are used to guide the particles, the sticking of particles
to vessel walls causes the dispersion of particles, which is the main reason for low steering efficiency that
may cause the occurrence of side effects in non-targeted areas. In addition, when the aggregation of particles
occurs inside the vessels, it can cause clogging of the vessel and the randomness of aggregation makes it
difficult for the user to control the particles precisely. In the presented work, we suggest a novel intuitive
shared guidance scheme for 3D steering of magnetic nanoparticles (MNPs) in a realistic vessel model. We
have performed simulation based user studies with different guidance modes (visual feedback (V), shared
control (S), shared control and forbidden region mode (S-F), shared control and adaptive forbidden region
mode (S-AF)). The results of these studies show that the suggested S-AF mode can significantly (p-value <
0.01) increase the delivery rate of MNPs to the target region while significantly (p-value < 0.01) reducing
the sticking rate of MNPs inside the vessel. The proposed intelligent navigation scheme for MNPs can in the

future be combined with real-time magnetic particle imaging (MPI) for targeted drug delivery.

INDEX TERMS Magnetic targeted drug delivery, haptic intelligence, swarm control, shared system.

I. INTRODUCTION

Nanoparticles have attracted extensive attention due to their
great promise for biomedicine applications such as high pre-
cision targeted delivery and nano-manipulation [1]-[4]. Due
to the use of magnetic fields that can penetrate deep tissues
and even at relatively high intensities can be considered safe
for living beings, magnetic targeted delivery (MTD) using
nanoparticles is considered advantageous as compared to the
various other targeted delivery approaches [4]-[10]. How-
ever, due to the small volume and surface area of a single
nanoparticle, targeted delivery tasks may require a swarm
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of particles for enough actuation forces [11]. Furthermore,
in-vivo tracking of a single particle is not possible due to
the insufficient imaging resolution [12]. Therefore, a method
for efficient simultaneous locomotion control of a swarm
of nanoparticles is required. For this purpose, the scheme
of swarm control at a small scale has become an important
emerging technology [13], [14]. Unlike the centimeter or
millimeter scale robots that are equipped with various sen-
sors and can be actuated individually [15] or in the form
of distributed actuator networks [16], nanoscale robots do
not have any onboard sensors and actuators for individual
motion feedback and control. Thus, due to these complexi-
ties, there are only a few studies related to navigation, con-
trol and automated monitoring of the collective behavior of
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nanoparticle swarms [17], [18]. These studies mostly employ
an open-loop motion control strategy for the steering of the
nanoparticles [19]. In the published works, magnetic fields
were either preset or manually controlled to guide the swarms
to the desired position in two-dimensional (2-D) and three-
dimensional (3-D) vessel models [20]-[22]. The results of
these studies show effective locomotion but the trajectory
tracking accuracy is low and careful tuning of magnetic field
parameters is required [23]. In contrast, automated motion
control of nanoparticle swarms provides autonomy, high effi-
ciency, and accuracy for performing MTD tasks [24]. For
conventional automated control methods, clear mathematical
models are usually required [22]. However, for a magnetic
nanoparticle swarm, the particles are subject to global mag-
netic and particle-particle magnetic interaction forces, fluidic
forces, and induced interaction forces with geometric envi-
ronments, that make the development of a precise mathemat-
ical model very complex.

In contemporary medical service robotics, it is considered
beneficial to have a human operator in the control loop, such
as in the teleoperation control approach used in the da Vinci
surgical robot [25]. Based on this observation, we previously
developed a system utilizing a haptic human interface device
for the guidance of MNPs for targeted drug delivery in a simu-
lated 2-D vessel environment, which showed improvement in
the targeting ratio [26]. Haptic technologies are used mainly
for training and for teleoperation control in virtual environ-
ments (VE) [26]-[29]. Haptic force feedback can improve
the ability to perform certain tasks in environments where
visual feedback is limited [30]. One method for introducing
physical limitations in a VE is the application of forbidden
regions to limit the user’s movements. The forbidden region
concept was first introduced by Rosenberg [31] to improve
human-machine collaboration in the performance of a spe-
cific task by limiting the workspace in the VE. Forbidden
regions can be applied to surgery or to any other tasks that
require human-robot cooperation [32]. Therefore, MTD can
also benefit from the application of the forbidden region
concept [33].

However, in existing work [33], the forbidden region con-
cept is applied with the limitation that the forces acting on the
particles are reduced to only the drag force and the magnetic
force, and the aggregation and sticking of particles are not
considered. Furthermore, due to the simplified fluid dynam-
ics, the velocity information at the blood vessel bifurcations
does not match the real environment, and the simulations
are limited to only a 2D multi-channel case. Thus, when
considering the realistic variety of forces acting on particles
inside a blood vessel, the forbidden regions concept becomes
insufficient, which can eventually reduce the targeting effi-
ciency [21], [22]. Moreover, when expanding from a 2-D to
a 3-D environment, the visual limitation due to the geometric
structure of vessels may also significantly reduce the target-
ing efficiency.

The abovementioned limitations can be overcome
by involving automatic position control in the overall

VOLUME 8, 2020

guidance scheme. The benefit of using a shared control
approach for the guidance of rigid hand-held tools has been
demonstrated in the context of vitreoretinal surgery [34], [35].
The existing studies on shared-control have mostly focused
on magnetic catheter control to allow high dexterity and com-
pliance combined with cooperative control of the tool [36].
However, as per our knowledge there are as yet no studies
related to shared control of nanoparticle swarms.

