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Abstract
This thesis provides an experimental study of five different microrobots. The five microrobots used in
this work are: paramagnetic microparticles, Janus particles, microjets, sperm-driven microtubes and
magnetotactic bacteria (MTB). They are manipulated by a two-dimensional and three-dimensional
magnetic system. The two-dimensional system consists of four coils and the visuals are provided by a
microscopic systems. On the system for manipulation in three-dimensional space eight coils are placed
in a sphere and there are two microscopic systems placed on stages to enable tracking and autofocus.
The control of these microrobots is provided by the magnetic gradient in case of the microparticles and
the magnetic fields for the other microrobots. The microrobots are compared on the average velocities,
size and region of convergence in two-dimensional space. Experimentally we found that the slowest
microrobot is the sperm-driven microtube with an average velocity of 0.04 body lengths per second.
This has the advantage that positioning was very accurate with an Region of Convergence (ROC) of
µm. The microjet obtained a high velocity of 4.5 body lengths per second. Disadvantage is the ROC
which was 75 µm in our experiments. The velocity of the Janus particle and the MTB was 2.6 and 5.8
body lengths per second, respectively. The microrobot who is controlled by the magnetic gradient, i.e.
paramagnetic microparticle, obtained a velocity of 2.8 body lengths per second. The paramagnetic
particles, microjets and Janus particles are also manipulated in three-dimensional space. The
characteristics coming from these experiments are also discussed. First, the microrobots are
introduced. Hereafter, the modelling of the microrobots is explained. Then the different controllers are
elaborated. In the next section the experimental control results are discussed. This thesis finishes with
an discussion and directions for further work.
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Control of Magnetic Microrobots: An Experimental Study
Bart A. Reefman* , Islam S. M. Khalil* , Leon Abelmann‡ and Sarthak Misra*
University of Twente, The Netherlands

Abstract— Minimally invasive surgery (MIS) aims at minimizing patient trauma. Within MIS, the possibility of using
magnetic-microrobots and biological-microrobots, i.e. magnetotactic bacteria (MTB) are investigated. These microrobots
could perform non-trival tasks, such as targeted drug delivery and cleaning clogged arteries in hard-to-reach locations
within the human body. Magnetic-microrobots could be inserted
in the body and manipulated under the influence of the
controlled magnetic fields. Studying the behavior of these
microrobots is necessary to control their motion in the threedimensional space. In this work, we demonstrate the control of
different microrobots i.e. microparticles, Janus particles, selfpropelled microjets, sperm-driven microtubes, and MTB, in
two- andthree-dimensional space. Control in two-dimensional
space is done for paramagnetic microparticles, Janus particles,
self-propelled microjets, sperm-driven microtubes, and MTB.
A comparitive study of the performance of each microrobot
is made. This evaluation is done by comparing the regionof-convergence to a reference point and the average velocity
of the controlled microrobots. Experimentally we find that
the slowest microrobot is the sperm-driven microtube with an
average velocity of 0.04 body lengths per second. This has the
advantage that positioning was very accurate within an average
Region of Convergence (ROC) of 1.4 µm. The MTB obtained
the highest velocity which is 5.8 body lengths per second.
Disadvantage is the ROC which was 26 µm in our experiments.
The velocity of the Janus particle iss 2.6 body lengths per
second. The only magnetic force controlled microrobot, i.e.
paramagnetic microparticle obtained a velocity of 2.8 body
lengths per second. We are able to perform 3D point-to-point
motion control experiments with paramagnetic microparticles,
Janus particles and microjets.

I. I NTRODUCTION
Minimal Invasive Surgery (MIS) is a new promising
development in healthcare. Within MIS, research is done on
applying microrobotics, i.e. magnetotactic bacteria (MTB),
microjets and paramagnetic microparticles. Microrobotics
can be utilized to carry out non-trival tasks, such as targeted
drug delivery and micromanipulation [1]. A system in which
microrobots can be manipulated using eight electromagnets
is developed by Kummer et al. [2]. This magnetic system can
position a 500 µm soft magnetic body using both open- and
closed-loop control systems. Furthermore, different systems
have been realized which are capable of controlling microrobots in three-dimensional (3D) space. Kratochvil et al. and
Sakar et al. [3], [4] presented other magnetic systems for
the control of microrobots. The microrobots used in these
* Bart A. Reefman, Islam S. M. Khalil, and Sarthak Misra are with MIRA–
Institute for Biomedical Technology and Technical Medicine, University of
Twente, The Netherlands b.a.reefman@student.utwente.nl
‡ Leon Abelmann is with MESA+ Institute for Nanotechnology, University of Twente, The Netherlands

