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Actuation of a magnetically coated swimmer
in viscous media with a magnetic particle
imaging scanner
Abstract: Magnetic actuation of medical devices is of great

interest in improving minimally invasive surgery and enabling
targeted drug delivery. With untethered, magnetically coated
swimmers it is aimed at reaching regions of the body difficult
to access with catheters. Such a swimmer was previously
presented, which is suitable for the navigation by the magnetic
fields of a magnetic particle imaging (MPI) scanner. The
swimmer could be imaged with MPI as well, enabling the
tomographic real-time tracking of the actuation process. In this
work the steerability of the swimmer is further investigated in
media of varying viscosities. For this, glycerol-water-mixtures
of different mixing ratios were used. The velocities of the
swimmer were measured for viscosities between those of pure
glycerol and pure water. The experiments were performed
with an MPI scanner at maximal magnetic field strength of the
actuating fields. A viscosity range was found in which the
swimmer is steerable by the fields of an MPI scanner, which
leads to a prediction of the applicability of the swimmer in
different body fluids.
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1 Introduction
The actuation of medical devices with magnetic fields is under
investigation. It enables the untethered steering of helically
shaped swimmers providing the opportunity to reach areas of
the body difficult to access. Hence, this technique has the
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potential to improve the precision of minimally invasive
surgery, enables targeted drug delivery and has the potential to
be used for local hyperthermia.
Swimmers of mm-size can be used for the navigation
through the vascular system to reach pathological sites and
deliver therapeutics [1-3]. The main challenges to be faced by
those swimmers are the viscosity of blood, the pulsating blood
pressure, and the navigation through an irregular vascular
system.
For future in-vivo applications of magnetic actuation, a
tomographic real-time tracking of the above described devices
and swimmers is indispensable. Magnetic particle imaging
(MPI) is a technique introduced as especially beneficial for the
visualization of the actuation process [1,4-7]. An MPI scanner
provides magnetic fields which cannot only be used for the
visualization of magnetic nanoparticles, but also for magnetic
actuation by using homogeneous rotating magnetic fields
[1,6]. Therefore, an MPI scanner can be dually used for
imaging and magnetic actuation. Since MPI images magnetic
concentration distribution of magnetic nanoparticles, it allows
for imaging the magnetically coated swimmers without any
labelling. Further, MPI is a three-dimensional, real-time
imaging technique, without ionizing radiation; hence MPI has
a high potential for interventional and vascular imaging [8-10].
Usually, the aforementioned actuation devices were
investigated in-vitro in water filled phantoms. However, the
swimming performance needs to be investigated for viscous
media, as performed by [2]. In this work the dynamic
behaviour of the mm-sized swimmer introduced in [1] was
further investigated experimentally and by numeric
simulations in media of varying viscosities, in order to
investigate in which biological fluids this swimmer can be
deployed.

2 Theory
The focus fields of an MPI scanner are homogeneous magnetic
fields, which are typically used to enlarge the field of view.
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However, they can also be used for manipulation by applying
sinusoidal currents to the three pairs of coils arranged in
Helmholtz configuration. The strength is adjustable in all three
spatial directions. A homogeneous magnetic field with a
rotating field vector is generated, which has the form
𝟎
𝑩⃗(𝒕) = ±𝑩 𝐬𝐢𝐧(𝟐𝛑𝒇𝒕)
𝑩 𝐜𝐨𝐬(𝟐𝛑𝒇𝒕)

(2)

If a homogeneous rotating magnetic field of the form (1) is
applied, an object with the magnetic moment 𝑚⃗ follows the
magnetic field and rotates around its x-axis. The forward
movement of the magnetic object depends on the shape and the
surrounding media. The latter can be described by the viscous
drag force
𝐹 = 𝜌𝑣²C 𝐴,

(3)

where ρ denotes the density of the fluid, 𝑣 the velocity of the
object, CD the drag coefficient, which depends on the objects’
shape and A the cross section of the object. Further, the
buoyancy of an object is important to describe its movement in
viscous media:
𝐹 = 𝜌g𝑉,

(4)

with g being the gravitational acceleration an V the object
volume, assuming that the whole object is surrounded by the
media. This force points in opposite direction as the
gravitational force, hence the residual gravitational force acting
on the swimmer is:
𝐹 = 𝑚g − 𝜌g𝑉.