In this research, we have proposed a novel intelligent
shared swarm guidance scheme of MNPs that combines
an automatic positioning control for simplification of MNP
guidance in a realistic 3-D blood vessel with an adaptive
forbidden region (AF) to aid the operator by adjusting the
forbidden region based on the amount of aggregation of
MNPs inside the blood vessel. Furthermore, by combining
this control scheme with user feedback control, we have
developed a real-time 3-D navigation system for control of
MNP swarms inside 3-D blood vessels. In the developed sys-
tem, the automatic position control confines the 3-D move-
ments of the particles to a 2-D plane, thus simplifying their
steering. Due to this simplification, the user can easily utilize
the haptic interface device to perform MNP swarm guidance
while dealing with the sticking of MNPs. The AF are posi-
tioned while considering the particle aggregation. The haptic
feedback generated according to the AF allows the user to
tune their control input according to the overall dispersion of
particles that includes unexpected particle movements at dif-
ferent velocities caused by the aggregation of particles. Thus,
the system can help increase the targeting ratio of MNPs.
Moreover, the proposed real-time MNP navigation simula-
tor can simulate realistic dynamics of MNPs inside blood
vessels. This simulator combines a multi-physics commer-
cial simulation tool (COMSOL™) for simulating the fluid
dynamics inside the blood vessel, and a custom developed
physics engine to simulate the behavior of MNPs based on
the forces acting on them. These modules are interfaced with
a haptics engine and a graphical display to allow input from
the user, and visual and haptic feedback to the user.

The remaining parts of this article are structured as fol-
lows. Section II describes the dynamic modeling of nanopar-
ticles inside the vessel. Section III introduces the system
overview including the closed-loop control system. The adap-
tive forbidden region algorithm is introduced in Section IV.
Section V presents the shared-control algorithm. Section VI
presents the evaluation of the efficiency and functionality
of the algorithms in a realistic 3-D vessel model. Finally,
Section VII concludes this article and describes the future
work.

Il. DYNAMIC MODEL OF MNPs IN A MAGNETIC DRUG
DELIVERY SYSTEM

There are many forces acting on particles moving inside
the vessels, including hydrodynamic drag, inertia, buoyancy,
gravity, adhesion and contact force. This section describes the
modeling of these parameters and the associated equations.
The forces acting on a particle are defined according to [21].
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FIGURE 1. Free-body diagram of the forces acting on a particle.

TABLE 1. Parameters used in the simulation.

PARAMETER Value
MNP initial radius (r;) 400nm
Blood viscosity 0.004Pars
Uy 41 x 107N /A%
Mgqe 570.7kA/m
Particle density (p) 6450 kg/m?
Maximum diameter (P,) 5.6pum

Figure 1 provides a pictorial description of these forces and
their associated units are given in Table 1. The total force
acting on a particle is given as:
dv,-
miE=FMF+Fdrag+FC+FAd+Fm (1

where m; and v; are the mass and velocity of the index i par-
ticle, Fyr is the magnetic force, Fyqg is the hydrodynamic
drag force, F,, is the gravitational force, F¢ is the contact
force and F 44 is the adhesion force.

The magnetic force is the only controlled parameter in this
system and can be expressed as:

4
Fyr = gWorng(H) -VH )

where g is the permeability of free space, M is the net
magnetic polarization, H is the magnetic intensity, r,, is the
equivalent radius of aggregated particle which is explained
in section IV, and V H is the gradient of magnetic intensity.
If MNPs are magnetically soft and the magnetic field is
strong, the net magnetic polarization (M) will be saturated.
In this simulation, MNPs are always exposed to a strong
magnetic force, so we assume that M has a constant saturated
value (Mg,). Thus, using a haptic device, we can change
the value of the gradient of magnetic intensity to control the
nanoparticles inside the vessels.

The drag (hydrodynamic) force acting on a spherical
particle, based on Stokes law, is represented as:

Fdrag = —6m nreq(vp - Vf) 3)

where v, and vr are the velocities of the particle and fluid,
respectively, ., is the equivalent radius of aggregated particle
and n is the fluid viscosity.

The gravity and buoyancy forces acting on the particle are
combined and represented as the net gravitational force:

4
Fin = gnrfq (op — rb) G )
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where pp and pp, are the densities of the particle and the
fluid (blood), respectively, r., is the equivalent radius of
aggregated particle and G is the gravitational force.

Contact forces are generated as a result of particle-particle
or particle-vessel collisions. The particle-particle collisions
can be expressed using the Hertzian contact model:

Fc=k82 < d <R +R 5)

where d is the distance between particles i and j, R; is the
radius of the i particle, R; is the radius of the j" particle, k
is the spring constant of the particle, and § is the deformation
of the particle.

Nowadays, the effects of adhesion have become quite
reduced due to the improvement in nanoparticle coating
techniques [37]. However, the sticking of particles to other
surfaces cannot be completely eliminated by coatings. Thus,
the adhesion force is given as:

(6)

3FcR
FAd = ‘L'7'L’R3 (—C>

4E*
where 7 is the adhesive energy (a constant), R is the equivalent
radius of two particles at the moment of attachment (7),
Fc is the contact force, and E* is the equivalent elasticity
module (8).

R— RiR;

=7 7
RR ™)

Here, R; and R; are the radii of the i and j’h particles,
respectively.

2 42

1 _ 1—- Vi 1 Vj

E*  E E;

®)

Here, E; and E; are the elasticity moduli of the i and j™
particles, respectively, and v; and v; are the Poisson’s ratios
of the i"* and j particles, respectively.

