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Abstract— Independent motion control of several magnetic
agents at micro scale is essential in diverse biomedical and
nano-technology applications. In this study, we achieve closedloop motion control of multiple clusters of iron-oxide nanoparticles using an electromagnetic system. This system consists an
array of parallel in-plane electromagnetic coils. We devise a
control algorithm based on round-robin scheduling paradigm
to achieve simultaneous control of multiple clusters of ironoxide nanoparticles. This proposed control strategy allows us
to exert primary and auxiliary magnetic forces and achieve
independent positioning of multiple clusters at average speeds
of 8125±500 µm/s (mean±s.d.) and 617±400 µm/s, respectively.

Key wo rds—Independent control, magnetic, nanoparticles.

I. INTRODUCTION
Nanoparticles have several potential biomedical applications
ranging from medical imaging [1] to targeted therapy [2],
[3]. It is a challenge to deliver a localized drug to a selectively diseased cell without affecting its healthy neighbors. Moreover, certain cancerous tumors are often characterized by their multifocal growth pattern (Fig. 1(a)). Bladder
cancers form several tumors simultaneously on the bladder
wall, for instance [4]. Motivated by this challenge, many
researchers proposed the utilization of biodegradable magnetic
nanocapsules, micro and nanoparticles (Fig. 1(b)) in drug
delivery applications [5]-[7], to overcome the negative sideeffects on healthy cells. However, a few research groups
have addressed the independent control of multiple magnetic
agents to achieve parallel localization or delivery (within the
vicinity of several tumors). Donald et al. [8] have designed
heterogeneous microelectromechanical systems (MEMS) microrobots to achieve parallel operations and microassembly.
Floyd et al. [9] and Diller et al. [10] have also achieved motion
differentiation through heterogeneous microrobot designs to
enable distinct response of the microrobot to the common
dynamic driving magnetic fields in two- and three-dimensional
spaces, respectively. It has also been demonstrated by Kratochvil et al. that magnetic micro-robots (possessing different
resonant frequencies) achieve decoupled motion under the
influence of a driving magnetic field [11]. Although these
studies demonstrate simultaneous and independent response of
multiple microrobotic agents under the influence of common
driving fields, the scaling of the systems that generate these
fields to the size of in vivo applications remains a challenge.
Nelson et al. have demonstrated that single rotating dipole
field can be used in the generation of rotating magnetic
fields with arbitrary independent rotation axes [12]. These
rotating fields are generated using a spherical-actuator-magnet
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Fig. 1. Independent control of multiple clusters of nanoparticles is achieved
using an electromagnetic system in two-dimensional space. (a) A schematic
representation of multifocal cancerous tumors targeted using independent clusters of nanoparticles. (b) Nanoparticles are pulled towards multiple reference
positions under the influence of the magnetic field gradient. (c) The system
consists of a needle ¬ to transport multiple clusters of nanoparticles on a configuration of electromagnetic coils. (d) The electromagnetic configuration 
consists of 25 electromagnetic coils ®. The coils are parallel to z-axis and are
independently powered. Independent paths of the clusters are achieved using
primary and auxiliary magnetic forces.

manipulator that is attached to a robotic arm. Not only do
they enable independent motion of magnetic screws within an
agar gel environment, but they also use a configuration that
can be scaled up to the size of in vivo applications [13]. Cappelleri et al. have also utilized a fine grid of planar, MEMSfabricated identical micro coils to achieve independent control
of microrobots [14]. In this work we achieve the following:
(1) development of an electromagnetic system (based on [14])
for the transportation and independent localization of clusters
of iron-oxide nanoparticles (Figs. 1(c) and (d)); (2) modeling
of the electromagnetic configuration and implementation of
simultaneous control of multiple clusters of nanoparticles
based on round-robin scheduling paradigm [15].
The remainder of this paper is organized as follows: Section II provides descriptions pertaining to the electromagnetic
system and its characteristics. Section III presents our closedloop control strategy that enables multiple clusters of nanoparticles to move controllably towards different reference positions. Finally, Section IV concludes and provides directions
for future work.
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TABLE I
S PECIFICATIONS OF THE ELECTROMAGNETIC

SYSTEM . T HE MAGNETIC
FIELDS ARE MEASURED AT THE CENTER OF THE WORKSPACE USING A
CALIBRATED 3- AXIS DIGITAL T ESLAMETER (S ENIS AG,
3MH3A-0.1%-200 M T, N EUHOFSTRASSE , S WITZERLAND ).