A swimmer of 1.8 mm width and 4.5 mm length was used,
which was previously presented in [1]. The swimmer has a
helical Savonius shape and was coated with magnetic
nanoparticles. The suitability of the swimmer visualizable
with MPI was shown before.

(1)

when a forward movement in x-direction is intended, the plane
of rotation is in y/z. The “±” indicates a clockwise or
counterclockwise rotation of the magnetic field vector. An
object with a magnetic moment 𝑚⃗ aligns with an applied
magnetic field. The magnetic torque reads
𝑇⃗ = 𝑚⃗ × 𝐵⃗ .

3.1 The swimmer

(5)

3 Methods and Materials
In this section, the swimmer, the MPI scanner, as well as the
velocity measurements in media of different viscosities, are
being described.

3.2 Numeric simulations on the
swimmer velocity in viscous media
Numeric simulations on the swimmer velocity were performed
using COMSOL Multiphysics. The CAD model of the
swimmer was imported into COMSOL from SolidWorks and
placed in the middle of a water filled cylinder. Simulations
were conducted for different viscosities at a rotation frequency
of 10 Hz for 1 s using time steps of 0.01 s. The rotation
frequency had to be ramped up within the first 0.3 s, before
reaching the aimed rotation frequency.

3.3 The velocity measurements in
viscous media
A preclinical MPI scanner (25/20FF, Bruker BioSpin MRI
GmbH, Ettlingen, Germany) was used to perform the
manipulation of the swimmer. The maximum focus field
strength of 17.7 mT was applied according to equation (1)
inducing a movement of the swimmer in the direction of the
scanner bore with a rotation frequency of 10 Hz. The
swimming velocity was measured for different viscosities of
the surrounding media. A glycerol-water-mixture of varying
volume fractions was used to realize viscosities between
1 mPa·s (water) and 1255 mPa·s (glycerol). The viscosity of
the medium depends on the temperature and the mixing ratio.
The temperature was measured before and after each
measurement. Water was added to 4 ml glycerol to vary the
viscosity. The viscosity was then calculated according to [11]
by using the mean temperature, the water, and the glycerol
volumes. Glycerol-water-mixtures of 23 different mixing
ratios were filled one after the other into a 5 cm long glass
cylinder of 1 cm diameter and 5 cm length. The magnetically
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coated swimmer was inserted into the medium. The phantom
was placed in the centre of the MPI scanner. An endoscopic
camera with an attached mirror was placed below the phantom
to record the movement of the swimmer. The rotating focus
fields were applied four times for 5 s. Video stills before and
after each moving sequence were used to read out the travelled
distance at the scale bar. The velocity was then calculated by
the mean of two times forward and two times backward
movement of the simmer. One of the video stills, which shows
the setup of the experiment, can be seen in Figure 1.
Figure 3: Numeric simulations of the swimmer velocity as a
function of the viscosity of the medium. Displayed data points are
the mean values of the data points, error bars indicate the
standard deviation.

Figure 1: A video still of the swimmer inside the glass tube which
is filled with a glycerol-water-mixture. The setup is positioned
in the center of the MPI scanner bore. The camera position is
below the setup. (The picture is mirrored here, because an
endoscopic camera with an attached mirror was used for
recording).

4 Results
The simulated swimmer velocity for different viscosities of the
surrounding medium can be seen in Figure 2. A velocity of
7.8 mm/s was found in pure water. The velocity decreases for
higher viscosities. The experimentally measured swimmer
velocities as a function of the viscosity of the surrounding
medium are shown in Figure 3. The swimmer did not move in
the viscosity regime between 1255 mPa∙s and 182 mPa∙s.
Between 83 mPa∙s and 26 mPa∙s the swimmer reacts to the
magnetic field, but does not fulfil full rotation. The observed
forward movement is a slip-stick motion. Between 22 mPa∙s
and 1 mPa∙s, the swimmer showed full rotation and moved
forward with a corkscrew like movement. The insert of
Figure 3 shows this regime in detail, displaying an increasing
velocity with increasing viscosity.