In nature, the contact force generally works to detach the
particles while the adhesion force works to attach them. Thus,
the opposite nature of the contact and adhesion forces results
in two possible outcomes; attachment or detachment.

Ill. VIRTUAL GUIDANCE SYSTEM FOR MNPs

A. SYSTEM OVERVIEW

Exploiting the advances in virtual reality (VR) technologies,
virtual environment (VE) simulations in a manner similar to
the physical tele-nano-manipulation system can replicate real
in vivo experiments without requiring the implementation
of the entire hardware systems. Using this method, we can
get an objective analysis of haptic guidance effects during
the tele-operated interactions of a user for manipulations of
MNPs inside virtual environments. Our proposed system,
shown in Figure 2, consists of a virtual environment that
provides visual information about the vessel structure and the
positions of particles inside it. And a haptic device that is used
by the user to guide the particles. The haptic device can also
provide haptic feedback to the user according to the particular
control methodology being used.
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FIGURE 2. Overall tele-nano-manipulation system.

We have implemented a three-dimensional MNP guidance
simulator that includes a graphic engine, a haptic engine and
a physics engine, as shown in Figure 3. The physics engine
generates the particle movements inside the vessel model
based on the fluid and particle dynamics and the control input
from the user. The haptic engine interfaces the software with
the haptic device taking the haptic device position as input
and generating haptic feedback force commands as output.
The graphic engine generates the visual feedback provided
to the operator which contains a depiction of the vessel
model showing the positions of all the particles inside it. The
graphic engine is developed using the Unity 3D environment
while the haptic and physics engines are developed using
C# programming in Visual Studio 2019. An overview of the
system architecture including data flow and update rates of
the engines is presented in Figure 3.

Haptic Device Position

‘ Haptic
o e
Feedback Force

Operator Haptic device Command
Regional
Average Hapm: Device
Position of Position
10Hz Particies

A\

Graphic Physics >
e 100Hz
engine Position of All Particles| engine

Visual screen

FIGURE 3. Virtual guidance system overview.

The haptic engine operates at 1000 Hz (haptic system
frame rate). It reads the haptic device position and relays
it to the physics engine. It also generates feedback force
commands for the device based on the position of the regional
average, which is described later in this article. The physics
engine, which operates at a rate of 100Hz due to processing
capacity limitations takes the haptic device position as input.
It determines the particle positions according to the haptic
device position and the fluid dynamics. It also calculates the
particle regional average position, which is transmitted to the
haptic engine. The positions of all the particles are transmitted
to the graphic engine. The graphic engine receives the particle
positions data and updates the visual display accordingly at a

VOLUME 8, 2020

rate of 10 Hz (set due to processing limitations). This update
rate is double of what has previously been reported for in-vitro
testing of a developed targeted drug delivery system [38].

B. PHYSYICS ENGINE ALGORITHM

Figure 4 shows the flowchart of the proposed simulation
system. The mapping and haptic feedback units are shown
in Figure 4(a). The mapping unit enables the user to steer the
MNPs by changing the magnetic force according to the haptic
device position. The haptic rendering unit takes the average
position of MNPs as the input and orders the delivery of
haptic force to the user when the MNPs make contact with the
forbidden region. The magnetic force mapped to the haptic
device movements acts as the input for the physics engine.
As shown in Figure 4(b), before starting the simulation the
user sets the simulation parameters. Based on these parame-
ters, prior to the start of simulation, the fluid velocity profile is
generated using COMSOL and exported to Unity 3D (Visual
Studio) in the form of a MS Excel spreadsheet. In Unity 3D,
when simulation starts, the drag force is calculated based on
this fluid velocity profile and the magnetic force is applied
according to the haptic device position obtained from the
haptic engine. During simulation, when a particle collides
with another particle, one of two possible outcomes occurs.
Either the particles become attached to form an aggregate

User
Manipulating HIP

Scaling and Mapping
Calculating
magnetic force

Physics Engine

Haptic
rendering

Haptic Feedback Unit
Mapping Unit

(@)

Offline Online

‘ Drag force

Particles movement

Magnetic force

Simulation
parameter

COMSOL
simulation

Fluid velocity
profile

MS Excel to
Unity 3D

ison o {_En0 )
Simulation
TO

(b) ©

FIGURE 4. Flow chart of the simulation. (a) haptic engine for
tele-manipulation of magnetic nanoparticles (MNPs), (b) offline
and (c) online parts of the physics engine.
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or they remain separate. Aggregation occurs if the adhesion
force is greater than the contact force (Fc < Faq), defined
in (5) and (6). If the opposite (Fc > Faq) is true, then attach-
ment does not occur. When attachment occurs, the equivalent
spherical radius of the aggregate thus formed is different from
the original particles, but is not equal to the sum of the original
radii [21]. To quantify the change in the equivalent spherical
radius due to aggregation, an aggregation model is proposed
in this research, which is explained in detail in section IV
A. When a particle-vessel collision occurs, the three forces
applied are given by equations (2), (5) and (6). We have
assumed that the vessel wall is smooth. So, if the adhesion
force between particle and the vessel wall is higher than the
magnetic force (F.+ Fmr < Faq), the particles will stick to
the vessel wall. If not (F.+ Fmr > Fagq), the particles will
be able to detach from the vessel wall under the action of the
magnetic force. This force relationship has been termed as the
sticking model in this work.

