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A B S T R A C T

The untethered actuation of milli- and microdevices is of great interest for a variety of medical applications. A
millimeter sized swimmer is shown, which is 3D-printed and coated with magnetic nanoparticles. The coating
has to fulfill two requirements: First, it must have a high magnetic moment in order to show a strong reaction to
a magnetic field for good actuation performance. Second, it has to be suitable for magnetic particle imaging
(MPI). MPI is an emerging medical imaging technique, based on the nonlinear response of superparamagnetic
nanoparticles to oscillating magnetic fields. It is aimed at dual use of an MPI scanner: for both actuation and
visualization. When applying rotating homogeneous magnetic fields, the swimmer performs an axial movement
due to its shape and the viscosity of the surrounding medium. These fields can be generated with an MPI scanner.
The swimmer dynamics have been observed and a maximum swimming velocity of 6 mm/s at a rotation fre-
quency of the magnetic field of 10 Hz was found. The experiments are performed with a commercially available
preclinical MPI scanner. It is shown, that the swimmer is suitable to be imaged with MPI. Furthermore, se-
quentially acquired images of a moving swimmer are shown. For this, the MPI scanner was alternately driven in
imaging and actuation mode.

1. Introduction

Magnetic actuation of medical devices, such as catheters, small
cameras or drug filled capsules, enables to improve the precision of
minimally invasive surgery. Catheters can be steered towards the region
of interest. A commercially available manipulation system consisting of
permanent magnets is already available (Stereotaxis Niobe). Drugs can
be delivered directly to cancerous tissue or inflammatory regions with
endoscopic capsules, which allows lower dosages. Furthermore, healthy
tissue is less affected [1,2]. The gastrointestinal tract can be in-
vestigated using untethered, swallowable video capsules, that are
steerable with external magnetic fields [3,4]. Another application is to
take a biopsy by using a magnetically steerable capsule equipped with a
biopsy needle. This way, biopsies can be taken out of tissue regions
difficult to access without surgery [5–7]. Smaller magnetic swimmers of
micrometer size can be also steered through the vascular system, ur-
inary system or organs difficult to access, such as the ear or the eye [8].
Several approaches have shown the possibility to produce micrometer
sized helical swimmers containing magnetic nanoparticles, which can

be directed to the region of interest by homogeneous rotating magnetic
fields [9–11]. To visualize the actuation, different well established
imaging techniques are used [8]. Usually, the aforementioned magnetic
milli- and micrometer sized robots are visualized by optical imaging
techniques, such as video, light or fluorescence microscopy [9,12,13].
These imaging techniques are suitable for in vitro experiments, since
they are non tomographic. Further, tomographic imaging techniques
have been used such as ultrasound, X-ray, computed tomography,
magnetic resonance imaging or hall-effect sensor arrays [4]. Magnetic
particle imaging (MPI) is an emerging tomographic imaging technique
enabling 3D real-time imaging of magnetic material [14,15]. Usually,
superparamagnetic iron oxide nanoparticles are used as tracer material.
The advantage of visualizing magnetic actuation with MPI is that the
magnetic fields of existing MPI scanners can be used for actuation, and
therefore, no external imaging technique has to be integrated into the
actuation setup. Further, MPI enables radiation free tomographic ima-
ging, it is highly sensitive and has the potential of submillimeter re-
solution [14,15]. It has been shown that magnetic particles can be
moved using the magnetic gradient field of an MPI scanner [16–20].
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Macroscopic devices such as catheters and screws can be navigated
inside an MPI scanner [21–24]. These investigations show the potential
of combining the actuation of magnetic swimmers with MPI.

2. Theory

The magnetic force on a magnetizable object in a magnetic gradient
field ∇

→
BG can be expressed as

→
= → ∇

→
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with →m being the magnetic moment and
→
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M m
V the magnetization of

the object of volume V, when assuming a homogeneous magnetization
of the object. Since the magnetic moment aligns with the magnetic
field, this leads to a movement of the object towards a higher field
strength. For magnetic actuation, objects of large magnetic moments
are required. Setups featuring large field gradients are necessary in
order to actuate even very small objects.

