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Abstract. The Magnetic Resonance Submarine (MR-Sub) project is a first attempt to validate a new propulsion method for
future small magnetically controlled microdevices suited for minimally invasive applications in blood vessels. A Magnetic Res-
onance Imaging (MRI) system provides the driving force in three dimensions to a ferromagnetic core that could be embedded
onto a specialised microdevice. The paper describes preliminary tests made to match the magnetic force induced by an MRI
system on a ferromagnetic sphere with the drag force it encompasses in a cylindrical tube. These tests provide a proof of concept
demonstrating that this new method of propulsion is very promising within the constraints of such types of operations. This
conclusion is based on specific measurements showing that 1010/1020 carbon steel spheres (3.175 mm and 2.381 mm in diam-
eter) can withstand a maximum flow of 0.370 ± 0.0064 l/min (19.5 cm/s) and 0.311 ± 0.01209 l/min (16.4 cm/s) respectively
when placed inside a 6.35 mm diameter PMMA tube and subjected to a 18 mT/m magnetic field gradient.
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1. Introduction

A microdevice able to be controlled inside the blood vessels could potentially be used to perform sev-
eral minimally invasive applications such as peripheral revascularization, highly localised drug delivery,
tumour ablation or aneurysm embolisation, just to name a few. The level of miniaturisation of such a mi-
crodevice is a critical issue since smaller dimensions would allow more locations to be reached within the
cardiovascular system. Micromotors or similar devices have been considered by other research groups
as a mean of propulsion within the blood vessels. Unfortunately, the numerous moving parts and the
lack of reliability of this approach, together with the limitations and size of a proper source of energy
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make the design of a micromotor based propulsion system extremely complex. Present technologies im-
pose serious constraints to realise a working device based on micromotors within an acceptable level
of miniaturisation for operations within the blood vessels. For instance, the smallest ultrasonic motors
presently available with an overall length of 1.5 mm and a diameter of 1.4 mm [10], are already too large
for such applications [11]. After extensive reviews, we concluded that the simplest and most promising
propulsion approach to achieve a sufficient level of miniaturisation while providing enough propulsion
force was to rely on an external magnetic field acting on a small ferromagnetic core. Researches on mag-
netic propulsion for minimally invasive surgery have been conducted at the University of Virginia [3,7,
8] and at Tohoku University [12–14]. The concept studied at the University of Virginia aims at moving
a ferromagnetic thermoseed (Video Tumor Fighter, VTF) through brain tissue in order to reach a brain
tumour. Once the tumour is penetrated, the thermoseed is heated via eddy current using RF excitations
and moved to scan and destroy the whole tumour volume. Propulsion is achieved by applying magnetic
field gradients (hence a magnetic force) generated by the Magnetic Stereotaxis System (MSS) which is a
custom piece of equipment involving six supraconducting coils and a fluoroscopic imaging system. The
VTF requires 5 to 7 T/m magnetic field gradients to move the thermoseed straight through brain tissue.
On the other hand, the device being propelled at Tohoku University consists of a screw shaped body
(between 1 and 2 mm in diameter and 8 to 15 mm in length) with an embedded magnet. When applying
a rotating magnetic field, the screw shaped device rotates and digs its path through tissues. The velocity
of the screw shaped device is a function of the magnetic torque, rotational velocity of the field and the
pitch of the screw.

Our microdevice will be propelled by an external magnetic force acting on it. This force is generated
by magnetic field gradients as the device passes through the blood vessels. The physical parameters of
the blood vessels determine the drag force and the constraints encompassed by the microdevice. The
quantity and nature of ferromagnetic particles are determined according to the medical application to be
performed. Knowing that the viscosity of the blood is lower than brain tissues, magnetic field gradients
of less intensity than the ones considered at the University of Virginia can be used to induce a magnetic
force strong enough to navigate against the blood flow. More interestingly, we found that the magnetic
field and gradients used for imaging purposes in Magnetic Resonance Imaging (MRI) systems are strong
enough for endovascular propulsion as envisioned in this paper. As such, the name MR-Sub has been
selected to describe both the project and the microdevice.

The magnetic force applied on a ferromagnetic particle is proportional to its volume. The miniatur-
isation of the MR-Sub can be done by embedding a smaller quantity of ferromagnetic material which
could take various forms including but not limited to ferromagnetic powder. As such, the size of the
microdevice is greatly influenced by the rate of maximum blood flow expected. The blood flow varies
with regard to the blood vessels used during travel. Another advantage of this method beside the fact
that the process of miniaturisation of the microdevices is much simplified through the use of an external
force generator (the MRI system), is that the steering of the microdevice can also be done simply by
changing the direction of the magnetic field gradient vector ∇ �B. The smaller the embedded ferromag-
netic structure is, the smaller the microdevice can be and the wider its operating range becomes. As a
matter of fact, it could potentially, depending on the operations and the force required, gain access to
the capillaries if necessary. Combined operations can also be envisioned. For instance, MR-Sub could
also be released near the treatment area through a catheter. Then, it could be controlled using a control
software able to track it, compute its trajectory and then determine the magnetic field gradient to be
applied on it. It is clear that this magnetic propulsion concept is extremely promising for miniaturised
systems targeted at in vivo applications. As such, this paper describes the results of our preliminary MRI
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control tests that validate some of the fundamental theoretical calculations by experimentations where
magnetic and drag forces were confronted.