C. IMPLEMENTATION OF FLUID DYNAMICS

In order to maintain closeness to the real environments, it is
important to define precise fluid dynamics inside the vessels.
We have assumed that the blood flowing inside the vessel
has a steady, laminar, creeping flow from the inlet to the
outlet. In the simulation, the flow velocity profile throughout
the vessel network is generated using the CFD module of
COMSOL. However, since COMSOL cannot be used for
real-time simulations, this velocity data is transferred to Unity
3D where the real-time simulation is processed. To verify the
Unity 3D simulation results, we compared the trajectories
for one particle generated by Unity 3D with those for the
same particle generated by COMSOL for both the Y shaped
and realistic blood vessel models (created and automati-
cally meshed in SolidWorks). The trajectories are shown in
Figure 5. For this test, the particle radius was 400nm and
the average inlet velocity was selected as 10mm/s on the
basis of a realistic blood velocity. It is clear from the images
(Figure 5) that the trajectories generated by Unity 3D match
those generated by COMSOL. Hence, the Unity 3D generated
simulation results can be considered as a depiction of real
particle behavior.

D. MAPPING METHOD BETWEEN HAPTICS AND
MAGNETIC ACTUATORS SYSTEM

We have proposed the use of a haptic device to intuitively
control the MNPs. However, since the position of MNPs is
determined by various parameters inside the blood vessel,
it is impossible to linearly map the linear movement of the
haptic interaction point (HIP) onto the position of the MNPs.
However, as shown in Table 2, we can map the haptic device
position to the gradient of magnetic field using the value of
current supplied to the actuation coils [39] (see Fig. 6).

The main goal of our tele-nano-robotic system is to guide
the MNPs inside the virtual blood vessel by adjusting the
appropriate magnitudes and directions of magnetic forces
to change the positions of nanoparticles inside the vessel.
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FIGURE 5. Particle trajectory with the same initial position of particle in
Unity 3D ((a) and (c)) and in COMSOL ((b) and (d)). (a) and (b) are the
particle trajectories in a Y-shaped channel. (c) and (d) are the particle
trajectories in a realistic 3-D blood vessel model.

TABLE 2. Relationship between current and magnetic field gradient in
single-coil-core system.

Current(A) 1 2 3 7 12 17

B(mT) 28.2 54.1 79.8 189 339 496.4

VB(T/m) 0.43 0.92 1.39 3.27 5.57 8.06

FIGURE 6. Mapping of the haptic device onto the 3D actuators.

In our system, we mapped the haptic device’s deviation
amounts along the x, y and z axes from a neutral home
position to the input current of the electromagnetic actuators.
The haptic device workspace is: —190 mm to +190 mm
along x-axis, —130 mm to 4130 mm along y-axis, and
—90 mm to 490 mm along z-axis. Each workspace including
its magnitude and direction information can be mapped to
the current values from —17 A to 17 A for each actua-
tor (x-direction: + 0.089A/mm, y-direction: £0.13A/mm,
z-direction: £0.19A/mm). In other words, we can linearly
map the haptic position onto the magnetic force which can
be applied to MNPs through electromagnetic actuators [33].

The magnetic force applied to MNPs becomes larger
depending on the aggregation of MNPs. As shown in
Figure 7, the magnetic force applied to a particle (gen-
erated with a constant current intensity) rapidly increases
when the particles’ radius is increased. Thus, the increase
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FIGURE 7. Magnetic force applied to particles of different sizes for
different values of coil currents.

of particles’ radius due to aggregation may result in bigger
particles/aggregates, becoming easier to move at the same
current intensity.

E. REALISTIC CHANNEL FOR SIMULATION

In the presented simulation we have utilized a brain vessel
model that was reported in a previous work related to targeted
drug delivery [22]. The geometric characteristics of the vessel
model are shown in Figure 8. The model consists of one inlet
for the inflow of blood flow and particles and six outlets. The
paths have varied diameters, as shown in the figure.

Out 4

outs outs Out6

Out 6
out3 Oyt out 4.

Out 2

Out3
Out 1
(a) (b) “0ut2

Y y
(9 L.
Inlet Inlet
FIGURE 8. The realistic 3D model of a vessel inside the brain used in the
simulation. Some of the geometric characteristics in terms of the size and
shape of the vessels are presented. (a) The screen view provided to the
user during the simulations (x-y plane). (b) y-z plane.

IV. ADAPTIVE FORBIDDEN REGION

As mentioned in the introduction section, we have suggested
the use of adaptive forbidden region (AF) to cater to the
aggregation phenomenon. We cannot set a standard point of
control because the particles have a tendency of dispersing
in the blood vessel. In this section, first we introduce the
aggregation model that is used to determine the equivalent
spherical radius of the particles after aggregation in order
to increase the realism of the simulation. Second, we intro-
duce the regional average concept used to generate a single
point representing the particles inside the vessel, which is
mapped to the haptic interaction point. Finally, we present the
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AF algorithm that adjusts the size of the forbidden region
based on aggregation.

A. AGGREGATION MODEL

As mentioned above, when particles collide with each other,
the equivalent spherical radius of the aggregated particle
increases. However, there are no studies related to the degree
of aggregation that occurs in targeted drug delivery. So,
to include the aggregation effect in our simulation, we have
defined an adhesion parameter (A,). A, is the ratio between
the original equivalent radius of the particle before attach-
ment and the new equivalent radius of the particle (aggregate)
formed after the occurrence of attachment. It can be written
as:

Teqg = rpreviousAp 9

where, req is the equivalent radius after attachment and
Tprevious 18 the equivalent radius before attachment.