Furthermore, it is possible to induce a torque on a magnetizable
object, which means that the object’s magnetic moment aligns with a
homogeneous magnetic field
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the object rotates with the same frequency [25,8,26,27]. The magnetic
field in Eq. (3) rotates either left or right handed in the yz-plane,
leading to a rotation of the object around the x-axis. The field ampli-
tudes are called BF , as they are generated by the focus fields of the MPI
system (see Section 2.2).

2.1. Swimmer dynamics

Full rotation of the swimmer can be only expected within a certain
frequency range of the applied magnetic field, which depends on the
object’s size, shape and magnetic moment. For small frequencies the
swimmer prefers to rotate around the short axis, leading to a “tum-
bling” motion and no axial movement. When increasing the frequency,
the swimmer changes to a “wobbling” motion, which is a precession
around the long axis. Finally, it fulfills a “corkscrew” motion at higher
frequencies, leading to the highest axial velocities of the swimmer [28].
This behavior can be explained as a competition between the magnetic
torque (see Eq. (2)) and the viscous friction. The faster the object ro-
tates, the more friction it experiences. A rotation around the long axis of
the swimmer reduces the friction and therefore, it is energetic prefer-
able. At very high frequencies the viscous friction is larger than the
magnetic torque and therefore, no rotation can be observed. This fre-
quency is called “step out frequency” [29].

2.2. Magnetic particle imaging

MPI is based on the nonlinear response of magnetic nanoparticles to
an applied varying magnetic field [14,30,31]. Sinusoidal drive fields
produce harmonic components, which get visible in the frequency do-
main of the measured time signal. To spatially encode the particle
signal, a gradient field, featuring a field free region, is applied. Only
particles within and nearby the field free region contribute to the
signal, which enables the spatial localization of the received particle
signal. The field of view is defined by the drive field strength and the
gradient. It is possible to quantitatively image the distribution of a
tracer material, for which usually superparamagnetic iron oxide nano-
particles are used. MPI is highly sensitive to very small amounts of iron
[32] and features 3D real-time imaging with submillimeter resolution

[15]. The system matrix approach has been chosen to reconstruct the
images [14]. It utilizes the Kaczmarz algorithm to reconstruct the
spatial distribution of the particles. The system matrix stores the par-
ticle response of a certain type of particles and imaging sequence for
each voxel in the field of view. The aim is to solve the equation =Sc u
for the particle distribution c, with S being the system matrix and u the
particle signal [33]. To further enlarge the field of view, homogeneous
offset fields can be used, which are called focus fields [34]. These fields
shift the scanned volume in space.

3. Methods and materials

3.1. Magnetically coated swimmer

The swimmer is 3D-printed (Projet 3510 HD+) using the printing
material VisiJet®X (3D Systems), a polymer resin. The swimmer has a
savonius shape (see Fig. 1) with a diameter of 1.8 mm and a length of
4.5 mm. The swimmer is painted with multiple layers of a mixture of
acrylic paint and Perimag nanoparticles (water-soluble, 130 nm, dex-
tran coated, Micromod). A 7: 5 mass ratio of acrylic paint to nano-
particle solution was experimentally determined to provide sufficient
MPI signal without diluting the paint too much. To enhance steerability
through an increased magnetic moment, a final layer of acrylic lacquer
with a 25mass-% admixture of iron (II,III) oxide powder ( −50 100 nm,
Sigma Aldrich) was added. This particle concentration is still below the
onset of agglomeration.

3.2. Magnetic particle imaging scanner

The experiments are performed with a commercially available
preclinical MPI scanner (Bruker Biospin MPI 25/20 FF). It features a
gradient field forming a field free point (FFP) with a gradient strength
of up to 2.5 T/m in the z-direction (vertical) and 1.25 T/m in the x- and
y-direction. The drive field has a maximum strength of 12mT in the x-,
y- and z-direction. When applying these settings a field of view of

× ×19.2 19.2 9.6 mm3 is achieved. The different drive field frequencies
are about 25 kHz. To enlarge the field of view, focus fields of up to
18mT in the x- and y-direction and 42mT in the z-direction can be
applied.