systems consist of (para-)magnetic bodies which require
magnetic field gradients to move in the 3D workspace. Another magnetically-actuated system, which is able to control
paramagnetic microparticles in two-dimensional (2D) space
is developed by Keuning et al. [5]. Moreover, 3D control
of a paramagnetic particle is shown by Khalil et al. [6].
Characterization and control of self-propelled microjets [7]
and magnetotactic bacteria [8] is done using this system.
Magnetotactic bacteria which are manipulated under the
influence of applied magnetic fields, can eventually perform
manipulations at hard-to-reach locations. Martel et al. [1]
demonstrated the open-loop control of a swarm of MTB to
position micro-structures. Janus particles can also be utilized
for tasks at hard-to-reach locations, Baraban et al. [9] demonstrated transportation of cargo by a group of Janus particles.
Sperm-driven microtubes, studied by Magdanz et al. [10],
can also be controlled by magnetic fields and therefore used
for targeted drug delivery or other non-trival tasks such as
micromanipulation. A comparative study between microjets
and MTB was done by Khalil et al. [7] in 2D space. However
a comparative study between paramagnetic microparticles,
Janus particles, microjets, sperm-driven microtubes and MTB
has not yet been done.
This work provides an experimental study on five microrobots, i.e. paramagnetic microparticles, Janus particles,
microjets, sperm-driven microtubes and MTB. We compare
these microrobots by performing point-to-point control in 2D
space. The microrobots can be divided in two types, magnetically driven and self-driven. This subdivision is the cause
of two different type of controllers. A force- and torquebased controller are implemented to manipulate the different
microrobots. Magnetic dipole moments can be determined
or calculated by characterization of the microrobots. The
outcome of point-to-point experiments can be compared of
every type of microrobot on based on the average velocities
and average region of convergences. This comparative study
will allow us to understand the behavior of these microrobots
and assist their utilization in specific tasks, such us targeted
drug delivery or micromanipulation.
The remainder of this paper is organized as follows: First,
the various microrobots are introduced in Section II. Further,
the theoretical background pertaining to the modeling of
magnetic force and torque controlled microrobots are also
provided in Section II. In Section III, the control systems for
the force and torque controlled microrobots are presented.
The experimental results, for which the modeling and the
control systems are necessary, in 2D space, as well as in 3D
space, are provided in Section IV. Finally, Section V provides

TABLE I
OVERVIEW OF THE PROPERTIES OF THE MAGNETIC - MICROROBOTS .
Size

Medium

Propulsion mechanism

Control method

Dipole moment [Am2 ]

100 µm

H2 O

Pulling with magnetic gradient

Force controlled

4.8 × 10−9

Janus particles

5µm

H2 O2

self-diffusiophoresis

Torque controlled

∼ 6.0 × 10−13

Microjets

50µm

H2 O2 with Triton-X

bubble propulsion

Torque controlled

1.4 × 10−13

Sperm-driven microtubes

50µm

SP-TALP

Motile bovine spermcells

Torque controlled

∼ 9.5 × 10−13

Magnetotactic bacteria

5µm

Growth Medium (MSGM)

Spiraling flagella

Torque controlled

3.6 × 10−16

Robot type
Paramagnetic microparticles

conclusions and directions for future work.
II. T HEORETICAL BACKGROUND
In this section, we elaborate on the different types of
microrobots. Hereafter, the two-and three-dimensional systems are introduced. Further, we elaborate on the different
modeling methods of the microrobots.
A. Magnetic-microrobots
We control five different types of microrobots, i.e. paramagnetic microparticles, Janus particles, microjets, spermdriven microtubes, and MTB. Important properties for the
control of the microrobots are the propulsion method and
the magnetic dipole moment. In this section we introduce
each microrobot with its properties.
1) Paramagnetic microparticles: For the control of microparticles, we use paramagnetic spherical microparticles
(PLAParticles-M-redF-plain from Micromod Partikeltechnologie GmbH, Rostock-Warnemuende, Germany) with an
average diameter of 100 µm in all our experiments (Fig. 1(a).
The microparticles consist of iron-oxide in a poly(lactic acid)
matrix. The microparticles are force controlled (see Section
II-C. According to [11], the magnetic dipole moment m(p)
of a spherical object can be determined as the volume integral
of the induced magnetization [11]:
Z
m(p) =
M(p)dV,
(1)
V

In (1), V is the volume of the spherical microparticle
with radius (rp ). The induced magnetization is indicated by
(M(p) ∈ R3×1 ). Solving this integral for a sphere gives:
m(p) =

4 3
πr M(p).
3 p

(2)

Equation 2 can, under the assumption that B(p)k ≥ 79.9 mT
[12] be rewritten as:
m(p) =

4 3
πr ms
3 p

kB(p)k ≥ 79.9 mT.

(3)

Here B(p) is the magnitude of the magnetic field and ms
is the saturation magnetization. The saturation magnetization
depends on the properties of the microparticle, and is for our
type: ms = 9.24 × 103 Am(−1) . Now the magnetic dipole
moment can be calculated m(p) = 4.8 × 10(−9) Am2 .