Parameter

Value

Parameter

Value

Range [mm]
Velocity [mm/s]
Load [N]
Material

400
39
7.65
Al

Pitch [mm]
Increment [µm]
Push/pull force [N]
Dimensions [mm3 ]

3.0
50
0.37
180×180×74

max Ii [A]
|B(p)| [mT]
Bx (p) [mT]
By (p) [mT]

0.6
7.5
4.0
4.0

Number of turns
∇|B(p)| [T.m−1 ]
∂|B(p)|
[T.m−1 ]
∂x
∂|B(p)|
[T.m−1 ]
∂y

1600
0.9
0.49
0.37

Bz (p) [mT]

5.0

∂|B(p)|
∂z

r [µm]
η [mPa.s]

Fig. 2. Simulation result of the magnetic field and the magnetic field
gradient of the electromagnetic configuration. Attractive and repulsive fields
are generated and enable motion control of multiple clusters of nanoparticles
towards different reference positions. Multiple clusters are navigated through
several local minima and positioned within the vicinity of different reference
positions using a dynamic magnetic field.

II. CHARACTERIZATION OF THE SYSTEM
Our system consists of a needle insertion mechanism and
an array of electromagnetic coils, as shown in Figs. 1(c)
and (d). The needle insertion allows for the transportation
of the nanoparticles, whereas the electromagnetic coils positions the nanoparticles under the influence of the controlled
magnetic field gradients. Nanoparticles (45-00-252 Micromod
Partikeltechnologie GmbH, Rostock-Warnemuende, Germany)
are contained in a medium on a flat surface on top of the
electromagnetic configuration. The needle insertion system
consists of a linear motion stage (with accuracy of 0.1 mm),
and the needle is fixed to an actuator. The linear motion of
the stage and the rotational motion of the actuator allow us
to position the needle tip within a limited workspace in the
electromagnetic configuration. This configuration consists of
25 iron-core electromagnetic coils. Each of the electromagnets
and the actuators of the needle insertion system are independently supplied with current using electric drivers (MD10C,
Cytron Technologies Sdn. Bhd, Kuala Lumpur, Malaysia) and
controlled via an Arduino control board (Arduino UNO R3, Arduino, Memphis, Tennessee, U.S.A). Table I provides
the specification of the needle insertion and electromagnetic
systems. The needle transports clusters of nanoparticles, and
magnetic force is applied on their dipole moment once they
are released. We only consider motion of nanoparticles in twodimensional (2D) space (F ∈ R2×1 ), and we also assume
that the cluster of nanoparticles has in-plane magnetization
(m ∈ R2×1 ). Therefore, the magnetic force is given by
(
)
∂Bx
x
mx ∂B
∂x + my ∂y
F = V (m · ∇) B(p) = V
, (1)
∂B
∂B
mx ∂xy + my ∂yy

0.5
1.0

[T.m−1 ]
[mm2 ]

