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Abstract—In this work, motion control of paramagnetic microparticles is achieved using a magnetic system with an openconfiguration. This control is done using a permanent magnet
and an electromagnetic coil under microscopic guidance. The
permanent magnet and the electromagnetic coils are fixed to the
end-effector of a robotic arm with 4 degrees-of-freedom to control
the motion of the microparticles in three-dimensional (3D) space.
A closed-loop control of the robotic arm is done at the jointspace to orient the magnetic field gradients of the permanent
magnet and the electromagnetic coil towards a reference point
in 3D space. Point-to-point motion control is achieved at an
average speed of 117 µm/s using the permanent magnet and
the robotic arm, whereas the electromagnetic coil and the robotic
arm achieve average speed of 46 µm/s. In addition, the permanent
magnet and the robotic arm achieves maximum position error
of 600 µm, in the steady-state, as opposed to 100 µm for the
electromagnetic coil and the robotic arm. We also demonstrate
experimentally that our control system moves the microparticles
towards a reference position in the presence of a constrain on
the motion of the end-effector. The precise motion control of
paramagnetic microparticles using a magnetic system with openconfiguration provides broad possibilities in targeted therapy and
biomedical applications that cannot be achieved using magnetic
systems with closed-configurations.

Fig. 1. Motion control of paramagnetic microparticles ¬ using a permanent
magnet  and a robotic arm (not shown). The permanent magnet is fixed to
the end-effector ® of the robotic arm and the microparticles are contained
inside a glass tube ¯ that is filled with water. Closed-loop motion control of
the microparticles is achieved using microscopic ° feedback. The red-dashed
line indicates the upper edge of the glass tube. The open-configuration of
this magnetic-based robotic system allows us to control the motion of the
microparticles throughout a relatively large workspace with a field of view
of 13 mm×10 mm×10 mm. The maximum magnetic field of the permanent
magnet is 85 mT.

I. INTRODUCTION
Cancer is the second leading cause of death, following heart
disease, in many parts of the world [1]. Survival rates are
increasing for many types of cancer due to improvements in
cancer screening and treatment. This treatment has negativeside effects such as fatigue, pain and blood disorders. These
side-effects can be mitigated using targeted drug delivery [2]
by localizing the drug only within the vicinity of the diseased region. This localization can be achieved using magnetic drug carriers such as ferromagnetic, superparamagnetic,
and paramagnetic particles [3], [4], [5], [6]. Motion control
of these particles and other microrobotic systems has been
only demonstrated using electromagnetic coils with closedconfigurations [7]-[14] that cannot be scaled-up to be viable
for clinical applications [15].
Mahoney et al. [16], [17] have proposed a combination of
magnetic field-driven helical robots [19], [20] and a robotic
arm. The helical robot (with length and diameter of 26 mm
and 18 mm, respectively) overcomes the problem of the limited
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projection distance of the magnetic field gradient, whereas
the robotic arm (with open-configuration) holds a permanent magnet and generates rotating dipole field over a large
workspace, as opposed to electromagnetic coils with closedconfigurations. Therefore, this combination allows magneticbased manipulation systems to be scaled-up and used in
diverse biomedical applications. It has also been demonstrated
that the attractive forces acting on a magnetic microrobot can
be converted into a lateral force by rotating the actuator dipole
according to an open-loop trajectory [21], [22]. In this work,
we achieve the following:
•

•

•

Motion control of paramagnetic microparticles in threedimensional (3D) space using a robotic arm with a
permanent magnet and an electromagnetic coil;
Point-to-point closed-loop positioning of a microparticle
under the influence of the gradients that are controlled
using the input current to the electromagnetic coil and
the spatial orientation of the end-effector;
Closed-loop motion control of microparticles in the presence of a constrain (sinusoidal-wave and square-wave
trajectories) on the motion of the end-effector that hold

Fig. 2. Magnetic-based robotic system for the motion control of paramagnetic
microparticles using a permanent magnet. The microparticles are contained
in water inside a glass tube and their position (P) is determined using
a microscopic system and a feature tracking software. The control system
positions the microparticles (based on the given reference position Pref ) by
controlling the position of the permeant magnet through the robotic arm. q
and U represent vectors of the generalized coordinates of the robotic arm and
control inputs, respectively. The red arrow indicates the microparticles.

