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Abstract— To navigate smaller magnetic guidewires and 

catheters deeper through narrower blood vessels, a very large 
directional magnetic gradient field is required. As such, 
superconducting magnets such as the ones used in clinical MRI 
scanners are known to far exceed resistive coils or permanent 
magnets for generating such high field. But because 
superconducting magnets are not appropriate for switching or 
modulating fields such as for the generation of 3D directional 
gradient forces, a new approach capable of very high directional 
gradient forces from such superconducting magnets and referred 
to here as Fringe Field Navigation (FFN) is introduced. To 
provide such high directional gradients with a relatively high 
magnetic field strength in the interventional space, FFN uses the 
external field known as the fringe field of the MRI scanner. Since 
such large magnet capable of generating a much higher but 
constant field cannot practically be moved, superior directional 
gradients are achieved by robotically positioning and moving the 
patient outside and in proximity of the scanner accordingly. 
Preliminary results with a 1.5 T clinical scanner indicate the 
possibility to perform whole body FFN using 6-DOF gradients of 
2000-4000mT/m which is much larger than the 300mT/m 
achievable with existing magnetic catheter navigation platforms. 
 

Index Terms—Magnetic navigation, catheterization, magnetic 
resonance imaging scanner 

I. INTRODUCTION 

RESENTLY, induced actuation methods considered 
for operation in the vascular network (and possibly in 

other parts of the body) such as for guidewire or catheter 
steering typically rely on magnetism. Although a relatively 
weak magnetic field strength is required to induce a directional 
torque on the magnetic tip of a guidewire or catheter, a very 
high gradient field will induce a pulling force on the tip of the 
instrument to help compensate for the friction force between 
the instrument and the vessel’s walls as it goes deeper in the 
vasculature.   

Although manual catheterization [1-2] is being challenged 
by magnetically guided catheterization [3-4], one approach to 
allow deeper regions to be accessed is to counteract the 
limitation in the magnitude of the magnetic gradient. Reducing 
the distance between the patient and the source of the magnetic 
gradient (referred to as magnet which includes electromagnet) 
such as placing the magnet directly on the skin surface of the 
patient can help. But since the magnetic gradient decays 

rapidly with distance, the source of magnetic field must be 
more powerful which requires the use of a very large and 
heavy magnet. Moving around the patient such bulky piece of 
equipment capable of generating large gradients is most likely 
impractical. Furthermore, since superconducting magnets 
generate the highest magnetic fields, they would be a good 
choice in this respect. But superconducting magnets are used 
to generate a constant magnetic field (e.g., the B0 field in 
clinical scanners) and are not appropriate for switching or 
varying fields. Therefore, one practical solution to generate 
adequate directional magnetic gradients for whole-body 
interventions would be to move the patient himself instead of 
moving such a bulky powerful magnet. This is the fundamental 
idea behind a new approach that is referred to here as Fringe 
Field Navigation (FFN). 

II.  FRINGE FIELD NAVIGATION (FFN) 

Fringe Field Navigation (FFN) relies on the gradient 
provided by the rapid decay of the magnetic field generated by 
a very powerful magnet with the direction of the gradients and 
the field strength responsible for the torque being achieved by 
moving and/or rotating the patient about the magnet. One 
fundamental question that comes in mind concerns the choice 
of such a magnet. Although it could take various forms, one 
preferred and practical approach is to have a clinical MRI 
scanner which is already available in clinical settings. 

 
Figure 1 – Example of the fringe field surrounding a clinical MRI 
scanner. 
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Indeed, MRI scanners use three types of fields, namely, the 
homogeneous field B0, the Radio-Frequency (RF) field B1, and 
the directional magnetic gradient fields GX, GY, and GZ. But 
there is a fourth field not used for MR-imaging but which is 
present outside the MRI scanner and which is known as the 
fringe field and denoted here BF. Although MRI manufacturers 
put efforts to minimize such a field using passive or active 
shielding techniques, it is not completely eliminated and is still 
quite significant as depicted in the example in Fig. 1. 