Workspace
Frame per second

1.52
300 × 300
10

where V is the volume of the magnetite nanoparticles. Further,
m and B(p) are the magnetization (magnetic moment per
volume) and the induced magnetic fields at point (p), respectively. mx and my are the in-plane components of the net
magnetization of the nanoparticles, and Bx (p) and By (p) are
the in-plane components of the external magnetic field along
x- and y-axis, respectively. The electromagnetic configuration
consists of an array of 25 coils. This array enables motion
control of the nanoparticles within a relatively large workspace
of 30×30 cm2 . The magnetic field components of the electromagnetic configuration are shown in Fig. 2, and mapped onto
current (I) input using the following map [16], [17]:
[
]T [
]T
Bx (p) By (p) = B̃x (p) | B̃y (p) I.
(2)
In (2), B̃x (p) and B̃y (p) are the magnetic field-current maps
of the field components along x- and y-axis, respectively.
Using (2) in (1), we obtain the following force-current map
(Λ(m, p)) [17]:
(
)
x (p)
x (p)
mx ∂ B̃∂x
+ my ∂ B̃∂y
F=V
I = Λ(m, p)I. (3)
∂ B̃y (p)
∂ B̃y (p)
mx ∂x
+ my ∂y
i (p)
The magnetic field gradients ( ∂B∂i
for i = x, y) are shown
in Fig. 2, and indicate that a pulling magnetic force can be
exerted along x- and y-axis to manipulate the nanoparticles
within 2D space. The magnetic field strength and the magnetic
field gradient indicate that there exist several location to
stabilize the nanoparticles. This stabilization is not due to the
applied magnetic field since a stable equilibrium point under
static magnetic forces cannot be achieved. The convergence
of the magnetic field gradient lines towards several locations
within the 2D space is due to the workspace of the configuration. We only consider motion control within 2D space, on
the surface of a liquid medium. Therefore, stable manipulation
within this 2D space can be achieved if the pulling magnetic
force along z-axis is less than the surface tension force (Fs )
given by
Fs = 2πγrp sin θ,
(4)
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where γ is the surface tension of water (72×10−3 N.m−1 ) and
rp is the radius of the nanoparticle (500×10−9 m). Further, θ
is the contact angle between the nanoparticle and the water
surface. Using (4), the upper limit of the surface tension
force has order of magnitude of 10−7 N. This force is used
to limit the magnetic field gradient along z-axis during the
manipulation of the clusters of nanoparticles.

TABLE II
P SEUDO -C ODE OF THE NANOPARTICLES DETECTION ALGORITHM .
Inputs: Snapshot of the workspace (img), previous location of the
nanoparticle (x(t − 1), y(t − 1)), the length of a square region-ofinterest (l), and the threshold used in the detection (thr).
Output: The position of the nanoparticles within the workspace (x, y)
and the radius of the detected cluster of nanoparticle (r).
Variables: Coordinates of the top-left corner of the focus area (xf , yf ),
region-of-interest (ROI), dimensions of the ROI (dim), and binary
region-of-interest (ROIbin ).
xf ←− x(t − 1) − (l/2)
yf ←− y(t − 1) − (l/2)
dim ←− (xf , yf , l, l)
ROI ←− crop(img,dim);
if grayscale(ROI) == false
ROI ←− convert-to-gray(ROI);
ROIbin ←− binary(ROI,thr)
[x, y, r] ←− blob-detection(ROIbin )
if r == 0
[count,value] ←− histogram(ROI);
i ←− 1
while r == 0 do
if count(i) > 0
thr ←− value(i)
ROIbin ←− binary(ROI,thr)
[x, y, r] ←− blob-detection(ROIbin )
i ←− i + 1
end
x ←− x + xf
y ←− y + yf