the electromagnetic coil.
Point-to-point closed-loop control of paramagnetic microparticles is achieved in 3D space using a magnetic-system with an
open-configuration [18]. This system allows us to control the
position of a permanent magnet and an electromagnetic coil
that are fixed to the end-effector of the robotic arm (Fig. 1).
The motion control is achieved such that the microparticles are
localized at the reference position without contact with the
surrounding glass tube. This motion control is achieved by
pulling the paramagnetic microparticles towards a reference
position using the magnetic field gradients. These gradient
are controlled using two methods. The first method depends
on controlling the position of the permanent magnet with
respect to the position of the microparticle and the given
reference position. The second method depends on controlling
the position of an electromagnetic coil and its input current.
In addition, we experimentally demonstrate the motion control
of microparticles in 3D in the presence of a constrain on the
motion of the end-effector.
The remainder of this paper is organized as follows: Section
II provides a model for the magnetic-based robotic system
using the forward and inverse kinematics of the robotic arm.
In addition, we study the characteristics of the magnetic fields
generated using a permanent magnet and an electromagnetic
coil that are controlled using a robotic arm with 4 degrees-offreedom (DOF). The experimental results using the permanent
and electromagnetic coil are included in Section III. Motion
control of microparticles in the presence of a constrain on
the motion of the end-effector of the magnetic-based robotic
system is also included in this Section. Finally, Section V
provides conclusions and directions for future work.
II. MODELING AND CONTROL OF
THE MAGNETIC-BASED ROBOTIC SYSTEM
Motion of a paramagnetic microparticle (Fig. 2) in a low
Reynolds number regime under the influence of the magnetic
field gradients is given by
∇ (m(P) · B(P)) + 6πηrp Ṗ + V (ρp − ρf )g = 0,

(1)

where m(P) and B(P) are the magnetic dipole moment of
the microparticle and the induced magnetic field at a point P,

191

Fig. 3. The magnetic fields generated using a permanent magnet along x-,
y-, and z-axis are measured using a calibrated 3-axis digital Teslameter (Senis AG, 3MH3A-0.1%-200mT, Neuhofstrasse, Switzerland). The permanent
magnet is fixed parallel to z-axis using the end-effector of the robotic arm.
The magnetic fields are measured by moving the probe of the Teslameter
using a planar motion stage throughout the workplace of the microparticle
(indicated using the red arrow). The permanent magnet generates magnetic
fields of 39.4 mT, 38.2 mT, and 64.5 mT along x-, y-, and z-axis, respectively,
at 10 mm along xp . xi , yi , zi represent the frames of the robotic arm, for
i = 1, 2, 3. Further, xj , yj , zj represent the base and permanent magnet
frames for j = b and p, respectively. qk are the generalized-coordinates of
the robotic arm, for k = 1, . . . , 4.

respectively. Further, η and rp are the fluid dynamic viscosity
and radius of the microparticle, respectively. Furthermore,
V and ρp are the volume (rp = 50 µm) and density
(1.4×103 kg/m3 ) of the microparticle, respectively. In (1),
g and ρf are the acceleration due to gravity and the density
of the fluid, respectively [23]. The magnetic force in (1) is
generated using a permanent magnet or an electromagnetic
coil that can be attached to the end-effector of the robotic arm
with the following kinematical equations, respectively, in the
position and velocity levels [24]:
x = ϕ(q) and ẋ = J(q)q̇,
(2)
]T
[
where x = xp,c yp,c zp,c is the generalized coordinates
of the task-space, and xp,c , yp,c , and zp,c represent the frames
of the end-effector for the permanent magnet
]T
[ and the electromagnetic coil, respectively. Further, q = q1 q2 q3 q4
is a vector of generalized coordinates, and qk are the generalized coordinates, for k = 1, . . . , 4. Further, ϕ(q) and J(q)
are the kinematical equations and the Jacobian matrix of the
robotic arm, respectively. Motion control of the microparticle
is achieved by controlling the generalized coordinates at the
joint space to orient the magnetic fields (Fig. 3) and magnetic
field gradients of the permanent magnetic and electromagnetic coil towards a reference position.
A. Motion Control using a Permanent Magnet
Control of the magnetic force in (1) is achieved using
the position of the end-effector of the robotic arm (Fig. 2).