3.3. Actuation

By applying sinusoidal currents with a °90 phase shift to two focus
field coils, a rotating magnetic field vector with a rotation frequency of
up to 50 Hz can be generated. These rotating focus fields can be used to
manipulate magnetic material inside the MPI scanner (see Eqs. (2) and
(3)). In the actuation mode different rotation frequencies of up to 20 Hz
and focus field strengths of up to 18mT were used. The swimmer is put
into two different water filled phantoms. One is a glass cylinder of 5 cm
length, the other is a Y-shaped 3D-printed vessel phantom The branches
have a length of 1.5 cm each and a diameter of 4mm (see Fig. 2). To
steer the swimmer in different directions the orientation of the rotating

Fig. 1. CAD-Model of the swimmer having a savonius shape.
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magnetic field can be changed to arbitrary rotating planes. The actua-
tion is verified by a video camera which is placed above the phantoms
inside the scanner bore. The camera needs to be removed during the
MPI sequence (see Section 3.4).

3.4. Visualization

To proof the suitability of the swimmer for MPI, a 3D frequency
spectrum was acquired with the preclinical MPI scanner. The x-, y- and
z- drive field strength was set to 12mT. To compare the swimmer signal
with a pure particle sample, 10 μl of undiluted Perimag was measured
as well. Since the measured spectra are influenced by background dis-
turbances of the system, a measurement of the empty bore needs to be
acquired with the same scanning parameters. Then, the empty mea-
surement can be subtracted from the measured data for coping with the
stationary background of the scanner. When performing both actuation
and visualization, an MPI image was taken after every 10 turns of the
swimmer. In the imaging mode a drive field in the x- and y-direction of
12mT and a gradient field of 1.5 T/m in the z-direction and 0.75 T/m in
the x- and y-direction was applied, leading to a 2D field of view of

×32 32 mm2. The image acquisition time was 3.246 s and the number of
averages was 5000. The image is reconstructed with a ×57 57 system
matrix. The frequency range chosen for reconstruction was between
80 kHz and 1.25 MHz. Using an SNR threshold of 20, 91 frequency
components were chosen for reconstruction. For the regularized
Kaczmarz reconstruction algorithm, the number of iterations was set to
3 and the regularization parameter was set to 0.05. It has to be men-
tioned that there is a time delay of about 30 s between the imaging
mode and the actuation mode. This is the time the system needs to ramp
up the drive fields, which is a current software limitation.

4. Results and discussion

4.1. Actuation

The swimmer rotates at frequencies of up to 14 Hz and fulfills an
axial movement when applying a frequency between 4Hz and 14 Hz. At
10 Hz it travels with a speed of approximately 6mm/s (see Fig. 3 and

the Supplementary material [video:SwimmerGlasPhantom]). At this
frequency the swimmer travels in a “corkscrew” motion, leading to
maximum velocities. For frequencies larger than 14 Hz no rotation can
be observed. For frequencies smaller than approximately 8 Hz, a
“wobbling” motion can be observed (see Section 2.1). A video de-
monstrating the swimmer dynamics for different frequencies can be
found in the Supplementary material [video:SwimmerDynamics]. Fur-
thermore, the swimmer could be steered through the vessel phantom at
a rotation frequency of 10 Hz (see Fig. 4 and the video in the
Supplementary material [video:SwimmerVesselPhantom]). By chan-
ging the plane of rotation it is possible to steer the swimmer in arbitrary
directions and therefore, through all the branches of a vessel phantom.
The indicated frequency range for a “corkscrew”motion depends on the
magnetic moment and therefore, on the amount of particles painted
onto the swimmers surface. Also the uniformity of the coating influ-
ences the steerability.

In order to find a rotatable swimmer the magnetization of the object
is a critical parameter, which can be increased by the choice of particles
and the amount of lacquer. Since full rotation of the swimmer was
achieved, the magnetization of the swimmer was sufficient when ap-
plying the maximal focus field strength (18mT). When using other
particles or another particle to paint ratio, the magnetic properties of
the swimmer change and thus, the swimmer dynamics change.
Moreover, the friction of the swimmer depends on its size and shape.
These parameters also have an impact on the swimmer dynamics.

