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Abstract— This work investigates modeling and control of
microparticles that could be guided inside the human body
using external magnetic fields. Proposed areas of applications
for these microparticles include but not limited to minimally
invasive surgeries, diagnosis and sensing. The problem is
formulated by modeling a magnetic prototype system which
has been developed for the purpose of wireless motion control
of microparticles. A control system is devised based on the way-
point approach to control the navigation of the microparticles
in a fluid. In addition, a path planning procedure based on
a combination of the potential field and the A* approaches is
investigated in order to control the motion of the micropar-
ticles in the presence of static and dynamic obstacles. The
experimental verification is conducted on a magnetic system
designed for manipulation of microparticles. The experimental
results demonstrates the motion control of microparticles with
maximum steady state position tracking error of 8.6 xm within
a 2.4 mmx 1.8 mm workspace.

I. INTRODUCTION

Recently, there has been a growing demand for less inva-
sive and non-surgical approaches for medical interventions
and diagnosis. Microparticles that are able to be controlled
inside human blood vessels could be used to carry out lim-
ited minimally invasive surgeries such as delivering highly
localized pharmaceutical agents to difficult-to-access regions
within the human body [1], [2]. Therefore, we developed
a magnetic prototype system for controlling microparticles
through externally applied magnetic fields. The developed
prototype system is shown in Fig. 1, illustrating a circular
trajectory tracking under the influence of controlled magnetic
fields. Such magnetically-guided microparticles could be
coated with concentrated drugs and steered towards dis-
eased difficult-to-reach regions [3]. Magnetic labeling of a
pharmaceutical dosage can be achieved by the incorporation
of small amounts of remanent ferromagnetic particles and
their subsequent magnetization. After the ingestion of a
magnetically-labeled pharmaceutical capsule, the magnetic
field outside the patient is measured, then the position of
the capsule is determined by solving an inverse problem [4].
We consider the control of spherical microparticles, where
spherical shapes simplify the control problem since there is
no preferred direction of magnetization [5].

Much effort has been expended to provide microrobots
with relatively miniaturized sizes in order to make them
applicable for wide range of medical applications. Kum-
mer et al. [6], presented a 5-DOF wireless magnetic system
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Fig. 1. The magnetic prototype system developed for the wireless control of
microparticles. The inset shows a 100 pm spherical microparticle in a water
reservoir tracking a circular trajectory by the controlled magnetic fields
generated at the electromagnets.

for controlling an untethered microrobot within a large
workspace for delicate retinal applications. This wireless
control was accomplished through the utilization of com-
plex non-uniform magnetic fields. However, the size of the
fabricated microrobot was relatively large (0.5 mm to 2 mm
long). Nevertheless, the size of the robot was suitable for the
intended application. This could possibly limit its operating
range since the large arteries of the human blood circulatory
system have diameters which range from 1.0 mm to 4.0 mm
and from 6.0 pm to 10 pum for capillaries [7], [8]. Similarly,
magnetic propulsion was utilized to move a 3 mm ferromag-
netic thermoseed to reach a brain tumour [9]. Propulsion
is accomplished by applying magnetic forces generated by a
Magnetic Stereotaxis System which consists of six supercon-
ducting coils and a fluoroscopic imaging system [10], [11].
Additional thrust force to steer a cylindrical microrobot was
achieved by embedding a spiral-shaped object. In this case,
the microrobot rotates in a rotational magnetic field and the
spiral shape produces additional thrust force [12].

The previous attempts have limited operating range due
to the size of their microrobots. The smaller the microrobot
(e.g., thermoseed or a spiral-shaped object) is, the wider its
operating range becomes. In this sense, microparticles have
an advantage due to their miniature size.

The exact mapping between the force acting on a mi-
croparticle and the applied weak magnetic fields (i.e., less
than 3 mT) was derived in [13]. This mapping modifies



the conventional expression of the force experienced by a
microparticle, by accounting for the non-zero initial mag-
netization, which may contribute significantly to the force
under the influence of weak magnetic field.

