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MEDICAL ROBOTS

Using the fringe field of a clinical MRI scanner enables
robotic navigation of tethered instruments in deeper
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Navigating tethered instruments through the vasculatures to reach deeper physiological locations presently
inaccessible would extend the applicability of many medical interventions, including but not limited to local
diagnostics, imaging, and therapies. Navigation through narrower vessels requires minimizing the diameter of
the instrument, resulting in a decrease of its stiffness until steerability becomes unpractical, while pushing the
instrument at the insertion site to counteract the friction forces from the vessel walls caused by the bending of the
instrument. To reach beyond the limit of using a pushing force alone, we report a method relying on a complementary
directional pulling force at the tip created by gradients resulting from the magnetic fringe field emanating outside
a clinical magnetic resonance imaging (MRI) scanner. The pulling force resulting from gradients exceeding 2 tesla
per meter in a space that supports human-scale interventions allows the use of smaller magnets, such as the
deformable spring as described here, at the tip of the instrument. Directional forces are achieved by robotically
positioning the patient at predetermined successive locations inside the fringe field, a method that we refer to as
fringe field navigation (FFN). We show through in vitro and in vivo experiments that x-ray-guided FFN could
navigate microguidewires through complex vasculatures well beyond the limit of manual procedures and existing
magnetic platforms. Our approach facilitated miniaturization of the instrument by replacing the torque from a
relatively weak magnetic field with a configuration designed to exploit the superconducting magnet-based directional
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forces available in clinical MRI rooms.

INTRODUCTION

The scope of catheter guidewire-based procedures is broadening, and
endovascular access is reshaping medical treatments through less
invasive operations. Catheters are used in endovascular interventions
for minimally invasive treatments of various vascular diseases (I).
Interventional oncology has introduced tumor treatment techniques
relying on the catheterization of the arteries that supply blood to the
tumor to either block the blood vessels or inject the drug near the
tumor (2, 3). In interventional cardiology, catheters are used for
minimal invasive operation inside the heart for diagnosis or treatment
purposes (4).

In the domain of endovascular interventions, the need to access
locations deeper inside the vascular system is growing. Recent
advances in developing untethered milli-, micro-, and nanoscale
robots to perform local diagnosis and treatment inside the body,
including nonsystemic drug delivery, are promising (5-15) and
could take advantage of being injected closer to the target physiological
location for deeper release into the vascular network. Decreasing the
diameter of the guidewire used in catheterization is essential to reach
deeper physiological targets through narrower vessels. However, it
leads to insufficient rigidity or stiffness of the guidewire, making
steerability by an operator located outside the body more difficult
while requiring more trials and errors under fluoroscopy, which
increases the elapsed time of the procedure. Longer procedures
caused by trials and errors also expose the medical crew and the
patient to increased doses of x-ray radiation, which are harmful
(16-18). In the course of a procedure of catheterization and advancing
the guidewire through the tortuous vascular trajectories, the friction
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forces against the instruments are amplified by the added surface in
contact against the vessel walls caused by the bending of the instrument.
Because the overall diameter of the instrument needs to be decreased
further to allow passage through narrower vessels, manual catheterization
by steerability and pushing the instrument from the insertion site to
reach deeper physiological locations become impossible.