The A, in our simulation was determined through the fol-
lowing experiment. 270 particles were released at the inlet of
the brain vessel model and guided by the user to outlet 1, sim-
ilar to the conditions [9] described in Table 1 (particle number
is limited to 270 in order to maintain the 10Hz frame refresh
rate under the processing constraints) (see Fig. 8). Outlet 1
was selected as the target in this simulation based on the
previously reported works on particle navigation [19], [22].
However, further study may be required if a different target
outlet is selected. The equivalent spherical radius of parti-
cles at the outlet was calculated (see Fig. 9). In this study,
to match the simulation with previously reported experimen-
tal data [21], the maximum size of the aggregated magnetic
particles’ equivalent spherical radius is limited to 2.8 um.
It was found that an A, value of just above 1.25 generates
an equivalent spherical radius close to 2.8«m for almost all
the particles, thus satisfying the size constraint [9]. Therefore,
the adhesion parameter can be set between 1.0 and 1.25,
to satisfactorily simulate the aggregation of particles inside
the vessel.

Radius (um)

1 1.05 1.1 1.15 1.2 1.25 1.3
Adhesion parameter

FIGURE 9. Particles radius according to adhesion parameter.

B. REGIONAL AVERAGE

In this simulation, since there is only one HIP that can
control the displacements of nanoparticles, it is necessary to
express these displacements as a single point in order to map
them to the HIP. Thus, we suggest regional average concept.
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Calculating regional average based on fixed regions [33] (red
is region 1, yellow is region 2 and orange is region 3 in
Figure 9(a)) is not suitable for more complex realistic vessel
models (see Figure 10(b)).

() (b)

FIGURE 10. (a)Calculating regional average position for HIP inside a
Y-Shaped vessel with fixed regions. (b) A realistic 3D vessel model.

'/I YVJ_} \\‘. Regional average point

(a) (b)

FIGURE 11. Regional average sphere for HIP with a virtual radius (ry).
(a) selection of the main regional average sphere with the highest
number of particles (b) the demonstration of regional average sphere
inside a 3D vessel (blue colored sphere).

In this paper, we suggest a novel method for calculating
the regional average. In this algorithm, the point representing
the position of each particle is made the center of a virtual
sphere with a radius ry (see Figure 11(a)). Then the number
of particles lying inside this sphere is determined (N,,). Then,
the regional average point is calculated from the particles
lying inside the sphere with the highest value of N, (see
Figure 12). In case there exist two virtual spheres with the
same highest number of MNPs (Mg and Nj), then the virtual
sphere that is farthest from the inlet is used to calculate the
regional average. This method has been adopted to ensure
that the maximum number of particles can be guided to the
intended branch of an oncoming bifurcation. If the regional
average is formed close to the inlet, many particles may go
to an unintended branch before the regional average point
reaches the bifurcation. If the particles are close to the branch
bifurcation and the value of ry is high, the virtual sphere of
a particle can include particles from the other branch. The
regional average thus calculated can lie outside of either of the

n particle \
Calculate regional average
(@) (b)

n particle

FIGURE 12. Steps for generating regional average. (a) the sphere
centered on the nth particle is determined to have the highest number of
particles Ny (b) calculation of the regional average which is the average
position calculated from the positions of all the particles inside ry
centered on the nth particle.
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FIGURE 13. Regional average sphere outside the blood vessel with
ry =2mm.

branches (see Figure 13). In order to avoid this, the value of
ry was fixed to 1 mm in this simulation. If the ry is very small
then the position of regional average can vary very abruptly.
We observed the behavior of the average point for different
values of ry, increasing in 0.1 mm steps from 0.5 mm to
3 mm and the value of Imm was determined to have the best
behavior. Following the abovementioned rules, the regional
average point is generated as shown in Figure 11(b).

C. FORMATION OF ADAPTIVE FORBIDDEN REGION

In order to cater to the changes in particle behavior that occur
due to aggregation, we propose the use of the adaptive forbid-
den region (AF) concept. Magnetic force acting on a particle
is proportional to its radius. So, when aggregation occurs,
the uneven action of forces on different particles causes an
increase in the dispersion of particles. In order to deal with
this phenomenon, AF based on the following equation is used.

1 N .
Favg = 5 D Tea) (10)

where, N is the number of particles inside the vessel,
¥eq(j) is the equivalent spherical radius of particle and j is the
index number of particles. This equation shows the average
radius of the particles (74y¢). To know the relative radius ratio
due to aggregation, we define the coefficient as follows;

Cy= 2 (11)
ri

Coax = Tmax (12)
i

where r; is the particle’s initial radius, in this paper the initial
radius is predetermined at 400nm, ryp,x is the maximum par-
ticle radius, dy is the diameter of vessel, Cj is the aggregation
coefficient and Cpyyx is the maximum value of the aggregation
coefficient. In order to cater to aggregation, height Ap of the
forbidden region is adjusted as follows;

d, 1 d,
Ca<C 09 > hp=—4-—""—(Cy—1
A= Cpax * — nf 2+2(Cmax_1)( a—1)
Cp>Crax 0.9 > I —dv+1 dy 0.9C 1)
A max . F= ) Z(Cmax_l) -7 Cmax

13)

when the value of the aggregation coefficient is close to
the maximum aggregation coefficient value, the forbidden
region is formed close to the vessel wall (i.e. Co = Cpax
and hr = dy). In this case, movement of the haptic device by
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the user in any direction is restricted due to haptic feedback
force (MNPs average point stays inside forbidden region).
To prevent this situation, we set a saturation height limit
(0.94d,) on the forbidden region height (Figure 14(c)). The
forbidden regions generated for different cases are shown
in Figure 14.