Fig. 4. Magnetic-based robotic system for the motion control of paramagnetic
microparticles using an electromagnetic coil. The microparticles are contained
in water inside a glass tube and their position (P) is determined using
a microscopic system and a feature tracking software. The control system
positions the microparticles (based on the given reference position Pref ) by
controlling the position of the coil through the robotic arm and its current
input (I). q and U represent vectors of the generalized coordinates of the
robotic arm and control inputs, respectively. The red arrow indicates the
microparticles.

The robotic arm changes the position of the end-effector,
and hence controls the magnetic field gradient exerted on
the microparticle. We devise a proportional-derivative (PD)
magnetic force as follows [25]:
∇ (m(P) · B(P)) = Kp e + Kd ė,

(3)

where Kp and Kd are the proportional and derivative gain
matrices, respectively. Further, e and ė are position and
velocity errors, respectively, and are given by
e = P − Pref

and

ė = Ṗ.

(4)

In (4), Pref is a fixed reference position (Ṗref =0). Substituting
(3) in (1) yields the following error dynamics:
ė + ΓKp e + ΓV (ρp − ρf )g = 0,

(5)

where Γ is given by
−1

Γ = (Kd + 6πηrp Π)

,

Fig. 5. The magnetic fields generated using an electromagnetic coil along x-,
y-, and z-axis are measured using a calibrated 3-axis digital Teslameter (Senis
AG, 3MH3A-0.1%-200mT, Neuhofstrasse, Switzerland). The electromagnetic
coil is fixed parallel to z-axis using the end-effector of the robotic arm. The
magnetic fields are measured by moving the probe of the Teslameter using a
planar motion stage throughout the workplace of the microparticle (indicated
using the red arrow). The electromagnetic coil generates magnetic fields of
4 mT, 4 mT, and 5 mT along x-, y-, and z-axis, respectively, at 10 mm
along xp . The input current to the coil is 0.6 A. xi , yi , zi represent the
frames of the robotic arm, for i = 1, 2, 3. Further, xj , yj , zj represent the
base and permanent magnet frames for j = b and c, respectively. qk are the
generalized-coordinates of the robotic arm, for k = 1, . . . , 4.

(6)

where Π is the identity matrix. Based on (5), the control
gain matrices must be selected such that the matrix ΓKp is
∂B(P)
positive-definite. The magnetic field gradients ( ∂B(P)
∂x ,
∂y ,
∂B(P)
and ∂z ) that are required to pull the microparticle towards a
reference position (Pref ) are determined by solving (3). These
gradients are generated by controlling the position of the endeffector of the robotic arm with respect to the microparticle.
Fig. 3 shows the magnetic fields generated using the permanent magnet within a workspace of 13 mm×10 mm. These
magnetic fields are measured using a calibrated 3-axis digital
Teslameter (Senis AG, 3MH3A-0.1%-200mT, Neuhofstrasse,
Switzerland) throughout a grid that spans the workspace of the
microparticles. Fifth order polynomials (yield minimum sum
squares for error) are used to provide best fits for the measured
magnetic fields along x-, y- and z-axis. The permanent magnet
provides maximum magnetic fields of 45 mT, 70 mT, and 75
mT along x-, y- and z-axis, respectively. Within the vicinity
of the workspace (13 mm×10 mm) of the microparticles, the
magnetic field components are 39.4 mT, 38.2 mT, and 64.5 mT
along x-, y- and z-axis, respectively (Table I). The magnetic
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field gradients of these fields are relatively large enough to
overcome the gravitational and drag forces.
The position of the end-effector is used to calculate the
generalized coordinates at the joint space by integrating the
kinematical equation in the velocity level (2). This integration
is done by setting, q̇ 7−→ J−1 (q)Ks, to achieve stable
integration of (2) [26].
q̇ 7−→ J−1 (q)Ks.