2. Background

The torque and the force induced by an MRI system can be calculated [4] from

�τ = �m × �B = Vferro · �M × �B, (1)

�Fmagnetic = �m · ∇ �B = Vferro · �M · ∇ �B. (2)

In Eqs (1) and (2), τ is the magnetic torque (N·m), �Fmagnetic is the magnetic force (N), �m is the magnetic
moment of the ferromagnetic body (A·m2), �M is the magnetisation of the material (A/m), Vferro is the
volume of the ferromagnetic body (m3), �B is the magnetic induction (T) and ∇ �B is the gradient (spatial
variation) of the magnetic induction (T/m).

The drag force (D) acting on a sphere in an infinite extent of fluid is given by [16]:

D =
1
2
ρ · V 2 · A · CD. (3)

D is a function of the density of the fluid (ρ), relative velocity of the sphere to the fluid (V ), frontal area
of the sphere (A), drag coefficient (CD) of a sphere in an infinite extent of fluid. Moreover, the drag
coefficient (CD) is a function of the Reynolds number (Re). As described in [15], the drag force on a
rigid sphere falling in a rigid cylindrical tube depends on one more parameter which is the ratio of the
diameter of the sphere to the diameter of the tube (d/D). The drag coefficient of a sphere falling in a
cylindrical tube (CDm), is given in [15]:

CDm = CD × f 2. (4)

The wall factor (f ) is a function of Re and d/D. It is defined as the ratio between the terminal velocity of
a sphere in an unbounded medium to the terminal velocity of the same sphere measured in a cylindrical
tube.

In the scope of developing a magnetic propulsion system, the magnetic force must be stronger than
the drag force on the microdevice for motion to take place and to allow control in displacement.

3. Materials and methods

The goal of the experiment was to verify if an MRI system could generate enough magnetic force on a
ferromagnetic sphere in a cylindrical tube to make it withstand a water flow. The ferromagnetic samples
used for the experiment were two 1010/1020 Carbon Steel spheres, 3.175 mm (1/8′′) and 2.381 mm
(3/32′′) in diameter. The saturation induction �Bsat of this alloy is 1.67 T and it is reached in a magnetising
induction of 0.717 T. These magnetic properties were measured with a 155 Princeton Applied Research
Corporation (PAR) vibrating sample magnetometer and 610 Hall Effect Bell Gaussmeter. All MRI tests
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Fig. 1. Experimental set-up.

Fig. 2. Force diagram of the sphere lying on the PMMA tube.

were performed on a 1.5 T Siemens Magnetom Vision system. At this field intensity, the 1010/1020
carbon steel spheres are fully magnetised ( �Bsat).

The water flow was pumped with a turbine pump placed outside of the MRI chamber. An 8 meters
long flexible tubing was used to bring it to the centre of the MRI bore. There, the water flowed through
a graduated, 6.35 mm inside diameter, 350 mm long PMMA cylindrical tube. The straight tube was
placed along the x (transversal) direction of the MRI and the carbon steel sphere was placed inside of
the tube. A filter was placed at the end of the tube in order to prevent the sphere to be carried away
by the flow. The flow was measured and regulated with a variable-area flowmeter equipped with a flow
control valve. The water flowing out of the MRI bore was brought back to the pump through flexible
tubing. A schematic of the set-up is shown in Fig. 1. A pulsed magnetic field gradient of 18 mT/m was
applied along the x direction of the MRI bore with a period of 12 ms with 10 ms on and 2 ms off.
The magnetic field gradient was used in pulsed mode in order to allow the gradient coils to cool down
since they cannot sustain continuous use under these conditions. The forces acting on the ferromagnetic
sphere are the horizontal magnetic force, the drag force from the flow, the rolling friction, and weight.
These forces are shown in Fig. 2. Figure 3 shows a photograph of the experimental set-up.

Flow measurements were taken as follows: the gradients were turned on while the valve of the flowme-
ter was opened completely in order to have maximum flow in the PMMA tube with the ferromagnetic
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Fig. 3. Experimental set-up installed inside of 1.5 T Siemens Magnetom Vision MRI bore.

Table 1

Flow and mean velocity measurements

Sphere diameter (mm) Flow (l/min) ± Mean velocity in tube (m/s) ±
standard deviation standard deviation

3.175 0.370 ± 0.006 0.195 ± 0.003
2.381 0.311 ± 0.012 0.164 ± 0.006

sphere resting on the filter. The valve of the flowmeter was then progressively closed until the sphere be-
gan moving against the flow. Finally the flow was adjusted until the sphere stopped moving and reached
an equilibrium state. The motion of the sphere was monitored visually. The measurements were repeated
3 times with each sphere. The results of the equilibrium flow are recorded in Table 1. Mean velocity is
calculated by dividing equilibrium flow by tube area.