5 Discussion
The magnetic torque (2) has to overcome the viscous drag
force (3), then the swimmer can fulfil full rotation. This occurs

Figure 2: Velocity of the swimmer as a function of the viscosity of
the medium. The measured velocities for the whole viscosity
range between pure glycerol (1255 mPa∙s) and pure water
(1 mPa∙s) is shown. The colors indicate no movement of the
swimmer (blue), an uncertain sliding of the swimmer (red) and a
straight forward movement of the swimmer due to full rotation
(green). The insert shows this regime with a polynomial fit.

at viscosities between 26 mPa∙s and 22 mPa∙s. For smaller
viscosities the magnetic torque is larger than the viscous drag
force and the swimmer can fulfil full rotation and a corkscrew
like forward movement. This regime was further investigated
by numeric simulations. The simulations show a decreasing
velocity with increasing viscosity, while the experimental
results show an increasing velocity. One has to account for the
buoyancy of the swimmer (4) and the resulting force acting on
the swimmer (5), which decreases with increasing viscosity.
This was not taken into account for the simulations. The
swimmer lies on the bottom of the glass and experiences a
frictional force. This depends on the residual gravitational
force (5) acting on the swimmer. The more buoyant the
swimmer, the less frictional force it experiences. That might
be an explanation why the swimmer shows higher velocities
for higher viscosities in the experimental results
In order to predict possible application areas, the findings
can be compared with viscosities of different body fluids.

Anna C. Bakenecker et al., Actuation of a magnetically coated swimmer in viscous media with a magnetic particle imaging scanner —

4
Since the size of the swimmer is suitable for the navigation
through larger blood vessels the comparison with blood is
obvious. At a body temperature of 37°C blood has a viscosity
of about 4.5 times that of water [12]. (Water has a viscosity of
0.7 mPa∙s at 37°C.) Therefore, it is expected that the swimmer
is steerable in blood. However, the viscosity depends strongly
on the haematocrit (volume percentage of red blood cells) as
well as the vessel diameter the blood flows through. Further,
blood is strictly speaking a non-Newtonian fluid, because of
the red blood cells. Whereas water and glycerol are Newtonian
fluids. The viscosity of urine is about 1.2 times that of water at
body temperature [13]. It is expected that the swimmer is
suitable for applications in the bladder. Mucus has a viscosity
of about 2,000 times that of water [14]. Hence, it is not
expected that the swimmer is able to be steered through mucus.

6 Conclusion
In this work, the velocity of a magnetically steerable swimmer
was investigated for varying viscosities of the surrounding
medium, experimentally and by numeric simulations. It was
found that the magnetic force could not overcome the viscous
drag force for viscosities larger than 22 mPa∙s. It could be
observed that the velocity of the swimmer increases with
increasing viscosities for a viscosity range between 1 mPa∙s
and 22 mPa∙s. The numeric simulations show a decreasing
velocity in this regime. This is due to the buoyancy of the
swimmer, which is larger for larger viscosities leading to a
smaller frictional force between the swimmer and the phantom
wall.
Future application scenarios for the swimmer are the
transport of therapeutics through the vascular system for
targeted drug delivery. The results of the here presented work
indicate the applicability of the swimmer in different body
fluids. It is expected that the magnetic torque generated by an
MPI scanner is sufficiently high to steer the swimmer through
blood. However, depending on the exact application area the
pulsatile blood flow needs to be taken into account. It could
be shown previously that this swimmer can be steered in
different directions and can be visualized with MPI. This work
further investigated the swimming behaviour in dependency of
the viscosity of the surrounding medium and indicates the
suitability of navigating the swimmer through blood and other
body fluids.
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