2) Janus particles: Janus particles acquired their name
from the Greek god Janus, which had two faces. Our
Janus particles consists of two materials namely carboxylate
modified polystyrene colloids (Duke Scientific, diameter d
of approximately 5 m) with a platinum cap [9]. A standard
Janus particle has a diameter of 5 µm. The propulsion
is coming from self-diffusiophoresis, which implies that it
moves along the fluid concentration gradient [13]. Because
the Janus particle has the means of generating the concentration gradient itself, it is self-propelling. Due to the short
period of time we possessed Janus particles, we were not
able to determine the magnetic dipole moment of the Janus
particle experimentally. If we assume the Janus particles
consist of the same material as paramagnetic particles and
we use the equation for the dipole moment of a sphere
(3) the dipole moment of a Janus particle can be calulated
m(p) = 6.0 × 10(−13) Am2 .
3) Microjets: The structure of the microjets is formed
by rolling multiple layers of different materials (titanium,
chromium, iron and platinum). The exact dimensions of
the different layers after the rolling process are unknown
which makes the calculation of the integral (1) inaccurate.
Khalil et al. have determined the value of the magnetic dipole
moment of the microjets experimentally [7]. They found a
magnetic dipole moment of 1.4 × 10−13 Am2 at 2 mT,
100 µms−1 , and 25 rads−1 . The propulsion of the microjet is
coming from an chemical reaction which provides bubbles.
Due to their slightly taper shape, the bubbles will always
form at the same end. The bubbles provides a thrust force
which allows the microjet to move in the fluid. To make
the chemical reaction happen, they must be released in 10%
H2 O2 (hydrogen peroxide) solution.
4) Sperm-driven microtubes: Sperm-driven microtubes
consist of a biological and a microfabricated part, i.e. sperm
cells and microtubes. The bovine sperm cells are approximately 70 µm long, where the flagella is 60 µm. It is
about 1 µm thick and the head has a diameter of 5 µm.
The provide the most motile sperm cells, the need to be
diluted in SP-TALP (modified Tyrode’s Albumin Lactate
Pyruvate medium) [10]. The microtube is comparable with
the microjet. The microtubes are rolled magnetic thin ferromagnetic layers. They have a length of 50 µm and rolled-up
a diameter of 5-8 µm. This size enables the spermatozoa
to get mechanically caught inside the tube. Once inside
the sperm cell provides the propulsion mechanism for the

Microtube
Sperm cell

10 µm

50 µm

(a) Microparticle

(b) Janus Particle

(c) Microjet

(d) Sperm-driven microtubes

(e) MTB

Fig. 1. The different microrobots, figure(a) shows microparticles. Microparticles have a size of 100 µm and need to be pulled with the magnetic gradient.
Janus particles are shown in figure (b), they consists of two parts, the arrow indicates the seperation of both parts. Janus particles have a size of 5 µm. In
figure (c) microjets are shown, there propulsion is coming from bubbles, indicated by the arrow. Microjets are 50µm long. Figure (d) shows sperm-driven
microtubes, there propulsion is coming from bovine spermcells which are mechanically trapped inside the tube. The left arrow indicates the microtube,
the right arrow a spermcell. A magnetotactic bacterium (MTB) is shown in figure(c), they have a size of approximately 5µm. The propulsion of the MTB
is coming from its flagella, indicated with both arrows.

microtube. The ferromagnetic layers allows steering of the
sperm-driven microtube by applying magnetic fields. The
microtube consist completely of magnetic material, therefore
the dipole moment can be calculated using (1). Incorporate
the volume of a cylindrical tube:
1
1
m(p) = (( πro2 l) − ( πri2 l))M(p).
2
2

(4)

Where ri2 and ro2 are the inner and outer radius respectively
and l is the length of the microtube. Assuming the microtube
has the same saturation magnetization as the magnetic microparticle, we can replace M(p) with ms in (4). Now the
dipole moment can be calculated m(p) = 9.5×10(−13) Am2 .
5) Magnetotactic bacteria: Completely biological microrobots are made possible as we use bacteria. The MTB swim
in medium, their propulsion is coming from their helical
flagella. The head of the MTB have a size of approximately 5
µm. The size and quantity of magnetic crystals in MTB (see
figure 1(b)) differs per bacterium which makes calculating
the magnetic dipole moment via the volume integral inaccurate. Khalil et al. [8] have characterized MTB using a fliptime technique, rotating-field technique, and u-turn technique
[8]. The average magnetic dipole moment was calculated to
be 3.59 × 10−16 Am2 at 2 mT.
B. Magnetic system
In this work, we use two different magnetic systems
with electromagnets for the manipulation of microrobots
(i.e. paramagnetic microparticles, Janus particles, microjets,
sperm-driven microtubes and magnetotactic bacteria). Using
a microscopic system we are able to observe the motion of
the microrobots. The two-dimensional setup (Fig. II-B(a))
consists mainly of a fluid reservoir for the microrobots and
four magnets placed ortogonally around this reservoir. Imaging is done with a Mitutoyo M Plan Apo objective in combination with a Sony XCD-X710 (Sony Corporation, Tokyo,
Japan) 1024×768 pixels FireWire camera. Software is written in C++ using Microsoft Visual C++ 2010. The maximum
workspace of this system is approximately 30×30 mm2 .
By using this system, we can generate maximum magnetic