(7)

where K is a positive-definite matrix, and s is given by
s = x − ϕ(q),

(8)

we define a Lyapunov function (v(t)) as follows:
1 T
s s.
2
Taking the time-derivative of (9) yields
v(t) =

v̇(t) = sT ṡ = sT J(q)q̇.

(9)

(10)

Substituting (7) in (10) yields
v̇(t) = −sT Ks,

(11)

Therefore, setting q̇ = J−1 (q)Ks, as in (7) results in a
negative-definite time-derivative of the Lyapunov function.
This procedure allows us to integrate (2) and solve for the
generalized coordinates that achieves a desired spatial orientation of the end-effector and the permanent magnet with respect
to the position of the microparticles. This spatial orientation

TABLE I
S PECIFICATIONS OF THE MAGNETIC - BASED ROBOTIC SYSTEM USING
PERMANENT MAGNET AND AN ELECTROMAGNETIC COIL . 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

|B(P)| [mT]
Bx (P) [mT]
By (P) [mT]

85
39.4
38.2

∇|B(P)| [T.m−1 ]
∂B(P)
[T.m−1 ]
∂x
∂B(P)
[T.m−1 ]
∂y

1.62
0.49
0.37

Bz (P) [mT]

64.5

∂B(P)
∂z

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

Bz (P) [mT]

5.0

∂B(P)
∂z

rp [µm]
η [mPa.s]

50
1.0

Workspace [mm3 ]
Frame per second

[T.m−1 ]

[T.m−1 ]

1.52
1600
0.9
0.27
0.20
0.84
10 × 10 × 10
10

directs the magnetic field gradients towards the reference
position. This level of control allows the microparticles to
be suspended inside the glass tube and move towards the
reference positions under the influence of a constant magnetic
field gradient. The gradient is kept constant by the closedloop control on the joints of the robotic arm based on the
relative position between the microparticle and the permanent
magnet. The magnitude of the magnetic field gradient can
be controlled by using an electromagnetic coil instead of the
permanent magnet.
B. Motion Control using an Electromagnetic Coil
An electromagnetic coil is attached to the end-effector of
the robotic arm (Fig. 4). Therefore, the equation of motion (1)
can be written as follows:
(
)
e
∇ m(P) · B(P)I
+ 6πηrp Ṗ + V (ρp − ρf )g = 0, (12)
e
where I and B(P)
are the current input to the electromagnetic
coil and the magnetic field-current map, respectively. The
equation of motion (12) is used to derive a similar error
dynamics to (5) when an PD magnetic force input is applied
using (3). Unlike the motion control using the robotic arm
and the permanent magnet, (12) indicates that using an electromagnetic coil with the robotic arm allows us to change the
magnitude of the pulling magnetic force that is exerted on the
microparticles. However, the direction of this pulling magnetic
force can only be controlled using the position of the endeffector of the robotic arm. Fig. 4 shows the configuration of
the closed-loop control system of the microparticles using the
electromagnetic coil. The magnetic fields generated using the
electromagnetic coil with the configuration shown in Fig. 5.
The magnetic field components are 4 mT, 4 mT, and 5 mT
along x-, y-, and z-axis, respectively, for an input current of
0.6 A.
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Fig. 6. A magnetic-based robotic system for the wireless motion control
of paramagnetic microparticles ¬. The inset shows a pair of microparticles
moving towards a reference position (red crosshair) under the influence of
the controlled magnetic field gradient. A permanent magnet  is fixed to the
end-effector ® of the robotic arm. The microparticles are contained in water
inside a glass tube ¯ and are tracked using a microscopic system °. The
permanent magnet generates maximum magnetic fields of 85 mT. The white
square indicates the microparticles and is assigned using a feature tracking
algorithm. An electromagnetic coil ² (inset in the upper-left corner) can be
also attached to the end-effector of the robotic arm ±. The electromagnetic
coil generates magnetic field of 7.5 mT for current input of 0.6 A.