In this work, we discuss the modeling and control of
microparticles, using a magnetic prototype system which has
been developed in our laboratory for manipulation applica-
tions [14]. Weak magnetic fields are generated using air-
core electromagnets. In this case, the magnetic field can
be determined by the superposition of each electromagnet
contribution during the computation of the magnetic force
experienced by the microparticles. A finite element (FE)
model of the system is developed and verified experimentally
in order to determine the current-field map. Position of the
microparticle is measured using a vision system and utilized
in the realization of the force-magnetic field (or force-
current) map. In addition, navigation of the microparticle
is controlled in the presence of static and dynamic virtual
obstacles using a combination of the potential field and the
A* approaches [15]-[16].

The remainder of this paper is organized as follows:
In Section II, we shall discuss the theoretical background
pertaining to the general modeling and control of micropar-
ticles under the influence of external magnetic fields. In
addition, a FE model is developed to analyze the force-
current map of the magnetic system. Motion control of the
microparticle using the waypoint approach is provided in
Section III. Description of the magnetic system along with
the procedure of implementation and experimental results
are included in Section IV. Finally, Section V provides
conclusions and final remarks.

II. MAGNETIC FORCE MODELING

The magnetic force (F(P) € R3*!) acting on a magnetic
dipole (small body) is given by
F(P) = V(m(P) - B(P)), e))
where m(P) € R3*! and B(P) € R3*! are the permanent
or induced magnetic dipole moment of the microparticle
and the induced magnetic field at a point (P € R3*1),
respectively. The microparticles we consider in this work are
spherical and have negligible intrinsic anisotropy. As a result,
they are superparamagnetic at room temperature. Therefore,
we can approximate the magnetic dipole (m(P)) with

4 4 Xm

P)= —qrd—Am
m(P) 3" P 1o (1+ Xom)

B(P), @)
where 7, is the radius of the spherical microparticle. Further,
Xm and po are the magnetic susceptability constant and
the vacuum permeability (i.e., pg = 47 x 107"T.m/A),
respectively [9]. Substitution of (2) in (1) yields

F(P) = & Ly, V(B2(P)), 3)
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where g = p19(1 + xom ), is the permeability coefficient.
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Fig. 2. Finite element simulation of a single electromagnet for current input
of 0.8 A. The planar magnetic fields are only shown in the figure due to their
symmetric pattern with respect to the axis of the cylindrical electromagnet.
Theoretically, the constant matrix B;(P) can be determined using this
analysis. Manipulation of the microparticles occurs in the xy-plane which
coincides with the center plane of the electromagnets. The FE model is
created using Comsol Multiphysics® (COMSOL, Inc., Burlington, U.S.A).

Since the magnetic field is generated using air-core elec-
tromagnets, the magnetic field can be determined by the su-
perposition of the contribution of each of the electromagnets

n
B(P) =) Bi(P), )
i=1
where n is the number of electromagnets within the magnetic
system. The magnetic field (B;(P)) due to each electromag-
net is linearly proportional to the applied current (/;) at each
electromagnet. Therefore, (4) can be rewritten as

B(P) = Z B,(P)I; = B(P)L, ©)
=1

where B(P) € R3*™ is a matrix which depends on the posi-
tion at which the magnetic field is measured and I € R"*! is
a vector of the applied current [6]. The magnetic field due to
each electromagnet is related to the current input by B;(P).
We can determine B(P) experimentally by measuring the
magnetic field at every point within the workspace of the
system. Alternatively, B(P) can be determined by creating
a field map using FE analysis.

The FE analysis of the current-field map is illustrated
in Fig. 2. This map has to be constructed for each elec-
tromagnet. Then due to its linearity, the matrix B(P) can
be determined by the superposition of each electromagnet
contribution. Results of the FE analysis are shown in Fig. 3.
The magnetic field components (B, and B,) are illustrated
in Figs. 3(a) and (b), respectively. A 5th order polynomial
yielded minimum sum squares for error with the following
coefficients for B,: [0.0 0.0 0.3 — 9.0 0.0 18.0 5.7 —
1141.0 0.0 758.9 1.1 x 10* 394.7 —7.9 x 10* —531.4 2.6 x
10* — 8.8 x 10* 1.5 x 10* — 1.4 x 10° — 3.6 x 106 —
3.5 x 10* 5.8 x 105], and the following coefficients for B,:
[-1.2x1076 —0.1 0.0 0.0 —18.0 0.0 286.1 2.2 —1125.0 —
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Fig. 3. Results of the FE analysis for the field components of a single
air-core electromagnet when current of 0.8 A is applied. We obtained a 5th
order polynomial which yielded minimum sum of squares for error. The
results of the FE analysis are utilized during the computation of the gradient
V(B2(P)) which is used in the realization of the force-current map (9).