fields and field gradients of 15mT and 60mT/m, respectively. Our three dimensional magnetic system consists of
two orthogonal sets of iron-core electromagnets. Each set
is mounted inside a hemispherical structure that holds a
water reservoir at its center (Fig. II-B(b)). The lower set
consists of four orthogonal electromagnets. Each of these
electromagnets has an orientation of 45 degrees with the
horizontal plane, as shown in (Fig. II-B(b)). The upper
set also consists of four orthogonal electromagnets. Each
electromagnet has an orientation of 45 degrees with respect
to the horizontal plane. The lower and upper sets are mounted
orthogonally with respect to each other. The magnetic system
is equipped with two microscopic systems (Optem® Zoom
125C, QIOPTIQ, Luxembourg) and two linear motion stages
(M-404.2DG Precision Translation Stage, Karlsruhe, Germany) to achieve autofocusing of microrobots. The software
is written in MATLAB Simulink® and executed by an xPC
Target™ to provide real-time control. This system is capable
of generating maximum magnetic fields and field gradients
of 64.5 mT and 1.52 T/m, respectively. The workspace of
our magnetic system is 10×10×10 mm3 within the center
of the spherical structure.
C. Modeling of force controlled microrobots
The microrobots can be divided in two types, force
controlled and torque controlled microrobots. We will now
elaborate on the modeling of force controlled microrobots,
which is only the paramagnetic microparticle. The equation
of the magnetic force (F(p) ∈ R3×1 ) acting on a magnetic
dipole is given by
F(p) = ∇(m(p) · B(p)),

(5)

where m(p) ∈ R3×1 is the induced magnetic dipole moment
of the microparticle, and B(p) ∈ R3×1 is the induced
magnetic field at point p ∈ R3×1 in the workspace. The
microparticles used in our setup have a spherical geometry.
Using 3, the magnetic force of (5) can be rewritten as
F(p) =

4 3
πr ms ∇(B(p))
3 p

kB(p)k ≥ 79.9 mT. (6)

Microscopic
systems

Electromagnets
E

Motion stage

(a) 2D System

(b) 3D System

Fig. 2. In figure (a) the setup for the manipulation of microrobots in two-dimensional space is shown. The inset shows the view of the camera which
is placed above the workspace. The red arrow indicates the reference position and the blue arrow indicates the region of interest. In this inset microtubes
and sperm cells are shown. Figure (b) shows our magnetic system for the wireless magnetic-based control of microrobots in three-dimensional space. The
top left inset shows the system without the top part of the sphere, the coils produces the desired magnetic fields to manipulate the microrobots. green
lightning is applied for highest contrast. The top left inset shows the view of the software. The right part is the top view and the left part the side view.
The reference point and position of the tracker are indicated by the red and blue arrow, respectively.

At magnetic fields (kB(p)k) less than 79.9 mT, the magnetization of the material of the particles is not saturated.
Therefore, the magnetization depends on the magnetic field
(B(p)). The magnetization is related to the magnetic field
by [14]:
χm
M(p) =
B(p).
(7)
µ
Where χm is the magnetic permeability and µ is the permeability coefficient. Substitution of (7) in (2) yields the
expression for the magnetic dipole moment:
m(p) =

41 3
πr χm B(p)
3µ p

kB(p)k < 79.9 mT.

(8)

controlled by applying magnetic torque on the microrobot.
This magnetic torque (T(p) ∈ R3×1 ) acting on a magnetic
body is given by
T(p) = m(p) × B(p),

(11)

where m(p) ∈ R3×1 is the magnetic dipole moment of the
microrobot, and B(p) ∈ R3×1 is the applied magnetic field.
The magnetic dipole moment can be determined experimentally or can be calculated using (1), see also Section II-A.
III. C ONTROL OF M ICROROBOTS