To compensate for the fact that acquiring the necessary skills is a
relatively long process that relies on the experience of the practitioner
(19, 20), medical robotics aims to improve the efficacy of different
medical interventions with different levels of autonomy (21). This is
also true for robotic catheterization, which has been investigated for
years to facilitate endovascular procedures with different systems
(e.g., Sensei X and Magellan, Hansen Medical) with U.S. Food and
Drug Administration (FDA) and/or Conformité Européenne (CE)
approval for clinical use to perform specific interventions under the
control of an operator (22-25), especially for applications in cardiology
(7, 26, 27). Magnetism has also been exploited for this purpose. Magnetic
navigation systems such as the Stereotaxis Niobe (28), Catheter
Guidance Control and Imaging (Magnetecs) (29), and Aeon Phocus
(Aeon) (30) rely on permanent magnets or electromagnets to
generate magnetic fields, and extensive work has been done on the
modeling and control of magnetic catheters using these systems
(31-35). The use of a guidewire with a soft distal section can improve
the maneuverability of the tip of the instrument (5). However, when
the overall diameter of the instrument is reduced to penetrate
narrower vessels, its stiffness reduces to a point where pushing the
instrument is no longer possible. A proposed solution is applying a
pulling force on the tip; hence, a directional magnetic gradient can
be used to provide such a force while steering the guidewire (36)
deeper (37). In (36), it was shown that a pulling force applied to the tip
of a guidewire could be used for selective steering of microguidewires.
Magnetic actuation was provided by integrating additional gradient
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coils inside the magnetic resonance imaging (MRI) bore to generate
a directional magnetic gradient of 0.5 T/m. However, installing the
additional coils inside the tunnel of an MRI scanner prevents such a
technology from application to a human’s size, and the strong uniform
magnetic field (Bo) inside the tunnel complicates the task by always
inducing a strong torque along the longitudinal axis of the tunnel.
Hence, fringe field navigation (FEN) (37) was introduced to exploit the
strong gradients (about 2 T/m in a space that supports human-scale
intervention), resulting from the fast decayed magnetic stray field known
as the fringe field. The fringe field emanates outside a clinical MRI
scanner, is produced by its superconducting magnet, and far exceeds
the maximum strength of 0.2 T and gradient of 0.7 T/m reported in the
literature (22, 36). Applying a torque by exploiting the magnetic field in
the range of about 100 mT for steering instrument tips with relatively high
stiffness has already been investigated (7, 22, 25-27, 33, 38). However,
reducing the cross-sectional area of the guidewire (and so the stiffness)
to target deeper regions in the vascular system leads to limitations
in inserting the device deeper due to the added contact forces being
applied between the vessel walls and the guidewire. As such and as
mentioned earlier, the primary goal of FFN is to induce a pulling force
as a complementary actuation mechanism to navigate microscale
tethered instruments deeper through tortuous vascular networks or
constrained physiological spaces. The best source for generating the
highest pulling force on a magnetic tip is to use the gradient field
resulting from the fast decay of the magnetic field (fringe field) originating
from a superconducting magnet. Although a superconducting magnet
alone could be used in FFN, in a clinical setting, FFN typically exploits
the superconducting magnet already available in a clinical MRI scanner.
Superconducting magnets provide the highest source of magnetization,
but the field cannot be modulated like in the case of electromagnets.
Another constraint is that superconducting magnets are bulky and
cannot be practically moved around the patient. To resolve these issues,
FFN relies on the proper positioning and orientation of the patient
around the MRI scanner to pull the magnetic tip of an instrument
such as a microguidewire toward a desired direction inside the
blood vessels or other physiological spaces. The early in vitro study
conducted with FFN demonstrated the potential of the technology
without adequate positioning feedback for navigation purpose (37).

By mapping the fringe field in front of the MRI scanner to use it
for navigation, this work reports the results of x-ray-guided FFN by
using a table attached to a robotic arm for patient positioning. Here,
FFN exploits the three-dimensional (3D) directional magnetic fringe
field in a subspace in front of a clinical MRI scanner with robotic
positioning to directionally pull the instrument along a planned trajectory.
Before in vivo tests, FFN through tortuous and multibifurcation
vascular routes was repeatedly carried out in vitro in small vessels
with a diameter in the range of 1 to 2 mm. The magnetic actuation
available in FFN was demonstrated to allow further insertion of the
guidewire once it was not possible without pulling the tip caused by
further miniaturization of the magnetic tip of the guidewire. In this
study, FFN was also successfully performed in vivo in a swine model
with a microguidewire being navigated in narrow blood vessels. The use
of a deformable magnetic spring for the tip as an alternative to a solid
permanent magnet tip, allowing optimization for the catheterization
procedures, was also validated.

Experimental facility
The basic clinical facility for FFN includes a clinical MRI scanner
and a table attached to a robotic arm for positioning a patient. The
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fringe field of a closed bore MRI scanner features higher magnetic
strengths and gradients compared with an open bore MRI scanner,
making closed bore MRI scanners a better choice for the source of
actuation in FEN (39). For the robot, adequate payload capacity was
required to manipulate the patient. Our facility (Fig. 1) included a
clinical MRI scanner (Skyra 3T, Siemens) and a robotic manipulator
(KR300R2500, KUKA) that is in the class of Quantum Ultra with a
rated payload of 300 kg. The robot was driven with electromotors
and included magnetic parts in its structure. The strength of the
magnetic field limits the distance that the robot can move close to
the MRI scanner. A nonmagnetizable MRI-safe patient table was
attached to the end effector of the robot while being compatible
with a portable x-ray unit (Cios Alpha, Siemens) used for gathering
positioning information of the distal tip of the inserted instrument.
Because FFN operations can be done during periods when scheduled
MRI sessions are not performed, maintaining the MR image quality
that could be distorted by the proximity of this large robotic platform
is essential. Hence, shimming of the scanner was done when the
robotic arm was set to a predefined position used when FFN was
not performed. In this configuration, tests showed that the full quality
of MRI was maintained.