The position of the microparticles is determined using the
microscopic system and used to determine the position of
the electromagnetic coil with respect to the microparticles. In
addition, the input current of the electromagnetic coil is used
to change the magnitude of the pulling magnetic force towards
the reference position.
III. E XPERIMENTAL M OTION C ONTROL R ESULTS
Our experimental point-to-point motion control results are
done using a magnetic-based robotic system. This system
consists of a robotic arm that controls the position of a
permanent magnet or an electromagnetic coil.
A. Magnetic-Based Robotic System
Our system consists of a robotic arm with 4 DOF, as
shown in Fig. 6. The end-effector of this robotic arm can
be adapted to hold a permanent magnet or an electromagnetic coil. The control of the robotic arm and the electromagnetic coil is implemented using an Arduino control
board (Arduino Mega 2560, Arduino, Memphis, Tennessee,
U.S.A). Position of the microparticles is determined using
a microscopic system and a feature tracking algorithm. The
microparticles are paramagnetic with saturation magnetization
of 6.6 × 10−3 Am2 /g, consisting of iron-oxide in a poly
(lactic acid) matrix (PLAParticles-M-redF-plain from Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany). The magnetic field gradients that are generated using
the permanent magnet or the electromagnetic coil are used

(a) Position of the microparticle along x-axis

(b) Position of the microparticle along z-axis

Fig. 7. A representative closed-loop motion control of a paramagnetic microparticle using a permanent magnet. The permanent magnet is fixed to the
end-effector of a robotic arm. The microparticle is positioned within the vicinity of the reference position at an average speed of 117 µm/s, and the control
achieves maximum position error of 600 µm in the steady-state. This experiment is done in water inside a glass tube with inner diameter of 40 mm.

to control the microparticles inside the glass tube in 3D
space. The workspace of our magnetic-based robotic system
is 13 mm, 10 mm, and 10 mm along x-, y-, and z-axis,
respectively. The field-of-view of the microscopic system is
set to 13 mm, 10 mm, and 10 mm along x-, y-, and z-axis,
respectively. The maximum magnetic fields generated using
the parament magnet and the electromagnetic coil are 85 mT
and 7.5 mT, respectively. The magnetic fields are measured at
the center of the workspace using a calibrated 3-axis digital
Teslameter (Senis AG, 3MH3A-0.1%-200mT, Neuhofstrasse,
Switzerland). The maximum magnetic field gradients within
the workspace of the system are calculated to be 1.6 T/m and
0.9 T/m for the permanent magnet and electromagnetic coil,
respectively. Characteristics of our magnetic-based robotic
system are provided in Table I.
B. Control using the Permanent Magnet
Point-to-point motion control of a paramagnetic microparticle is done by controlling the position of the permanent magnet
such that the magnetic field gradients are oriented towards
the reference position. Fig. 7 shows a representative motion
control result of a microparticles towards a fixed reference
position. The microparticle is suspended and pulled towards
the reference position at an average speed of 117 µm/s. In
addition, we observe that the peak-to-peak amplitude of the
suspended microparticle along the z-component of the reference position is 1.6 mm. Motion control of the microparticles
can be enhanced by reducing the attractive magnetic force.
This reduction is done by replacing the permanent magnet with
an electromagnetic coil. We repeat this motion control trial 20
times and the average speed and position error in the steadystate are calculated to be 117 µm/s and 600 µm, respectively.

controlled to orient the magnetic field gradient towards the
reference position. Also the current input to the electromagnetic coil is controlled to enhance the closed-loop control
characteristics of the controlled microparticles, as opposed to
the closed-loop control using the permanent magnet. Fig. 8
shows a representative closed-loop control of a microparticles.
The particles is controlled at an average speed of 255 µm/s,
and the peak-to-peak amplitude along z-axis is calculated to
be 100 µm, in the steady-state. We repeat this motion control
trial 20 times and the average speed and position tracking error
in the steady-state are calculated to be 48 µm/s and 100 µm,
respectively.
We observe that the speed of the controlled microparticles
using the permanent magnet and the robotic arm is 41%
higher than average speed of the microparticles driven using
the electromagnetic coil (for maximum current of 0.6 A) and
the robotic arm. The difference in the average speed is due
to the maximum magnetic fields and field gradients that are
generated using the permanent magnet and the electromagnetic
coil, as shown in Figs. 3 and 5. The closed-loop control characteristics (steady-state error and peak-to-peak amplitude) of the
controlled microparticles using the electromagnetic coil and
the permanent magnet are better than those of the permanent
magnet and robotic arm. The average peak-to-peak amplitude
of the controlled microparticles using the electromagnetic coil
is 38% less than that achieved by the permanent magnet. This
difference is due to the current control input that allows us
to change the magnitude of the pulling magnetic force by
changing the magnitude of the magnetic field gradient. This
improvement can not be done by controlling the microparticles
using the permanent magnets.