Knowing the properties of each microrobot, controllers can
be
designed. The microrobots can be divided in two types,
Substitution of (8) into (5) yields the following force-field
magnetically-driven
and self-driven, i.e. force controlled and
map:
torque controlled microrobots, respectively. We elaborate on
41 3
F(p) =
πr χm ∇(BT (p)B(p))
kB(p)k < 79.9 mT. both controller types as used in our experimental work.
3µ p
(9)
A. Two-dimensional control
The magnetic force acting on a microparticle can be sumControl of the microrobots is accomplished by directing
marized as follows:
(
the
fields towards a reference position; the microrobot will
4 1
3
T
3 µ πrp χm ∇(B (p)B(p))
swim
towards this particular reference position. The miF(p) =
.
(10)
4
3
πr
m
∇(B(p))
s
croparticles
need to be pulled towards the reference position.
p
3
For this controller we assume that microparticle also has
This holds for kB(p)k ≥ 79.9 mT. Knowing the force
its own propulsion mechanism. Since the magnetic gradient
equation we can use this to design a controller for our
is aligned with the field lines in front of the coils, a field
systems, see also Section III-B
controller will also work on the 2D set-up on microparticles.
Now we can describe the motion of a microrobot in a low
D. Modeling of torque controlled microrobots
Janus Particles, microjets, sperm-driven microtubes and Reynolds number environment (inertial terms are ignored):
MTB have self-propulsion systems by means of chemical
reactions [15], [16] or by means of its flagella. Both propulsion systems provides thrust forces which enables the microrobots to swim in fluids. By controlling their orientation
the microrobots can be manipulated. The orientation can be

| F(P) | +Fd + f = 0 and | T(P) | +Td + Ω = 0, (12)
where f and Ω are the force and torque generated by
the microrobot, respectively. Using the force equation in
(12), we can determine the desired currents at each of the

electromagnets. To realize the control system, we calculate
the position and velocity tracking errors as follows:
e = Pref − P and ė = Ṗref − Ṗ = Ṗ.

(13)

In (13), e and ė are the position and velocity tracking errors,
respectively. Further, Pref is the fixed reference position. We
devise a desired magnetic force (Fdes (P)) of the form
Fdes (P) = Kp e + Kd ė,

(14)

where Kp and Kd are the controller positive-definite gain
matrices and are given by
"
#
"
#
kp1
0
kd1
0
Kp =
and Kd =
.
(15)
0 kp2
0 kd2
In (15), kpi and kdi , for (i = 1, 2), are the proportional and
derivative gains, respectively. Substitution of (14) in (12),
i.e., Fdes (P) = F(P), and assuming zero propulsion force
(f = 0) yields the following position tracking error dynamics:
−1
ė + (Kd + γI2 ) Kp e = 0,
(16)
where I2 ∈ R2×2 is the identity matrix.
B. Three-dimensional control of force controlled microrobots
The microparticles are actuated by magnetic forces. The
magnitude and direction of these magnetic forces are controlled by the magnetic force controller. A schematic representation of the controller implementation is shown in
figure 3. The controller takes the position error signal as
input. The error signal is calculated as the difference between
the reference position and the measured position of the
microparticle, same as in (13). Furthermore, the controller
is of the proportional-integral (PI) type. The integral term
is required to provide the necessary force in z-direction
to lift the microparticle and overcome gravity. The output
of the PI-controller is limited in magnitude to prevent the
current drivers from saturation. The proportional gain (Kp )
and integral gain (Ki ) are both vectors in R3×1 . This
allows us to set the gains of each of the spacial dimensions
separately. Also the output limit can be set separately for
each spatial dimension. The output of the PI-controller is a
force vector (R3×1 ). This force vector is mapped to a current
vector (R8×1 ) by the actuation matrix. These currents are
applied to the coils of the setup.
C. Three-dimensional control of torque controlled microrobots
The other microrobots are actuated by magnetic torque.
The magnetic torque makes the microjets and MTB to rotate
towards the applied field; they will align themselves with
the magnetic field. The controller mainly has to control the
direction of the magnetic field. A proportional (P) controller
is sufficient enough since the magnitude can be constant.
The schematic representation of the controller is shown in
figure 4. The controller takes the position error vector as
input. The position error vector is calculated as the difference
between the reference position and the measured position of