4. Results and discussion

The experimental set-up was designed to simulate peripheral arteries at maximum systolic flow. Its
diameter and flow are of the same order of magnitude as the ones that exist in the cardiovascular system.
As shown by results in Table 1, a standard MRI system can generate enough magnetic force to move
a ferromagnetic sphere inside a duct with properties close to real arteries (fluid density, flow, diameter,
Reynolds number).

In an MRI system, a magnetised body tends to stay oriented in the direction of the field Bo (z direc-
tion). Therefore, it develops a resistance against any rotation that might reorient its magnetic domains.
A rotation around the z-axis allows a magnetic body to spin without reorienting its magnetic domains.
Hence, a magnetised sphere moving horizontally in the x direction rolls around the z-axis without mag-
netic resistance as shown in Fig. 4. On the contrary, when rolling implies a rotation around the x or y
axis, a magnetized sphere slips instead of rolling. Rotations around the x or y-axis need to reorient the
magnetic domains and such the magnetised body opposes a resistance to that motion. The straight tube
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Fig. 4. A magnetized sphere will resist rolling around axis x (a) and y (b) because this motion implies its magnetic domains
to be reoriented. Therefore, it tends to slip instead of rolling at the bottom of a tube. Rolling is not constrained when a sphere
rotates around z (c) because this rotation can be made without reorienting the magnetic domains.

in the experiment was oriented along the x direction because it allows free rolling of the sphere. Friction
is thus reduced since rolling friction coefficient is lower than slipping friction coefficient.

As the magnetic force is proportional to the gradient, existing MRI systems with 70 mT/m will pro-
vide 3.89 times more force. Using a ferromagnetic material with a stronger saturation magnetisation
is another way to enhance the magnetic force. The samples used in these tests were 1010/1020 car-
bon steel with a saturation induction �Bsat of 1.67 T. It is reported in the literature [1] that permendur
(Fe49Co49Va2) provides the highest saturation induction ( �Bsat = 2.45 T) [5]. A permendur sphere (di-
ameter of 3.175 mm) submitted to a 70 mT/m gradient would encounter 5.71 times more magnetic force.
Using an MRI system able to provide stronger magnetic field gradients and a better gradient coils cool-
ing system could optimise the magnetic force. MRI systems with enhanced gradients systems will be
needed in order to levitate the ferromagnetic sphere and solve the friction problems caused by rotations
around the x and y axis.

According to [15], the drag coefficient of our spheres should be approximately 1.5 (Re = 386 and
d/D = 1/2 for 3.175 mm sphere, Re = 616 and d/D = 3/8 for 2.381 mm sphere). However, our
spheres are not falling in a quiescent fluid. They are subjected to a moving fluid and roll in the boundary
layer at the bottom of the tube. The data provided in [15] cannot be used directly in our experimental
set-up. However, it illustrates the parameters that influence the drag force acting on a sphere in a tube
compared to a sphere in an infinite extent of fluid.

The tests described in this paper were made using water instead of blood as a fluid. The density
of blood is 1.05 times higher than the density of water at the same temperature. As drag forces are
proportional to the density of the fluid and as the blood has a Newtonian behaviour in vessels having a
diameter higher than 1 mm [9], the drag forces should be 1.05 times stronger in blood.

The shape of the immersed body is also of primary concern. If it had been streamlined (ellipsoidal or
drop shaped) and kept at the same volume (same magnetic force), its drag would have been lower and it
would have been able to withstand a higher flow since its drag coefficient would have been lowered [16].

5. Conclusion

The experiments described in this paper show that magnetic propulsion relying on commercial MRI
systems is possible. In the long term, hybrid MRI/magnetic propulsion systems providing more power-
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ful gradient systems will allow the MR-Sub to be controlled in blood vessels conveying higher flows.
Moreover, gradient coils cooling systems designed for continuous use would allow a constant magnetic
force since the gradients would not need to be switched on and off periodically. The first advantage of
a constant magnetic force is to make the magnetic control of the MR-Sub simpler. Another advantage
of a constant gradient is a reduction of the rate of change of the magnetic field. As a matter of fact, fast
variations in the magnetic field value could induce nerve stimulation and standards exist in each country
to set a limit for the maximum dB/dt [2].

The next steps in the project involve the development of a 3D real time position/control loop and to val-
idate its use through experimentations with variable flow rates. Further studies will consider tubes with
biological geometries and wall properties instead of straight and rigid walls. Combination of real time
imaging with the driving gradients will be necessary. It was also observed that real-time and accurate
positioning of the microdevice for control is currently limited due to ferromagnetic artefacts induced by
the ferromagnetic material [6]. Although our group has made significant progress to compensate for such
artefact errors, more efforts need to be done since positional errors could become a serious limitation to
the feasibility of such a concept.
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