RESULTS

FFN navigates microguidewire in multibifurcation, tortuous,
narrow vessels

The steps of mapping the fringe field (Fig. 2), the method, the protocol
used for the FFN experiments, and the experimental procedure are
described in Materials and Methods and the Supplementary Materials.
In brief, the location and the direction of the vessels of a patient laid
on the MRI-safe robotic patient table (see Supplementary Materials)
are required data in FFN. The method is based on the robotic
positioning of the table to align the direction of the vessel ahead of
the point at which the tip of the guidewire is placed with the direction
of the magnetic gradient force applied from the fringe field. This
positioning is a composition of a 3D rotation and translation of the
table. Here, we limited the pitch and roll rotation of the table to 15°.
We chose this value from the configurations of a robotic patient
positioning system (ORION, LEONTI) that has received FDA approval
and CE mark. The procedure for FFN conducted in a vascular path
consists of sequences of positioning the table in the fringe field
followed by feeding the guidewire through successive segments of
the vessels. The system for feeding the guidewire (Fig. 3F) is described
in the Supplementary Materials. The vascular model (Fig. 3A and
fig. S1) used for in vitro experiment was made from the model of the
hepatic arteries of a swine. The phantom models present physiological
features for navigation through multiple bifurcations (maximum 3),
tortuous paths (target T3 includes two consecutive ~90° deviation
after B3, and target T5 is curved after B5 with ~180° variation in the
direction of the vessel), and narrow blood vessels (in the range of 1
to 2 mm in diameter) while allowing navigation from a large vessel
toward a narrow vessel at target T6 in Fig. 3 (from ~7 to ~1.5 mm
in diameter).

The smallest magnet used for the tip of the microguidewire has
an equivalent spherical radius of 0.416 mm. A map of the magnetic
gradient force from the fringe field (see Materials and Methods) was
calculated by assuming that the external magnetic field can rotate the
magnetic tip of the guidewire to align its magnetization direction
with the external magnetic field. The occurrence of the alignment
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Fig. 1. The concept of FFN and comparing it with other magnetic navigation technologies. (A) Schematic of the concept of FFN and our experimental facility, and
(B) comparison of the strength of the actuation of various magnetic navigation technologies (22, 37). MRN, magnetic resonance navigation; DFN, dipole field navigation.

was validated visually by probing the direction of the magnetic field magnetic field was ~0.15 T and higher. The microguidewire that we

lines and comparing it with the orientation of the tip of the guidewire
inside the phantom at the zones where the strength of the external
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used for the experiments (see Materials and Methods) has a floppy
distal with a length of 8 cm (HYBRIDO007D, Balt). This characteristic
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Fig. 2. Map of a radial plane of the magnetic fringe field of the MRI scanner. (A) Map of the sum of the components of the fringe field of 3T MAGNETOM Skyra. Black
lines and red arrows represent the direction of the magnetic field vector. The reference of axial component is ~5 cm from the front face of the MRI scanner. (B) Amplitude

of the directional gradient of the total magnetic field. (C) Map of the axial component and (D) map of the radial component of the fringe field.
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Fig. 3. Results of in vitro FFN experiments for the navigation of the magnetic microguidewire to different targets of the vascular model. (A) Phantom and its
different bifurcations and targets. (B) Location of the tip of the guidewire (red arrow) at the end of each route. (C) Setup of the in vitro experiment and location of the
phantom and system for feeding the guidewire. (D) Example of a kink occurring at the tip of the guidewire due to field gradient deviation. (E) Microguidewire with a
magnetic tip attached at its tip (cylindrical with diameter and length of 1 mm). (F) System for feeding the guidewire.
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of the guidewire was preferred to minimize the elastic resistance
of the tip of the tether against the magnetic torque applied on the
magnetic tip.