the robot, as in (13). This error vector is normalized to obtain
its direction. The direction of the error vector is also the
direction in which the magnetic field should be applied to
orient the microjets and MTB towards the reference position.
The proportional gain (Kp ) determines the magnitude of
the applied magnetic field. The resulting magnetic field
vector (R3×1 ) is mapped to a current vector (R8×1 ) by the
actuation matrix. These currents are applied to the coils of
the setup.
IV. E XPERIMENTAL R ESULTS
Verifying the two- and three-dimensional control is done
by experiments. Tracking and control are provided by using a
two- and three-dimensional magnetic system. These systems
have two microscopes which are placed orthogonally and on
linear stages. These stages allows us to use focusing and
therefore track the microrobot in three-dimensional space.
The magnetic system is shown in Fig. II-B. Supplying a
current to the displayed coils produces a magnetic field, with
this magnetic field the microrobots can be manipulated. In
this section the results of the experiments done on these
systems are provided. Every different microrobot has its own
section. First of the two-dimensional tracking and hereafter,
the results of three-dimensional control of the microrobot
is discuessed. Analyzing of the data obtained from the
experiments is done by using MATLAB. We look at the
average velocity and Region-of-Convergences (ROC) of each
microrobot individually which gives a fair indication how
applicable they will be for specific tasks.
A. Paramagnetic microparticles
The paramagnetic particle is the only microrobot which
is force controlled. Therefore, it is interesting to study its
characteristics. In this section we first look into the 2D and
3D motion control results.
1) Two-dimensional results: Motion control in twodimensional space is accomplished by applying the controller
described in Section III-A. The microparticle are released
in a reservoir filled with water. The point-to-point control
experiment is executed five times. From this experiment we
ontained an average velocity of 286µm/s and of Region-ofConvergence (ROC) of 8.4 µ.
2) Three-dimensional results: The 3D motion control
experiment is done in the same manner. The controller is
described in Section III-B and the system in SectionIIB. Each point-to-point control experiment is repeated five
times. A controlled path of paramagnetic microparticle with
the controller as described in Section III-B is shown in
Fig. 5. Doing this experiments learned us that the speed in
downwards z-direction is 101 µm/s, for the upwards direction
it is 68 µm/s.
B. Janus particles
Janus particles are, looking at the shape, the smaller
brothers of the paramagnetic microparticles but there is one
big difference. They provide their own propulsion, also see
Section II-A.2. In this section we, discuss the results of the
two-dimensional and three-dimensional control experiments.
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Fig. 3. Schematic representation of the magnetic field gradient controller. This proportional-integral (PI) controller takes the position error as input as in
(13). The position error is calculated as the difference between the reference position and the measured position of the microrobot. This position error is
multiplied by the proportional gain Kp and added by the sum of the position error multiplied with the integral gain Ki . The output of the controller is
mapped to currents. These currents are limited to positive values and applied to the microrobotic system. These currents leads to the generation of magnetic
field gradients.

æ xref
ç
ç yref
çz
è ref

ö
÷
÷
÷
ø

+

Normalize

Torque-current
mapping

Kp

-

Microrobotic
system

æ xö
ç ÷
ç y÷
çz÷
è ø

Feature
tracking

z [µm]

Fig. 4. Schematic representation of the magnetic field controller. This proportional (P) controller takes the position error as input. The position error is
calculated as the difference between the reference position and the measured position of the microrobot as in (13). This position error is normalized to
gain its direction. This direction signal is multiplied by the proportional gain Kp . The output of the controller is mapped to currents. These currents are
applied to the microrobotic system to generate the required magnetic fields to provide torque to the microrobots.
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Fig. 5. The path of a microparticle controlled by a proportional integral(PI)
controller in three-dimensional space. The black circles represents setpoints,
the blue and red line indicates the path of the microparticle. The arrows indicate the direction of the path. The PI controller positions the microparticle
with an average speed of 283µm/s.

1) Two-dimensional results: Janus particles need to be
released in a solution of 10-15% hydrogen peroxide. We use
capillary tubes (0.2 × 2 mm) to place them in our system.
The experiments are five repetitions of point-to-point control
experiments, using the controller described in Section III-A.
From this we get an average velocity of 13 µm/s and a ROC
of 6.3 µm.
2) Three-dimensional results: The controller described in
Section II-D is used to do point-to-point motion control
experiments. We were able to do three repetitions of this
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Fig. 6. Motion control in three-dimensional (3D) space of a Janus particle
is achieved on our 3D magnetic-system. The blue line indicates the path
followed by the Janus particle, the direct is shown by the red arrows. We
were able to position a Janus particle with a velocity of 13 µm/s with a
vicinity of 6.3 µm around the setpoint.

experiments. Difficulties were caused by the capillary tubes
and the size of the Janus particles. A result is shown in
Fig.6. The average downwards velocity of Janus particle is
54 µm/s, upwards its velocity is 37 µm/s.
C. Microjets
Besides the Janus particles, also microjets have their own
propulsion, coming from hydrogen peroxide. Hereafter, the
results of the 2D and 3D control experiments are shown.
1) Two-dimensional results: Microjets need to be released
in a solution of 10-15% hydrogen peroxide with 1% surfactant which serves as surfactant. The experiments are
five repetitions of point-to-point control experiments, using
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Fig. 7. A microjet is controlled in three-dimensional (3D) space. The path
of the microjet is indicated by the blue line and the red arrows point towards
the swum directon. The velocity at which a microjet can be manipulated is
223 µm/s. The region-of-convergence around a setpoint is 75 µm.
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1) Two-dimensional results: As explained in Section IIA-4 the bovine sperm cells need to be released in a special
medium (SP-TALP) [10]. This implies coupling of the bovine
spermcells with the microtubes can only take place in this
medium. This medium can be released in any available
reservoir and placed on our 2D system. Here five point-topoint control experiments are conducted. From this experiments we conducted an average velocity of 2.0 µm/s and the
microrobot is positioned within a region-of-convergence of
1.4 µm.
2) Three-dimensional results: To do experiments with
sperm-driven microtubes, coupling has to take place which
cannot be influenced. We tried to do experiments in threedimensional space but due to undesired flow in an open reservoir we were forced to use capillary tubes. The microtubes
are attracted to the walls of these tubes. Before we could
figure out a solution and we had coupling, we run out of
the spermcells. So control in three-dimensions was not (yet)
possible.
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E. Magnetotactic Bacteria
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Fig. 8. Point-to-point motion control of a sperm-driven microtube is done
on our two-dimensional system. The path is indicated by the blue line,
the red bars indicates the reference positions. From our experiments we
conducted an average velocity of 2.0 µm/s and the microrobot is positioned
within a region-of-convergence of 1.4 µm.