0.7 —45.74.0x10* 41.0 —5.2x10* 529.3 —3.5x 10° 4.8 x
104 2.8x10% —7.9x10* —1.9%x 10° 4.6 x 10%]. The magnetic
field component in z-direction is zero (i.e., B, = 0), since we
are only considering planar motion control of the micropar-
ticles in zy-plane at z = 0. This is also considered during
the design of the magnetic prototype system, as the plane
at which the manipulation occurs must be collinear with the
center plane of the electromagnets as shown in Fig. 4.

With respect to a basis of orthogonal vectors (i.e., X, ¥
and Z) that are shown in Fig. 2, the magnetic field can be
expressed as

(6)

Therefore, V(B?(P)) can be computed using the magnetic
field gradient as follows:

V(B*(P)) =

B(P) = B,Xx+ B,y + B.z.

V(BI+ B, +B2)=V(Q)
N 90 90

e Ty T e

(N
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where (2 is a scalar function
Q=Bl+B]+B.

It is important to note that stable equilibrium at any
point in the system’s workspace, perhaps at z = 0 (P,—¢
represents a point located on the horizontal xy-plane shown
in Fig. 2), cannot be achieved without feedback control. This
can be shown using (3). For P._ to be a stable equilibrium
point, the divergence of the force field must be negative,
ie, V-F(P.—o) < 0. Using (3), we obtain

V- [élmgme(BQ(P))] <0. ®)

3p

The scalar result of the divergence operator (8) has to be
negative, which is a necessary condition for P,y to be
a stable equilibrium point [9]. Here the divergence of the
gradient of B2(P) is positive everywhere (and so do the
other parameters, except the susceptibility x,,). Paramag-
netic materials have positive susceptibility unlike diamag-
netic materials [20]. Therefore, stable equilibrium cannot be
achieved under static force field, it can be rather achieved
by applying feedback-based control inputs. Substituting (5)
in (3) yields

LT (VB PBP))

and the components (F;(P)) of the magnetic force (F(P))
are given by

F(P) — ©)

O(B™(P)B(P))
ol

Therefore, controlling the currents at each electromagnet
will allow us to impose different force vectors on the
microparticle. However, in order to impose desired forces, we
have to solve (9) for the currents at each electromagnet of the
system. In order to determine the current vector (I € R"*1),
we have to solve the quadratic matrix equation (9) for I (the
magnetic force is linear with respect to the current squared).

It is important to note that the force-current map (9)
requires computation of the gradient V(BT (P)B(P)) at
every point of the magnetic system’s workspace. Based on
the position of the microparticle within the workspace, the
force-current map can be evaluated.

It can be shown from (9) that the generated force is a func-
tion of the microparticle size and geometry. In addition, the
magnitude of the magnetic force can be increased by generat-
ing large directional derivatives in the applied field. During
the initial steps of the magnetic system design, the force-
current map (9) is used to determine whether the generated
magnetic force would overcome the viscous drag force (Fy)
generated due to the presence of the microparticle inside a
fluid with known parameters. Therefore, it is important to
determine the forces acting on the microparticles. First, we
have to determine Reynolds number (R.) of the fluid [14]

o ) for (I =x,y,2).

mﬂgmeT (

_ 2pyurp
n )

R, (10)



Fig. 4. The magnetic prototype system consists of a microscope with a
vision system mounted on the top of an array of electromagnets @ sur-
rounding a reservoir @ which contains water. The manipulation plane at
the reservoir coincides with the center plane of the electromagnets [14].
The inset shows the water reservoir and the electromagnets array. The
microparticles utilized throughout the experimental work are paramagnetic
with saturation magnetization of 6.6 x 102 Am? /g, consisting of iron-
oxide in a poly (lactic acid) matrix (PLAParticles-M-redF-plain from
Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany).

where v, n and p; are the microparticle velocity, fluid
dynamic viscosity (1 mPa.s) and density (998.2 kg/m?),
respectively. Assuming that v will not exceed 1 mm/s,
Reynolds number turned out to be less than 0.1. Therefore,
we can assume laminar flow condition and use Stokes law
Fq = 6mnrpv. (11)