0.5d, il Initial radius 7; = 400nm
T particle Aggregation coefficient C; = 1
(@) 75 Maximum aggregation coefficient Cyqy = 7
0.5d,| Forbidden region he = 0.5d,
I - Initial radius r; = 400nm
®) particle Aggregation coefficient C; = 4
075d,|  Forbidden region Maximium aggregation coeffcient Cyec = 7
he = 0.75d,
particle Initial radius 7; = 400nm
. . Aggregation coefficient C; = 7
(©) 0.94d, | Forbidden region Maximum aggregation coefficient Cyqy = 7
hy = 0.94d,

FIGURE 14. AF algorithm description. (a) no aggregation occurs and
particle exists inside the forbidden region, (b) aggregation occurs and
particle exists inside the forbidden region, and (c) maximum aggregation
occurs.

V. SHARED CONTROL

When we simulate with the realistic 3D vessel model,
we have to use 3-DOF actuators mapped to the 3D haptic
device position (x-y-z). Consequently, the difference between
the number of dimensions controlled by the user (3D) and
those of the visualization (2D) can occur. As the screen can
only provide a 2D visualization, the user must control the par-
ticles without any depth perception. This lack of perception
can hinder the user’s control ability, which can cause sticking
of particles inside the vessel. In order to overcome this stick-
ing phenomenon, particles’ movement in the depth direction
(along z axis in the current case) is controlled automatically
while the movement in the two clearly visible dimensions
is controlled by the user, thus forming a shared control
paradigm. The basic concept of shared control is shown
in Figure 15. Figures 15(a) and (b) show simple straight
and branched vessel models, respectively. Figure 15(c) and

Target branch

@ . direction (b)
Z.i.__. guide plane
target branch

5

(C) (d) Fluid direction

FIGURE 15. Principle of determining guide plane in simple straight (a),
and branched (b) vessel models. (c) and (d) show the section views of the
vessels according to the generated guide planes.
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Figure 15(d) show cross-sections of these models according
to the guide plane. In the case of Figure 15(c), since there
is no branch, it shows the cross-sectional view along the
guide plane formed at the middle of the vessel. On the other
hand, if a branch exists, the guide plane is set along the axis
aligned with the direction of fluid flow, that passes through
the center of the branch entrance in a direction that is normal
to the entrance plane. For example, in Figure 15(b), since the
fluid flows in the x-axis direction and the branch entrance
is in the y-axis direction, the guide plane becomes the x-y
plane passing through the center of the branch entrance (see
Figure 15(d)). That is, z-axis is adjusted by automatic actuator
control.

In summary, shared control is operated based on guide
plane and regional average (see Fig. 16). The actuators auto-
matically bring the particles to the guide plane and the feed-
back generated based on the regional average position helps
the user guide the particles to the target. For example, when
fluid flows in the y-direction after initial injection, particles
are dispersed inside the vessel. The entrance of target branch
exists in upper direction (x) of main vessel. Thus, guide
plane is formed at xy-plane. To align the particles in xy-plane,
a force along z-direction is applied by adjusting the duty cycle
of the pulse functions that control the MNPs’ average position
in the xy-plane (see Figure 16(a)). To align the particles
according to the guide plane of the vessel along the z-axis
and to keep them in the xy-plane, the pulse function duty
cycle (D.) is applied. The D, value of 0.4 generates a negative
force along the z-axis to move the MNPs’ average position
downwards, while the D, value of 0.6 moves it upwards
towards the guide plane of the z-axis (see Figure 16(c)).
D, values were determined by trial and error to find the best
performance in alignment. This was done by changing the
value of D in steps of 0.1 and comparing the paritcle disper-
sions from the guide plane. The value resulting in the min-
imum dispersion was selected. Finally, particles are aligned
along the guide plane determined using the aforementioned
method and represented in Figure 16(d).

Target branch
7

Actuator’s current intensity Guide plane

o o

Entrance of target branch %

(d)

FIGURE 16. Alignment scheme applied using magnetic actuators.

(a) pulse functions of the actuators, (b) 3D image of the vessel including
the guide line (red), (c) particles aligned in the 2D plane (xy- plane) along
the guide line (red) and (d) Conceptual representation of the guide

plane (red) in a curved vessel.
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VI. RESULT AND DISCUSSION