the controller described in Section II-D. Microjets can be
released in any reservoir available to do these experiments on
our 2D magnetic system. The average velocity of the microjet
in our experiments was 223 µm/s. It could be positioned
within a vicinity of 75 µm around the reference point.
2) Three-dimensional results: The controller described in
Section II-D is used to do point-to-point motion control
experiments. Microjets need to be released in a small (glass)
reservoir to avoid disturbance of bubbles coming from other
microjets and raw surfaces. Still we were able to do five
repetitions of the described experiments. We learned that
the average velocity in downwards z-direction is 233 µm/s.
Upwards velocity is faster and proven to be 316 µm/s. This
can be explained by the bubbles, which always tend to
go upwards and therefore cause an upwards fluid flow. An
example of path swimmed by a microjet is shown in Fig.7.
D. Sperm-driven Microtubes
Similar to microjets are the sperm-driven microtubes. They
can be steered by changing the direction of the magnetic
field, but obtain their propulsion from bovine spermcells.

The sperm-driven microtubes obtain their propulsion from
biological micromotors. Another type of biological micromotors and comparable with the sperm cells are the MTB.
1) Two-dimensional results: We control the MTB inside
the micro-fabricated maze (Fig. 10), to analyze the effect of
the channel wall on the velocity and the positioning accuracy
of the MTB. Fig. 10 provides the experimental result of the
MTB inside the micro-fabricated maze. The feature tracking
software enables the system to track the MTB, even if it is
in the surrounding of the walls. The control system (Section
III-A) allows the MTB to follow two reference positions
indicated by the small blue circles. We observe that the MTB
is positioned within the vicinity of the reference positions
and the region-of-convergence is 10 µm. The control system
positions the MTB at a velocity of 8 µm/s [17]. Outside the
microfabricated maze, the MTB can be released in capillary
tubes and placed on our two-dimensional set-up. Here a
velocity of 29 µm/s is achieved with a ROC of 26 µm [18].
2) Three-dimensional results: The MTB multiply in a
high pace, every sample we took had many MTB in it. In
order to get the same microrobots in both views of our threedimensional setup it is required to have few microrobots in
the sample. So, this disabled us to do 3D control of the
MTB.
V. C ONCLUSIONS AND F UTURE WORK
A. Conclusions
In this study, we investigated the characteristics of different microrobots in two-dimensional as well as threedimensional space. We used a P- or PI-controller to do pointto-point control experiments. The results for the experiments
in two-dimensional space are shown in table II.There was a
correlation between size of the microrobot and its speed,
see Fig. 11. Doing this comparison allowed us to select
the correct microrobot for tasks such as micromanipulation,

Fig. 10. Different time frames of the tracking and closed-loop control of a magnetotactic bacterium (MTB). The MTB is manipulated inside a microfabricated
maze with an inner-width and -thickness of 10 µm and 5 µm. The MTB is positioned with a velocity of 8 µm/s within a region-of-convergence of 10 µm.
These reference positions are indicated by the small blue circle. The large blue circle is the position of the MTB located by the provided tracking algorithm.
A velocity vector of the MTB is represented by the red line, the red arrows indicate the controlled MTB.
TABLE II
OVERVIEW OF THE EXPERIMENTAL RESULTS IN TWO - DIMENSIONAL SPACE .
Dipole moment[Am2 ]

Average velocity[µm/s]

Velocity[body length/s]

Region of convergence[µm]

Paramagnetic microparticles

4.8 × 10−9

283 ± 25

2.8

8.4 ± 2.7

Janus particles

6.0 × 10−13

13 ± 6.7

2.6

6.3 ± 1.5

Microjets

1.4 × 10−13

223 ± 74

4.5

75 ± 35

Sperm-driven microtubes

9.5 × 10−13

2.0 ± 0.47

0.04

1.4 ± 0.70

Magnetotactic bacteria

3.6 × 10−16

29 ± 10

5.8

26 ± 8

TABLE III
OVERVIEW OF THE EXPERIMENTAL RESULTS IN Z - DIRECTION , COMING FROM EXPERIMENTS IN THREE - DIMENSIONAL SPACE .
Velocity z-direction downwards[µm/s]