III. MOTION CONTROL OF MULTIPLE
CLUSTERS OF IRON-OXIDE NANOPARTICLES
Our aim is to control multiple clusters of nanoparticles.
Therefore, we present a detection algorithm with relatively
low latency to detect multiple clusters simultaneously.
A. Tracking of Multiple Nanoparticle Clusters
Our algorithm utilizes two functions, imfill and regionprops,
from MATLAB R2015a (MathWorks, Natick, Massachusetts,
USA). A pseudo-code of the algorithm is provided in Table II and is based on the following inputs: (1) snapshot
of the workspace (img); (2) previous location of the cluster
(x(t−1), y(t−1)); (3) length of a square region-of-interest (l);
(4) value of the binary threshold used in the detection (thr).
The input (img) is the current snapshot of the workspace
used by the detection algorithm represented as a gray scale
image. The previous location of the cluster (x(t − 1), y(t − 1))
represents the last detected location which together with the
length of the region-of-interest (l) are used to decrease the
search space to a square subset within the image, the region-ofinterest (ROI), that is centered around the previous location of
the cluster and has size specified by (l). Finally, the threshold
value (thr) is used by the algorithm to convert the images into
binary format to perform the detection.
The algorithm extracts the ROI from the images. This ROI
is centered around the last known location of the cluster.
Therefore, l depends on the distance that the nanoparticle
travels since its last known location. If the distance traveled
by the cluster is greater than l, the nanoparticles is not located
within the ROI and is not be detected. This means that l should
be greater than the maximum distance that could be traveled
by the cluster. It is calculated based on the maximum speed of
the cluster, and the elapsed time (t). After acquiring the ROI,
the algorithm performs a check to make sure that the ROI is
represented in 8-bit gray-scale format. If the ROI is not a grayscale image, it is converted into 8-bit before proceeding. A
binary threshold (thr) is applied on the ROI. The method blobdetection is called to fill the round objects (holes) in the image
using the function imfill and then detects the nanoparticles, that
is located within the ROI using the function regionprops. In
some cases, the algorithm fails to detect any objects within
the image due to abrupt changes in the lighting. Therefore,
the threshold is adjusted to adapt with any change. We employ
an incremental thresholding technique to obtain the histogram
of the image, using the MATLAB predefined function imhist
to select the lowest pixel value as our threshold, and run the
detection algorithm again. If there is no object detected, we
select the second lowest pixel value from the histogram and

repeat the process until we detect objects within the image.
We terminate this process with the first detected object as
the clusters have the largest contrast within the frame. The
algorithm returns the current value of the threshold and employ
this threshold in the rest of the experiment until it fails in
detecting any features in the image. In this case, the value of
the threshold is updated based on the result of the incremental
thresholding technique. Detection of multiple clusters allows
us to design a control algorithm.
B. Control of Single Nanoparticle Cluster
Table III shows the pseudo-code of the algorithm used to
control single cluster of nanoparticles. The algorithm uses the
following input: (1) current location of the cluster (x, y); (2)
target location of the cluster (xref , yref ); (3) maximum current
of the coils (Imax ); (4) minimum and maximum effective radii
of the coils (min(reﬀ ) and max(reﬀ )); (5) position of the
coils within the workspace (xc , yc ). The aim of the algorithm
is to decide on the coil that should be activated to pull the
cluster towards the target location. The algorithm activates
the nearest coil to the cluster with respect to the reference
position. A magnetic force (1) from the current position of the
cluster (x, y) pointed towards the target position (xref , yref ) is
required. However, the cluster is always pulled towards the
center of the coil, and hence we can only generate forces
in the direction of a single coil (Fig. 2). Therefore, the
algorithm detects the force vectors from the cluster position
(x, y) to the position of one coil in a range (xc , yc ), and
chooses the one that has the least deviation from the required
force, which indicates the minimum angle between the two
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TABLE III
P SEUDO -C ODE OF THE CONTROL ALGORITHM
NANOPARTICLES .

TABLE IV
P SEUDO -C ODE OF THE CONTROL ALGORITHM
NANOPARTICLES .

OF A SINGLE CLUSTER OF

Inputs: Current location of the nanoparticle (x, y), target location
(xref , yref ), the maximum current for the coil (Imax ), the minimum
and maximum effective radii of the coil (min(reﬀ ) and max(reﬀ )),
and the position of the coils within the workspace (xc , yc ).
Output: Index of the coil to be activated (ci), and the input current
to electromagnetic coil (I).
Variables: Angle between reference position and center of the coil
with respect to position of the nanoparticles (θ), position of active coil
(cp), distance between the position of the nanoparticles and center of
the coil (d).
pos ←− [x, y]
ref ←− [xref , yref ]
θ ←− 360
i ←− 1
while i < size(xc ) do
cp ←− (xc (i), yc (i))
dc ←− absolute(cp - pos)
if min(reﬀ ) < dc < max(reﬀ )
θc ←− getAngle(ref,pos,cp)
if θc < θ
θ ←− θc
ci ←− i
d ←− dc
end
∥d∥
DistanceRatio ←− ∥max(r )∥
eff
I ←− Imax × DistanceRatio
end