C. Control using the Electromagnetic Coil

D. Motion Control of the Microparticles
in the Presence of a Constrain on the End-Effector

Closed-loop motion control of paramagnetic microparticles
is achieved using an electromagnetic coil attached to the endeffector of the robotic arm. The position of the coil are

We also demonstrate experimentally that microparticles can
be controlled in the presence of a constrain on the motion of
the end-effector. We provide the end-effector with a reference
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(a) Position of the microparticle along x-axis

(b) Position of the microparticle along z-axis

Fig. 8. A representative closed-loop motion control of a paramagnetic microparticle using an electromagnetic coil. The electromagnetic coil is fixed to the
end-effector of a robotic arm. The microparticle is positioned within the vicinity of the reference position at an average speed of 48 µm/s, and the control
achieves maximum position error of 100 µm in the steady-state. This experiment is done in water inside a glass tube with inner diameter of 40 mm. (a)
Position of the controlled microparticle along x-axis. (b) Position of the controlled microparticle along z-axis.

trajectory and the microparticles with a reference position.
Therefore, the motion control system must provide stable
position tracking error for the microparticles and the endeffector at the same time. Figs. 9(a), (b), and (c) shows a
representative motion control result of a pair of paramagnetic
microparticles under the influence of the controlled magnetic
filed gradient. The field gradients are controlled by the current provided to the electromagnetic coil and the position
of the end-effector with respect to the microparticles. The
end-effector is constrained to follow a reference sinusoidal
trajectory that is shown in Fig. 9(c). This representative experiment shows that the magnetic-based robotic system moves
the microparticles towards a reference position, while the endeffector is simultaneously following a sinusoidal trajectory. We
observe that the microparticles are controlled at an average
speed of 46 µm/s. The maximum position tracking error for
the microparticles is calculated to be 100 µm in the steadystate along x-axis.
We provide the end-effector with a square-wave reference
trajectory, as shown in Fig. 9(d), (e), and (f). The magneticbased robotic system moves the microparticles towards the
reference position at an average speed of 42 µm/s, while
the end-effector is following the square-wave trajectory. The
maximum position tracking error of the microparticles is
calculated to be 100 µm along x-axis in the steady-state.
IV. CONCLUSIONS AND FUTURE WORK
Point-to-point motion control of paramagnetic microparticles is achieved using a magnetic-based robotic system with
an open-configuration. This system enables suspension of
the microparticles along z-axis and achieves point-to-point
motion control along a tube with a diameter of 40 mm. Our
experimental motion control trails show that the permanent
magnet and the robotic arm achieve motion control at an
average speed of 117 µm/s, whereas the electromagnetic coils
and the robotic arm achieve average speed of 48 µm/s. However, the electromagnetic coils and the robotic arm achieve
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higher positioning accuracy than the permanent magnet, in
the steady-state. The maximum error and the average peakto-peak amplitude of the controlled microparticle using the
electromagnetic coil are calculated to be 100 µm and 1 mm,
respectively. In addition, we demonstrate experimentally that
microparticles are controlled in 3D space in the presence of
a constrain on the end-effector. In clinical application, the
constrain represents a curvature of the human body that has
to be considered by the motion of the end-effector during the
suspension of the microparticle.
As part of future studies, our motion control system and
experimental setup will be adapted to include physical constrains on the motion of the end-effector in the task-space. This
would allow us to control the motion of the microparticles
inside the glass tube while following a trajectory in the
task-space (to achieve axillary task, e.g., obstacle avoidance).
In addition, our system will be modified by replacing the
microscopic vision system with a clinical imagine modality,
and the motion control will be done in the presence of a
flowing stream of a fluid to mimic the required environment
during in vivo applications.
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