Velocity z-direction upwards[µm/s]

100 ± 4.8

68 ± 2.2

Janus particles

54 ± 24

37 ± 27

Microjets

233 ± 39

316 ± 82

Paramagnetic microparticles

targeted drug delivery and microassembly. We achieved 2D
point-to-point control for all of the microrobots. Remarkable
was the slow velocity of the paramagnetic microparticle,
which was caused by the way of ’propulsion’. As explained
in Section II-A the microparticle was the only microrobot
which is magnetically-driven. The microjets and spermdriven microtubes almost have a similar size but the velocity
differs the most. A better comparison would be between the
MTB and the sperm-driven microtube since they have both
propulsion by means of a flagella. The MTB had the highest
velocity, namely 5.8 body lengths per second.
Looking at the ROC, see Fig. 12, the smallest ROC was
achieved by the sperm-driven microtube, which also had the
lowest speed. In Fig. 12 we also see that the ROC of Janus
particles and microparticles are almost similar, although

their size differs. Microparticles are force controlled, which
enables them to have a static state, opposed to Janus particles,
which always is under motion. Concluding, for good position
accuracy you can best use the sperm-driven microtubes, but
for the highest velocity a MTB is most suitable.
We were also able to do point-to-point control experiments in three-dimensional space with paramagnetic particles, Janus particles and microjets. Results of the 3D
dimensional control experiments are shown in table III. Since
the gravity was also working on the microrobots, their speed
downwards was higher then upwards. An exception of this
was made by the microjets due to the bubble generation
of the hydrogen peroxide solution. The bubbles caused an
upwards flow inside the fluid, which caused the microjet
to have the urge of going upwards. Interesting to note is
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Fig. 9. Tracking of the magnetotactic bacterium (MTB) in two-dimensions.
The MTB follows a rectangular trajectory under the influence of uniform
magnetic fields generated. Uniform fields are generated using a single
electromagnet at a time, which is an open loop controller.
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Fig. 11. The velocity of five different microrobots is compared with their
body length. In the order of appearance, the first and therefore slowest is the
sperm-driven microtube; they have a velocity of 2.0 µm/s. Janus particles
have a size of 5 µ and a speed of 2.6 body length per second. A paramagnetic
microparticle has a diameter of 100 µm and since they need to be pulled with
the magnetic gradient the velocity is low with 2.8 body length/s. Microjets
have a length of 50 µm and a velocity of 4.5 body length/s. Magnetotactic
bacteria have a size of 5 µm and the highest velocity of 5.8 body length/s.

80

Region-of-Convergence [µm]

70
60
50
40
30
20
10
0
0

1

2

3
4
Velocity [bodylength/s]

5

6

Fig. 12. The Region-of-Convergence (ROC) of five different microrobots
is compared with their velocity. In the order of appearance, the first and
therefore slowest is the sperm-driven microtube; they have a ROC of 1.4
µm. Janus particles can be positioned within a vicinity of 2.6 µm. A
paramagnetic microparticle has a diameter of 100 µm and can be positioned
within a ROC of 8.4 µm. Microjets have a length of 50 µm and the highest
ROC with 75 µm. Magnetotactic bacteria have a ROC of 26 µm.

also the difference between the average velocity in the twodimensional experiments as oposed to the three-dimensional
experiments. This difference can also be explained by the
gravity, which made manipulation in z-direction harder. Further, the standard deviation of paramagnetic microparticles is
much lower in comparison with the Janus particles and microjets. This difference is caused by the continue propulsion
of Janus particles and microjets, the microparticles can be
positioned at a static position. Moreover, the tracking of the
microparticles is the most robust tracking, therefore provides
the best results.
In the end, microrobots must be able to perform tasks
inside human bodies. Therefore, experiments with varying
fluid rates will be important, since there will always be fluid
flow inside a body. An microfluidic chip can be mounted on
the set-up, such that control characteristics in time-varying
fluid flow rates can be investigated. In addition, tracking
of the microjets with ultrasound will be investigated, which
also enables control of microrobots inside biological tissue.
Simplifying the search for active microrobots, which takes is
time consuming, can be accomplished by adding a x,y,z stage
to the three dimensional magnetic system. Investigations on
tracking by coloring the microrobots will give a more robust
tracking and autofocus algorithm. More robust tracking of
the microjets and Janus particles can also be accomplished
by investigating the bubble production of hydrogen peroxide
on raw surfaces. A method to reduce these bubbles will
obtain more reliable results. A problem of the system is
heating of the coils, optimal control experiments are already
done and show a decrease of 11% of the input current
[6]. A temperature measurement system (Hydrosense, TCPLOG20) with eight sensors is already installed on our 3D
magnetic system, so doing temperature measurements will be
interesting. Moreover, the temperature measurement system
can also be used as an safety system to prevent the cores
from heating too much.
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