4.2. Visualization

The signal to background ratio (SBR) of the coated swimmer in
comparision to the pure particle sample is shown in Fig. 5. It can be
expected that the swimmer can be imaged since harmonics up to ap-
proximately 350 kHz are above an SBR of five, which indicates sig-
nificance of the measured signal according to [35]. The MPI signal of
the coated swimmer depends on the amount of Perimag painted onto
the swimmer surface. The swimmer signal cannot be quantified in terms
of iron particles since neither the total amount of Perimag particles in
the coating nor the homogeneity of the paint layer is precisely known.
Furthermore, a drop in signal intensity is expected for particles trapped
in the coating [36]. The reconstructed images of the moving swimmer
are shown in Fig. 6. While the exact shape of the swimmer is not re-
produced in the images as a consequence of the low signal intensity, its
forward movement is clearly visible in the data at a quality that is
sufficient for tracking. Since the FFP position resides close to the
swimmer location during the imaging sequence and the imaging fre-
quencies are too high to overcome the scanners inertia, no swimmer
movement is expected during imaging phase, as testified by video still
imaging taken before and after the imaging sequence.

The exact shape of the swimmer is not represented by the images,
however the forward movement can be clearly visualized. This in-
formation would suffice for tracking the swimmer. The location of the
swimmer was observed before and after an imaging sequence with a
video camera. It can be expected that the swimmer did not move during
the imaging sequence. The force on an object due to the gradient field

Fig. 2. CAD-Model of the vessel phantom, the angles between the branches are
indicated. The length of each branch is 1.5 cm and the diameter is 4 mm.

Fig. 3. Axial movement of the swimmer within 4 s at a frequency of 10 Hz and 18mT focus field strength. It travels with a speed of approximately 6 mm/s. A video
can be found in the Supplementary material [video:SwimmerGlasPhantom].
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depends on the distance to the FFP. The swimmer is very close to the
FFP during image acquisition, hence the force is expected to be very
small. Since the FFP movement is very fast it is expected that the
swimmer’s inertia is sufficiently large such that it does not follow the
varying magnetic field during an imaging sequence.

5. Conclusion

It has been demonstrated, that a swimmer coated with magnetic
nanoparticles, can be actuated inside an MPI scanner. The focus fields
of the MPI scanner were used to rotate a homogeneous magnetic field,
which led to a rotation of the swimmer within a frequency range of up
to 14 Hz. Similar to other micro swimmers [28,29], this swimmer
showed the same swimming dynamics: a “corkscrew” motion was ob-
served in the frequency range between 8 Hz and 14 Hz. The swimmer
fulfilled a “wobbling” motion for smaller frequencies and no rotation
was observed for frequencies larger than 14 Hz. A velocity of

approximately 6mm/s was observed at a rotation frequency of 10 Hz.
The steerability of the swimmer through a Y-shaped vessel phantom
showed the ability of the swimmer to be used e.g. as a transporter for
therapeutics through the vascular system. This would enable to deliver
drugs locally to regions difficult to access. Furthermore, the SBR
showed the suitability of the swimmer to be imaged with MPI (see
Fig. 5). First MPI images of the moving swimmer could be shown (see
Fig. 6).

6. Outlook

In the future, the aim is to actuate and image the movement of the
swimmer simultaneously. For this, the delay time between imaging and
actuation mode needs to be reduced dramatically. For medical appli-
cations, e.g. to steer the swimmer inside the vascular system, the size of
the swimmer needs to be reduced. This requires at first smaller bare
swimmers, for which the size is limited by the resolution of the 3D-
printer. It is planned to miniaturize the swimmer by using another 3D-
printer. As the coating of smaller swimmers is a difficult task, different
coating techniques need to be investigated. Since the steerability of the
swimmer depends on its magnetic properties, further investigations on
different kinds of particles and particle concentrations would be bene-
ficial. A systematic analysis on the correlation between properties of
different kinds of particles and the suitability for manipulation would
improve the understanding of the observed swimmer dynamics. Also, a
simulation study on the expected velocities in dependency of the ro-
tation frequency is planned. It aims at establishing a more general re-
lationship between the generated magnetic force and the swimmer’s
shape and size, taking into account the magnetic field strength, the
magnet moment of the swimmer and the viscous friction which in-
creases with rotation frequency. These parameters define the frequency
regimes in which full rotation of the swimmer can be expected.
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