In addition, the net buoyancy force (necessary when mi-
croparticle is required to navigate in three-dimensional
space) acting on the microparticle is

Fy =Vi(py — py)g, (12)
where V' and p; are the volume (r, = 50 pm) and density
(1.4x10% kg/m?) of the microparticle, respectively. Further,
g is the acceleration due to gravity [21]. The net drag force is
used during the design of the magnetic system such that the
maximum force (i.e., 0.91 nN which can be generated by a
field gradient (V(B2(P))) of 15 mT?/m in the center of the
reservoir) obtained through (9) is larger than the maximum
net drag force (i.e. 0.28 nN for microparticle velocity of
300 pum/s). The generated magnetic force has to be applied
such that the microparticle follows a reference trajectory in
order to reach to a target position along with avoiding any
static or dynamic obstacles along its path.
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Fig. 5. The transition region around a line segment of the reference
trajectory. Waypoints (W1 and Wy) are defined along the reference
trajectory, the line segment between the waypoints has an angle (0¢)
with the global reference frame. The width of the transition region is
defined by b, the velocity vector of the microparticle has an angle (64)
with respect to the segment of the reference trajectory. The projection of
the microparticle position (P’) is located at s* along the trajectory. The
magnitude of the position tracking error (e) determines the type of control
to be applied as it indicates whether the microparticle is located inside or
outside the transition region.

III. MICROPARTICLE MOTION CONTROL

In order to control the motion of the microparticle, we
define a transition region around the reference trajectory
indicated by dashed lines which lies at a distance (b) on
each side of the trajectory as shown in Fig. 5. Different
motion control inputs are applied depending on the position
of the microparticle with respect to the transition region
boundaries, namely the outside and inside the transition re-
gion control inputs. Outside the transition region, the control
system is designed such that the magnetic force enforces the
microparticle to move towards the region boundary in finite
time. Hereafter, another control input is utilized in order
to achieve smooth transient response inside the transition
region. We define W7 and Wy as the waypoints along the
reference trajectory. The microparticle should move towards
the second waypoint (W3). Using the cartesian components
of the waypoints, we can determine the angle (0f) of a
line segment along the trajectory with respect to the global
coordinate frame shown in Fig. 5

0 = atan2(way — Wig, Way — Wiy), (13)

where w1, and w1, we, and wy, are the components of Wy
and W, respectively. Position of the microparticle along the
trajectory is

(P—-W)T(Wy — W)

. _ 14
° | Wa — W |2 ' (9

which is used in the determination of the position tracking
error (e) through

€:‘|P—($*(W2—W1)+W1) H . (15)
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Fig. 6. Experimental motion control results of the microparticle during tracking of circular, rectangular and figure-eight paths. The blue trajectory represents
the reference path and the waypoints along this path are illustrated with the red squares. The black dashed-line represents the actual path taken by the
microparticle. The red circle indicates the initial position of the microparticle. Controller gains are: (a) kp = 2.07, k; = 1.00, b = 300 um and 6, = g
(b) kp = 1.00, k; = 1.00, b = 300 um and 04 = 7. (c) kp = 1.44, k; = 1.00, b = 300 pum and 04 = 7. Please refer to the attached video that

demonstrates the results of the motion control experiments.

The side of the trajectory at which the microparticle is
located, can be distinguished by the sign of a variable o using

o =sgn[(Wa — Wyp) x (P —Wjy)]. (16)

We assume that the reference trajectory consists of a set of
waypoints connected by straight lines. Switching between
waypoints depends on the value of s*, i.e., the microparticle
passes the second waypoint if s* > 1. Hereafter, we have to
switch to the next waypoint and so forth. On the other hand,
the value of | e | determines the nature of the applied control
input as it indicates whether the microparticle is located
outside (| e |> b) or inside (] e |< b) the transition region.