vectors. The algorithm chooses the coil that has the minimum
angle between the two vectors (the angle between reference
position (ref) and center of the coil (cp) with respect to
position of the cluster (pos)). However, we do not consider
all coils as the cluster moves towards the center of the other
coils. The force components along x and y axes start to
decrease and the z-axis force component increases. The cluster
stops once it approaches the center of the coil, as the force
components in the xy-plane at that point are almost zero.
Therefore, we include the minimum effective control range
(min(reﬀ )). We also include the maximum effective control
range (max(reﬀ )) due to the relatively large workspace. If
the coil is far away from the cluster, then activating that coil
will have negligible effect. Therefore, the algorithm does not
consider any coil that falls outside the control range to achieve
relatively efficient control. After choosing the optimal coil that
should be activated, the algorithm calculates the input current.
Activating the coil with the same current regardless to its
position provides an undesirable results due the nonlinearly of
the magnetic force. Thus, we multiply the maximum current of
the coil (Imax ) with a factor based on its position with respect
to the coil.
C. Control of Multiple Nanoparticle Clusters
Now we turn our attention to the control of multiple
clusters of nanoparticles using the control algorithm provided
in table IV. The algorithm allows for controlling one cluster of
nanoparticles at a time and then switches to control the other
cluster. Switching between the two clusters is done based on a
round-robin scheduling paradigm [15] with time interval ∆t.

OF MULTIPLE CLUSTERS OF

Inputs: Current location of the particles (x1 , y1 , x2 , y2 ), target location of the particles (xref 1 , yref 1 , xref 2 , yref 2 ), the duration of each
turn (∆t), the maximum current for the coil (Imax ), the minimum
and maximum effective radii of the coil (min(reﬀ ) and max(reﬀ )),
the position of the coils within the workspace (xc , yc ), the length of
a square region-of-interest (l), and the value of the binary threshold
used in the detection (thr).
Output: Index of the coil that should be activated (ci), and the input
current to electromagnetic coil (I).
Variables: counter to keep track of whose turn it is in the control
(turn-counter).
Functions: The control algorithm represented in Table III (control),
The particle detection algorithm represented in Table II (detect)
pos1 ←− [x1 ,y1 ]
ref1 ←− [xref 1 , yref 1 ]
pos2 ←− [x2 ,y2 ]
ref2 ←− [xref 2 , yref 2 ]
turn-counter ←− 0
while true do
if turn-counter ≥ 2∆t
turn-counter ←− 0
if turn-counter < ∆t ([ ] [
] [
] [ ])
x1
min(reﬀ )
x
x
[ci, I] ←− control
, c
, ref 1 ,
y1
max(reﬀ )
yc
yref 1
else
([ ] [
] [
] [ ])
x2
x
min(reﬀ )
x
[ci, I] ←− control
, ref 2 ,
, c
y2
yref 2
max(reﬀ )
yc
turnCounter ←− turn-counter + 1
activate coil(ci, I)
img ←− capture-workspace(.)
if turnCounter < ∆t
[x1 , y1 , r, thr] ←− detect(img, x1 , y1 , l, thr)
else
[x2 , y2 , r, thr] ←− detect(img, x2 , y2 , l, thr)
end