A. USER STUDIES

Six subjects (2 men and 4 women with an average age
of 26 years) participated in the experiment. To demonstrate
the efficiency of the integrated schemes in a 3D realistic
vessel, five test modes were studied as follows; Default
mode (D): particles move from an inlet to an outlet without
any external forces. Visual feedback mode (V): the user
should manipulate the particles while being provided with
only the visual feedback from the Unity 3D screen, here
the haptic device is used only as a joystick to steer the
nanoparticles. Shared control mode (S): this mode changes
the 3 DOF control to a 2 DOF control by constraining the
particles into one plane; MNP movement along one axis
is constrained automatically by magnetic actuators, while
movement along two axes is actively controlled by the user
through the haptic device which functions as a simple joy-
stick in this mode. Visual feedback is provided through the
screen. Shared control and forbidden region mode (S-F):
combines the shared control scheme and forbidden region
haptic feedback. Particle motion in one DOF is controlled
by the automatic scheme. The user controls the particle posi-
tion along the two remaining axes using the haptic device
while receiving haptic and visual feedback. Shared control
and adaptive forbidden region mode (S-AF): combines the
shared control and adaptive forbidden region concept, which
can restrict the MNPs’ movements through haptic interaction
by considering the aggregation effects of MNPs inside the
vessel. At low fluid velocities, it is difficult to verify the
effectiveness of the interaction mode because it is easier for
the user to steer the MNPs. So, the fluid velocity in these
experiments was set at 10 mm/s based on the blood velocity
inside a real brain [9], [19]. 270 particles with the initial
radius of 400nm, distributed uniformly at the inlet of the
realistic 3D vessel model, were released into the channel (see
Figure 8). Other simulation conditions for blood modeling
are the same as presented in Table 1 and reported in [9].
Outlet 1 was selected as the target outlet. The simulation
time is set as Ty, =5 T; [22], where T; is the time taken
by the particles to move from the inlet to the outlet without
any external magnetic force, also referred as initial time.
At the end of the simulation time, particles that are still
inside the vessel are considered as the “‘remaining particles™.
Participants did not have any prior experience of working
with a haptic device. So, each participant was allowed to
try the system out a few times to become familiar with the
virtual environment and the tele-nano-manipulation process.
We analyzed two values: targeting ratio (the ratio of particles
reaching the target outlet) and sticking ratio (the ratio of
particles remaining inside the vessel at the end of the simula-
tion) under different operation modes. Factors were defined
as operation mode (4 levels: Visual mode (V); Shared-
control mode (S); Shared-control and Forbidden region mode
(S-F); Shared-control and Adaptive forbidden region mode
(S-AF)) and fluid velocity (10 mm/s). We performed one-way
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Analysis of Variance (ANOVA). Significance level (o) was
set at p-value < 0.05. All statistical analyses were performed
using SPSS V20.0 IBM Corp., Armonk, NY, USA).

B. RESULTS

Six participants took part in the study to evaluate the per-
formance of different operation modes. The results of all
participants are presented in Figure 17. There was significant
interaction between the haptic mode and targeting ratio (see
Figure 17(a)), and between the haptic mode and sticking ratio
(Figure 17(b)). The overall data is presented in Table 3 as the
averaged percentages of particles going to outlet 1 (target out-
let) during the experiment (see Figure 8). From the ANOVA
it was found that significant differences in the targeting
ratio existed between V and S (p-value < 0.01), V and S-F
(p-value < 0.01), V and S-AF (p-value < 0.01), S and
S-AF (p-value < 0.01), and S-F and S-AF (p-value < 0.01).
Whereas, there were no significant differences in the targeting
ratio between S and S-F (p -value > 0.5) (see Fig. 17).

= Targeting ratio

100.00 B — 100.00
90.00 — 90.00
80.00 7880 80.00
70.00 70.00 066;24
60.00 60.00

u Sticking ratio

50.00 4447 50.00
40.00 1 37100 40.00
30.00 30.00
20.00 16[93 . 20.00 sas
10.00 - 10.00 ; 230 4
000 el 0.00 AT i —
v s SF S-AF v s SF S-AF

Haptic mode Haptic mode

FIGURE 17. Effect of haptic modes on targeting rate (a) and sticking
rate (b). Here each — represents a statistically significant difference
between the two underlying conditions.

TABLE 3. Average ratio of particles in each outlet.

Reaching to outlets
M Remain
1 2 3 4 5 6

D 2949 840 4.12 3213 4.04 00 21.82
v 1693 0.67 0.00 1275 0.00 0.00 66.24
S 44.47 243 1.06 50.71 0.00 0.00 1.75
S-F 37.00 0.67 143 5570 0.00 0.00 2.30
S-AF 78.80 0.00 0.00 15.88 0.00 0.00 5.43

For the sticking ratio, it was found that significant differ-
ences existed between V and S (p-value < 0.01), V and S-F
(p-value < 0.01), and V and S-AF (p-value < 0.01). However,
there were no significant differences between S and S-AF
(p-value > 0.5), S and S-F (p-value > 0.5), S and S-AF
(p-value > 0.5), and S-F and S-AF (p-value > 0.5).

The particles remaining inside the vessel at the end of the
simulation time (7) and the trajectories of particles under
different operating modes with a representative subject are
shown in Figures 18 and 19, respectively.
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(a) (b) (© (d) (O]

FIGURE 18. Particles remaining inside the vessel in each mode (i is inlet,
o is outlet). (a) default (50/270), (b) visual feedback (181/270), (c) shared
control (2/270), (d) shared control and forbidden region (4/270), and

(e) shared control and adaptive forbidden region (15/270).

)

FIGURE 19. Trajectories for each mode (inlet and outlet is same with
Figure 18). (a) default, (b) visual feedback, (c) shared control, (d) shared
control and forbidden region, and (e) shared control and adaptive
forbidden region.

(@) (b)

1) EFFECTS OF USING SHARED CONTROL

In the Default mode, particles are spread over all the branches
(see Fig. 18(a) and Fig. 19(a)). The particles are only moved
by the flow velocity, so the trajectory of each particle depends
on the vessel’s geometric structure. In the visual feedback
mode the user controls the magnetic field using the haptic
device while viewing the visual feedback provided via the
screen. In this mode, it can be seen that the number of par-
ticles exiting the outlet that is far away from the target outlet
is reduced compared to the default mode (see Fig. 18(b)).
However, the screen is limited to 2D and the user has to
control the particles in 3D, so more particles are seen stuck
inside the vessel than in the default mode (see Fig. 19(b)).
In order to overcome this limitation, the proposed shared
control method automatically aligns the particles to the guide
plane, effectively reducing the user-controlled dimensions
down to two. Thus, as shown in Figure 18(c), the use of
shared control results in a reduction in the number of particles
remaining inside the vessel.