A. Outside the transition region

Considering that the microparticle is navigating outside
the transition region, i.e., | ¢ |> b, the applied magnetic
force has to enforce the microparticle towards the transition
region. This can be achieved if the applied magnetic force
vector enforced the microparticle to move with an angle (6..)
with respect to the global coordinate frame shown in Fig. 5

chﬁf —O'Qd, (17)

where 0; € (0,7) is the entry heading angle of the
microparticle. It was proved in [22], that the previous control
input (17) enforces the microparticle to entre the transition
region in finite time. Determination of the right hand side
of (17) requires measuring the position components of the
microparticle along with the components of the waypoints
(w1, and wyy, wa, and way,). Afterwards, the force-current
map (9) derived in Section II can be used in order to
determine the desired current for each of the electromagnets.

B. Inside the transition region

Considering that the microparticle is navigating inside the
transition region, i.e., | e |< b, the applied magnetic force
has to enforce the microparticle to move with an angle

0 e ‘6‘ kark/t dt
c=175 | i edt,
le[2 \ b 0

(18)
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with respect to the global coordinate frame, where £, and
k; are the controller gains which have to be selected upon
the desired transient response. It is worth noting that the
controller gains are not limited to k, and k;. The heading
angle (f;) and the boundary width (b) can be tuned in order to
achieve the desired tracking performance. Increasing &, and
04 € (0, 5) results in faster response and shorter convergence
time to the desired trajectory, whereas k; reduces the tracking
error in the steady state.

IV. MAGNETIC SYSTEM DESIGN AND RESULTS

The proposed magnetic prototype system consists of air-
core electromagnets, vision system and control system. Using
the FE analysis, we concluded that four electromagnets
(each has an inner diameter, an outer diameter and length
of 10 mm, 39 mm and 30 mm, respectively. The number
of turns in each coil is 1680) are enough to steer the
microparticles in a planar workspace and overcome the net
force resulted from the viscous fluid drag given by (11). The
air-core electromagnets guarantee the validity of (5). The
proposed system is illustrated in Fig. 4. The electromagnets
are oriented around a reservoir containing water at which the
microparticle navigates under the influence of the magnetic
fields. A detailed description of the system components and
specifications can be found in [14].

In order to analyze the overall system, we generated a
FE model. The electromagnetic field throughout the system’s
workspace is determined by applying current at the coils
with maximum limit of 0.8 A. The generated magnetic fields
at the workspace are able to create enough magnetic force
to overcome the net drag force acting on the microparticle
inside the reservoir.

We have shown that feedback control must be applied in
order to stabilize the microparticle since the divergence of
the force field is positive according to (8). Visual feedback
is used to close the control loop of the system. The desired
force is determined based on the target coordinates and the
obstacle-free trajectories. Afterwards, the force-current map
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Fig. 7. Motion control experimental results of the wireless magnetic control of a microparticle. A target point is tracked in the presence of static and
dynamic obstacles. The gray circles represent obstacles which are avoided by utilizing a combination of the potential field and the A* approaches to generate
a feasible path. The black dashed-line represents the actual path taken by the microparticle and the blue line represents the determined obstacle-free path.
(a) Static obstacle avoidance. The controller gains are: k, = 0.83, k; = 0.58, b = 300 um and 04 = % (b) Dynamic obstacle avoidance. One of the
obstacles moved towards the planned path, the repulsive force field of the obstacle allowed the microparticle to avoid collision. The controller gains are:

kp = 1.00, k; = 1.00, b = 300 um and 04 = 7.

is used to determine the current at each electromagnet of the
system by solving the quadratic matrix equation (9).

The described waypoint control approach is implemented
to track the different trajectories shown in Fig. 6. These
trajectories span the entire workspace of the system (i.e.,
2.4 mmx 1.8 mm). Therefore, we can examine the control
authority of the applied magnetic force throughout the entire
workspace. Figs. 6(a), (b) and (c) illustrate the experimental
tracking of circular, rectangular and figure-eight trajectories,
respectively. In each of these experiments, four control
variables (i.e., k,, k;, b and 64) can be adjusted to achieve
the required transient and steady state performances. The
average velocity of the microparticle depends on the shape
of the reference trajectory. During the tracking of the circular,
rectangular and figure-eight trajectories, the average velocity
of the microparticle was 286 pm/s, 83 pm/s and 122 pm/s,
respectively. The average speed difference is not only due
to the different controller gains utilized in each experiment,
but also due to the magnitude of the directional derivative
along each path. The derivative action is not included in the
control law despite of its importance because of the limited
camera frame-per-second rate (i.e., 10 fps). The experimental
results depicted in Fig. 6 indicate that the microparticle
is controllable throughout the entire workspace (reservoir
area) and the controller achieved maximum steady state
position tracking error of 8.6 pm (maximum steady state
position tracking error along z- and y-axis are 5.0 pm and
7.0 pum, respectively). The attached video demonstrates our
experimental results.