As depicted in Fig. 1, closer together (smaller gap 
separating the lines) are the field lines and higher is the 
gradient GF within the fringe magnetic field. FFN is typically 
done as close as possible to the scanner if maximum 
miniaturization of the magnetic tip of the instrument is 
suitable. The direction of BF towards the magnet (or scanner) 
induces a torque (Eq. 1) on an anisotropic magnetic tip (to take 
advantage of the high induced torque in FFN) of a guidewire 
or catheter, aligning it through a magnetic moment m toward 
the magnet while the gradient GF induces a pulling force that 
pulls the magnetic core or the distal tip of the instrument 
towards the same magnet or scanner. 

BmT
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For FFN, directional forces are induced through 6 degree-
of-freedom (DOF) motions in term of translations and 
rotations of the patient within the static fringe field. As for 
MR-imaging, such directional fringe gradients and field can be 
achieved in a 3D space identified by three planes known as the 
sagittal plane, the coronal plane, and the transversal plane.  

III.  EXPERIMENTAL PROOF-OF-CONCEPT 

A modified guidewire (Balt Extrusion HYBRID007D) was 
used for this initial proof-of-concept. With three 500 µm in 
diameter chrome steel beads (Salem Specialty Ball 52100) 
forming the tip. A photograph of the guidewire is depicted in 
Fig. 2. 

 

 
 

Figure 2 – Photograph of the guidewire used for the experiments. 
 

Our system demonstrates the feasibility for automatic 
navigation of very small and flexible guidewires in millimeter 
sized complex channels network. We successfully demonstrate 
the crossing of six bifurcations without human intervention in 
less than 30 seconds. This is shown in Fig. 3. It depicts the 
typical sequence of one of the multiples validation 
experiments. Multiple different paths were tested several times 
in order to validate the method. The magnetic steering proved 

to be fast and reliable where manual attempts with the same 
guidewire without the use of the FFN approach systematically 
failed to pass the bifurcations.  

 

 

 

 
 
Figure 3 – Images of the navigated guidewire taken at different time 
intervals (4, 12 and 26 seconds respectively). Left: Tracking of the 
guidewire tip using a video camera. Right: Registered position of the 
tip. 

IV. FFN VERSUS OTHER EXISTING MNS TECHNOLOGIES 

Except for MRN which is mostly dedicated to the 
navigation of untethered agents, known MNS technologies are 
presently mainly oriented towards magnetic catheterization 
procedures. But because high field and high gradients are also 
suitable for magnetic catheterization, they represent the state-
of-the-art technologies capable of generating directional fields 
for navigating not only tools but potentially untethered agents. 

The Niobe Magnetic Navigation System (MNS) from the 
company Stereotaxis [1] is known at present to be the 
reference for magnetic catheter (or guidewire) navigation. The 
system consists of two computer controlled permanent 
magnets positioned and aligned externally to each side of the 
patient. The magnets create a relatively uniform (0.08 T) 
magnetic field of approximately 15 cm in diameter inside the 
chest of the patient. This magnetic field volume can be steered 
in any direction. Another system is the Catheter Guidance 
Control and Imaging (CGCI) from Magnetecs [2] which relies 
on eight electromagnets providing a field of 0.14 T. The more 
recent Cmag catheter steering system from Aeon Scientific [3] 
relies on fixed electrical coils (electromagnets) positioned on 
both sides of the patient where positional control of the 
catheter is achieved by varying the ratio of electrical currents 
circulating in the surrounding coils. The Cmag can presently 
generate a gradient in the order of 350mT/m with a magnetic 



 
 

3

field strength comparable to the Niobe system, i.e., slightly 
less than 0.1 T. Because of such relatively low field strength, 
permanent (hard) magnets are typically used at the tip of the 
catheter instead of a soft magnetic material. 