The algorithm controls one of the two clusters for a specific
number of iterations and switches to the other cluster. Each
cluster is allocated 50% of the total duration of the control. The
interference caused by the global effect of the magnetic field
affects the accuracy of positioning. Controlling one cluster
causes the other one to move away from its reference position.
This problem makes the task of achieving independent control
of the clusters more challenging. However, this effect can be
mitigated by employing path planning algorithms to compute a
path with the least interference and activating other coils in the
setup to decrease the effect of the interference. Finally, using
a relatively small time intervals in the scheduling algorithm
could limit the error caused by the interference.
The control algorithm provided in Table III is implemented
experimentally using the electromagnetic system (Fig. 1).
The position of the cluster is tracked using our feature
tracking algorithm (Table II). A representative closed-loop
motion control trail is shown in Fig. 3. The cluster moves
towards the reference position that is located between two
electromagnetic coils. This position is a local minimum and
represents a challenge for the control system. We observe that
the cluster moves at an average speed of 758.8 µm/s towards
the reference position. In this representative experiment, we
observe that the cluster reaches the reference position after 25
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Fig. 3. A representative motion control experiment of a cluster of iron-oxide nanoparticles towards a reference position ¬ in two-dimensional space. The
cluster moves at an average speed of 758.8 µm/s. Please refer to the accompanying video.

seconds. The path taken by the cluster towards the reference
position is affected by the presence of several local minima.
Therefore, the transient time is relatively long. Between time,
t=0 seconds and t=20 seconds, the average speed is calculated
to be 353 µm/s, whereas after t=20 seconds, the average
speed increases to 2163 µm/s. The cluster is stuck during
the transient time within the local minima along its path. The
average speed of the cluster is 647±124 µm/s (mean±s.d.).
Implementation of control of multiple clusters is shown in
Fig. 4. In the first representative trial (Fig. 4(a)), two reference
positions are located in the first and fourth quadrant of the
workspace. The reference positions are indicated using the
blue and red circles. The first cluster reaches the reference
position at an average speed of 8125 µm/s, while the second
cluster is stuck within several local minima in the interval,
0 < t < 30 s. In this time interval, the cluster is not stationary
due to the divergence of the magnetic fields (Fig. 2) and the
average speed of the second cluster is 3590 µm/s. In the time
interval, 30 < t < 57 s, the average speed of the second cluster
is decreased to 617.2 µm/s. Another representative control trial
is shown in Fig. 4(b). In this trial, the two clusters move
along almost parallel paths (parallel to x-axis) towards the
two reference positions at average speed of 7647 µm/s. The
average speed of the clusters during the independent control is
459±52 µm/s (n=5). Please refer to the accompanying video.

planning to avoid interference between cluster would enhance
the independent control of multiple clusters.
IV. CONCLUSIONS AND FUTURE WORK
Independent motion control of clusters of iron-oxide
nanoparticles is achieved using an electromagnetic system with
an open-configuration. A control system is designed based on
round-robin scheduling paradigm and enables positioning of
multiple clusters towards different reference positions within
2D space. The primary and auxiliary magnetic forces achieve
independent localization at average speeds of 8125±500 µm/s
(n=5) and 617±400 µm/s (n=5), with maximum position
tracking errors of 500 µm and 750 µm, respectively. Not
only do we find that the presented motion control system
enables simultaneous positioning of multiple clusters, but we
also achieve localization at local minima under the influence
of two dynamic magnetic forces.
As part of future studies, our motion control will be adapted
to depend on feedback provided using an ultrasound system
with relatively high spatial resolution [18]. This adaptation
is essential to translate this work into in vivo applications.
The open-configuration of the electromagnetic systems enables
simple incorporation of an ultrasound system to provide feedback to the control system.

There exist a few situations, where the clusters fail to
independently move towards different destinations. Figs. 4(a)
and (b) provide situations where the two clusters are relatively
distant. Therefore, they do not influence each other. The
Coulomb forces between the clusters could be dominant if the
distance between the cluster is relatively small. This problem
can be overcome by appropriate path planning and utilization
of repulsive fields to the clusters to keep the Coulomb forces
negligible. Another limitation of this control system is that
the smallest distance between reference positions is based on
the size of the electromagnetic coils. Cappelleri et al. have
proposed the utilization of a fine grid of in-plane MEMSfabricated micro coils to overcome this problem [14]. Therefore, decreasing the size of the coils in a combination with path
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