2) EFFECTS OF USING THE ADAPTIVE FORBIDDEN REGION

The results of a representative subject using the shared control
with the forbidden region and the adaptive forbidden region
are shown in Figures 18 (d, e) and 19 (d, e). As mentioned
in the previous section, using shared control can decrease
the sticking of particles inside the vessel as compared to the
D and V modes (see Fig 18(c), (d) and (e)). The forbidden
region only provides a fixed limit of the movable area for
the particles and is not affected by the amount of aggre-
gation. Thus, it can be observed that addition of forbidden
region to shared control does not greatly affect the particles’
trajectory (see Fig. 19(c) and (d)). It can also be observed
that the use of forbidden region with shared control only
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slightly increases the number of particles sticking inside the
vessel (see Fig. 18(c) and Fig. 18(d)). In the case of the
adaptive forbidden region, the height of the forbidden region
is determined according to the average value of particles’
equivalent radius. This results in application of greater move-
ment limitations on larger particles that are more sensitive to
control inputs, thus reducing the impact of user inexperience
and/or mistakes on the targeting ratio. In the realistic scenario,
a large amount of aggregation occurs so the adaptive forbid-
den region is formed close to vessel wall. Thus, as shown
in Fig. 19(e), trajectories of the particles are formed closer to
the vessel wall compared to those in Fig. 19(d). This forms
a more compact swarm that can provide ease of particle
guidance. However, it can be observed in Figure 18(e) that the
number of particles sticking inside the vessel increases under
the adaptive forbidden region condition. This may be due to
the behavior of the adaptive forbidden region that pushes the
particles close to the wall.

3) EFFECTS OF USING THE SHARED-CONTROL AND
ADAPTIVE FORBIDDEN REGION
The targeting ratio and sticking ratio for each outlet are
given in Table 3. Compared with the default mode (D),
V mode can reduce the ratio particles going to undesired
outlets (except for outlet 1). However, the sticking ratio is
significantly increased due to the visual limitation. As a
result, when we use a haptic interface independently without
algorithms, we can reduce the ratio of particles going to
undesired outlets but the haptic interface cannot overcome
the sticking of MNPs inside the vessel due to the visual limi-
tation. By applying the automatic alignment scheme (shared
control), we can improve the targeting ratio and reduce the
sticking ratio significantly. However, there are no significant
differences in targeting ratio between the S mode and the S-F
mode due to the dispersion of MNPs caused by aggregations.
To overcome the dispersions, the S-AF mode can improve
the targeting ratio significantly compared to the S mode and
the S-F mode. Hence, we can improve the targeting ratio
in the realistic vessel by using the AF algorithm, and we can
reduce the sticking ratio by using the shared control scheme
with automatic alignment of MNPs. However, using the AF
may increase the sticking ratio as it causes the particles to
move very close to the wall where some particles may enter
the boundary layer of the fluid, thus removing them from the
moving fluid stream.

Through these results, we can determine that the S-AF
algorithm can improve targeting efficiency and reduce the
sticking ratio inside the vessel.

C. DISCUSSSION

As highlighted in the introduction, previously developed tar-
geted drug delivery systems that use open loop control have
two main issues: lack of precise mathematical modeling,
lack of navigation to a targeted position in complex realistic
vessel. In this study, we presented a 3D navigation platform
and proposed a novel algorithm (S-AF) to govern the use of
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a haptic interface device for user in-the-loop navigation to
solve the aforementioned issues. Specifically, we showed that
by applying the adaptive forbidden region, we can cater to
random aggregation. We also showed that by applying shared
control, we can get rid of particles sticking inside the vessel.

Although S-AF algorithm is effective in targeted drug
delivery, if there are a lot of branches and the distance
between branch entrances is small, we can only achieve a
targeting ratio of below 20 %. However, in cases where the
branches are farther apart, we can achieve a targeting ratio
of above 50%. One way of improving the targeting ratio is
to increase the particles’ size [40], which would increase
the magnetic force acting on the particles. An alternative
method can be to increase the magnetic field strength using
cores inside the coils, which can generate high magnetic
field strength with same amount of power supplied to the
coils [41]. In order to reduce the dispersion of MNPs inside
the vessels, the proposed system uses an algorithm based on
the regional average of MNPs. Thus, if MNPs are dispersed
inside the vessel, the precision of this algorithm is reduced.
Consequently, the suggested algorithm is not effective for
closely situated outlets such as outlets 2 and 3. The current
work strived to elucidate the feasibility of swarm control for
navigation of MNPs. Based on this work, the finer points of
this method will be further refined in the future.

The algorithm requires several critical improvements to
become suitable for in-vivo and in-vitro applications. These
include acquisition of the actual geometric structure of real
vessels using MRI and the use of MPI for particle imag-
ing [42]. With the combination of these methodologies,
we may be able to implement the developed algorithms to
realize particle navigation inside real vessels.

VII. CONCLUSION

This paper presented a novel MNP swarm guidance algo-
rithm for MTD in a realistic 3D vessel model using shared
automatic control with adaptive haptic interaction. Through
user studies in a realistic 3D environment generated using
fluid dynamics modeled in COMSOL, it was observed that
the proposed algorithm (S-AF) improved the performance of
MTD. Results show that the S-AF can significantly improve
the targeting ratio while reducing the sticking ratio when
random aggregation occurs. The ultimate goal of our research
is to realize remote control of MNPs in real blood vessels. So,
in the future, we will integrate this system with an MPI system
to perform in-vitro testing.
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