A comparison of the main specifications between a single 
permanent or electromagnet moved around the patient by a 
robotic arm (Single Mag. In Table 1), the Niobe, the CGCI, 
the Cmag, the various MRN configurations and FFN is 
provided in Table 1. A similar comparison could also be done 
for other applications such as navigable capsule endoscopy, to 
name but only one example. 

 
Table 1 – Comparison of Magnetic Interventional Platforms  

MNS 
Field 

(Tesla) 
Gradient 
(mT/m) 

Direction 
Method 

Whole 
Body 

Real-
time 

Tracking 
Single 
Mag. 

< 0.1 < 400 Mech. Yes Yes 

Niobe < 0.1 0 Mech. Yes Yes 
CGCI 0.14 (Note 1) Elect. Yes Yes 
Cmag < 0.1 < 400 Elect. Yes Yes 
1.5 T 
FFN 

0.3-0.5 
2000-
4000 

Mech. Yes 
No 

(Note 1) 
Note 1: No real-time tracking at the present time although a potential 
method is presently under investigation. 

V. DISCUSSION 

As depicted in Table 1 for systems dedicated to catheter 
navigation such as the Niobe, the CGCI and the Cmag, FFN 
stands mainly with regards to the field strength and the 
strength of the gradients (we recall that the Niobe system does 
not have gradient fields in the interventional space) and the 
relatively low cost of implementation (especially when 
compared to the Niobe system). The higher field strength of 
FFN means that a stronger torque can be induced to the tip of 
the instrument (field strength up to more than 5 times 
compared to the Niobe and the Cmag). Furthermore, compared 
with the same hard magnetic material integrated at the tip of 
the guidewire or catheter, a much higher magnetic gradient 
provided by the FFN system means that more force is induced 
on the magnetic tip or for the same force, the size of the 
magnetic core can be decreased further allowing for 
interventions in narrower vessels. Such high gradient field can 
be particularly important when operating in narrower vessels 
where soft, flexible catheters or guidewires (lower stiffness) 
must be used. Traditional (larger) catheters are typically 
pushed by the medical specialist. But as the stiffness 
decreases, pushing would bend the catheter due to an increase 
friction with the vessel walls as the tip goes deeper in the 
vasculature. As such, a high pulling force (assisting a pushing 
force) at the tip can greatly enhance catheterization in 
narrower vessels or when navigating through more tortuous 
vessels that would otherwise result in added difficulties in 
pushing further the instrument due to an increase of the friction 
force acting against the catheter or guidewire. 

It is also worth mentioning that the experiments were done 
at the entrance of the bore of the clinical 1.5T MRI scanner 
where the measured gradient field being plotted in Fig.  4, was 
far from being the maximum gradients available. 

 
 

Figure 4 – Fringe gradients with the distance along the z-axis from 
the entry of the tunnel of a 1.5 T clinical scanner. The sign of the 
gradient is negative since it increases in the direction of the –z-axis. 
 
 Indeed, location such as in Fig. 5f would results in a huge 
increase of the directional magnetic gradient. But operations 
closer to the entrance of the tunnel of the scanner allows for 
the shortest travel to perform MRI scans on a need basis. 
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Figure 5 – Some examples of generating directional magnetic 
gradients from the static fringe field. 
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VI. CONCLUSION 

Superconducting technology is required to go beyond 0.4 T 
for whole body interventions. But upgrading gradient coils in 
known MNS configurations to superconducting magnets is not 
an option since the magnetic field generated cannot vary but 
must remain constant. Hence, the only alternative with the use 
of a superconductive magnet to change the direction of the 
magnetic field is to physically move the magnet which is an 
impractical alternative due to the size of the magnet, or as in 
the case of FFN-based platforms, to move the patient instead. 
With such an approach, FFN allows higher field gradients with 
superior field strengths for whole body interventions compared 
to known magnetic interventional platforms for catheterization 
Furthermore, although FFN can use more than one magnet, a 
configuration based on a single high-strength superconducting 
magnet such as a clinical MRI scanner to conduct FFN greatly 
simplifies the navigation control task compared to the use of 
two or more magnets. 
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