In order to avoid collision with any obstacle along the
path of the microparticle, we devise to combine the potential
field and the A* approaches to generate paths which avoid
both static and dynamic obstacles [17], [18]. Visual feedback

465

Please refer to the attached video that demonstrates the results of the obstacle avoidance experiments.

is utilized to determine any possible obstacle within the
reservoir. This information is used in generating a path which
avoids both static and dynamic obstacles. The experimental
results are illustrated in Fig. 7. Experimentally, we generated
virtual static and dynamic obstacles, then their coordinates
are used in the realization of the obstacle-free paths. In this
experiment, we utilized the potential field approach along
with the A* algorithm [15]. This is accomplished by exerting
repulsive force field on the microparticle from each detected
obstacle, whereas the target exerted attractive force field
to pull the microparticle in its direction. Along with this
approach, we utilized the A* algorithm to find a minimal cost
route towards the target. In situations at which calculations
are too intensive or cannot be realized in real-time, we
devise to use a combination of these two approaches by
using the calculated path as a guide then using the potential
field to avoid any obstacle along this path. Through this
combination, we can avoid the drawbacks of each approach.
In situations at which the microparticle is away from the
obstacles and the target, feasible paths are generated by the
A* algorithm and if the microparticle became closer to either
an obstacle or the target, the control system switches to the
potential field approach and so forth.

The experimental results of the motion control in the
presence of static and dynamic obstacles are illustrated in
Figs. 7(a) and (b), respectively. The obstacles shown in
Fig. 7 are assigned a repulsive force field while the target is
assigned attractive force field. As shown in Fig. 7(b), the
dynamic obstacle moved towards the planned path deter-
mined using the A* algorithm, but due to the local repulsive
force field assigned to the obstacle, the microparticle moved
away from the planned path avoiding possible collision with
the dynamic obstacle. The attached video demonstrates our



experimental results. Regardless to the simplicity of the
techniques utilized in this experiment, we demonstrated the
feasibility of controlling microparticles in the presence of
static and dynamic obstacles by the applied magnetic fields.

V. CONCLUSIONS AND FUTURE WORK

This work presented a wireless magnetic system to control
the motion of paramagnetic microparticles in a fluidic body.
The system is designed such that the generated magnetic
force (i.e., 0.91 nN due to maximum field gradient) utilized
to steer the microparticles is larger than the net viscous drag
force (i.e., 0.28 nN computed at maximum microparticle
velocity of 300 pm/s). In view of the utilized magnetic field
(less than 5 mT and maximum field gradient of 15 mT?/m
within the center of the workspace) and the limited frame-
per-second rate (i.e., 10 fps) provided by the magnetic sys-
tem and the vision system, respectively, closed-loop motion
control is achieved and reference trajectories with different
geometries are tracked with a maximum steady state position
tracking error of 8.6 pm.

The waypoint control approach utilized in this work pro-
vides four control variables to be tuned in order to shorten the
settling time and to achieve the desired transient response.
In addition, a combination of the potential field and the A*
approaches is used to generate obstacle-free trajectories for
the microparticle. This allows the microparticle to navigate
while avoiding collision with static and dynamic obstacles.

The size of the microparticles provides them with wide
range of medical applications, this is not the case when
microrobot size is relatively large. However, due to the
dependence of the magnetic force on the size and geometry,
the magnetic force experienced by the microparticles can
only be increased by generating larger directional derivatives
in the applied field.

Future work in the field of wireless magnetic-based con-
trol of microparticles should be extended to investigate
the control of biodegradable magnetic nanoparticles. These
particles can be utilized as magnetic drug carriers owing
to their low toxicity and excellent magnetic saturation. In
vivo experiments would improve the control system design
since many aspects such as time-varying fluid viscosity and
flow could be investigated. In addition, the magnetic system
will be re-designed to allow nano and microparticles to
navigate in three-dimensional space and overcome larger
viscous drag forces.
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