In vitro FEN experiments of navigating a microguidewire to
all the targets on the vascular model were performed by defining
sequences that exploited the highest available magnetic actuation.
For this purpose, various experiments by exploiting different points
in the map of the fringe field for each segment on the vascular path were
designed. Experiments for targets 1, 2, 4, 5, and 6 were performed
by sequences that exploited zones in the fringe field where the field
B > 0.5 T and the gradient VB > 2 T/m, with the deviation angle
between the magnetic field line and the magnetic gradient force in
the fringe field (field gradient deviation) being less than 20°. In our
experiments, we observed that, when the field gradient deviation
was more than 30°, a noticeable kink occurred at the tip of the
guidewire (Fig. 3D). This kink affected the maneuverability of the
tip. The reason is that the magnetic field rotates the tip to align its
magnetization with the external magnetic field, while the tether is
under tension by the magnetic gradient force exerted on the tip.
Regarding the time of the experiments, although these figures could
be improved in the future, each sequence of FFN to move the sample
from a general position to the predetermined position for the FFN
navigation, followed by feeding the guidewire and returning to the
general position, took about 2 min, and the velocity of the robot was
limited to 20 cm/s. A full experiment for navigating the guidewire
through a vascular path took between 8 min on average for the
shortest path (target T4) and about 20 min for the longest path
(targets T3 and T5). In addition, more than five various experiments
were performed for each target by using different points in the
fringe field, and each experiment had been performed multiple
times (three to five times).

The direction of the vessel after bifurcation 3 and toward target
3 was perpendicular to the overlay of the patient table for the way
that we initially prepared the phantom and fixed it inside a box. For
that section of the vessel, zones in the fringe field with a large field
gradient deviation (>45°) were used. In addition, the magnetic field
strength for sequences of navigation ranged between 0.1 and 0.5 T. We
consider those sequences not to be optimal situations for FFN. The
success of the experiment for navigation to target 3 was low, and
giving shocks to the guidewire by turning the tether along its central
axis or giving slack by extra feeding facilitated inserting the guidewire.
However, this section was navigated successfully by rotating the
phantom and changing the direction of the vessel to define sequences
of FFN that exploited stronger magnetic actuation (B > 0.5 T and
VB > 2 T/m). Such a change in the position of the phantom can be
viewed as changing the recumbent position of the patient on the
table. Figure 3B shows the final results of the experiments with the
tip of the guidewire reaching each target. Sample videos of in vitro
experiments are available as Supplementary Materials.

In addition, guiding the guidewire along the predefined paths was
done by x-ray imaging. To perform the image-guided experiments,
we placed the x-ray imaging console in the MRI room at a location
where the strength of the magnetic fringe field was less than 1 mT.
Examples of the cases of using the x-ray imaging for validation of
the location of the tip of the guidewire throughout an FFN experiment
are presented in fig. S2. Each image gathering was done at the
expected position of the tip at the end of each FEN sequence by
registration of the vascular trajectory (indexed data) on the x-ray
image using a geometrical approach (method described in the
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Supplementary Materials). The position of the tip of the guidewire
was adjusted by either pulling the guidewire back (in case of passing
the expected location) or repeating the previous sequence.

The importance of collision-free robotic positioning of the patient
in FEN is undeniable for safety issues. Conditions that we established
for robotic positioning and predicting collision were validated to be
safe throughout all in vitro FFN experiments (see Supplementary
Materials and Methods).

Stronger magnetic actuation in FFN allows miniaturization
of the tip

In the previous set of experiments, we demonstrated the possibility
of navigating a microguidewire in the vascular structures along a
desired path. In a catheterization procedure, the step after placing a
guidewire in a vascular branch is to insert a catheter and then remove
the guidewire. An objective of FFN is to successfully navigate the
guidewire in narrow blood vessels in a trade-off of miniaturizing the
magnet attached to the tip of the microguidewire and using stronger
gradient and strength from the fringe field. This miniaturization would
enable the retrieval of the microguidewire with a rigid tip larger
than its tether through a catheter with the smallest inside diameter.
Decreasing the volume of the magnetic tip corresponds to weaker
magnetic actuation. Here, instead of using a smaller magnetic tip, we
designed FFN experiments that exploit a weaker magnetic actuation
by selecting thresholds for the highest acceptable strength of the
magnetic field and so the gradient of the magnetic field.

We defined sequences of FFN for all the targets on the phantom
except target 3 by choosing upper thresholds for the highest admissible
strength of the magnetic field. The goal was to find the lowest magnetic
actuation that hinders successful navigation. For targets 1 and 2, the
most challenging part was the navigation at bifurcation 3. The
experiments were unsuccessful for the sequences that exploited a
magnetic field in the range of 0.15 to 0.25 T, where the gradient
was about 0.3 to 0.6 T/m. Adding extra bending at the tip by the
magnetic field did not enable steering the guidewire into bifurcation 3
when B ~0.2 T. For target 5, navigation of the guidewire into
bifurcation 5 and after that failed for sequences that exploited the
strength of the magnetic field of less than 0.35 T, where the gradient
is about 0.7 T/m. This threshold for target 6 was about 0.15 T. A
conclusion of this experiment is the possibility of miniaturization of
the magnetic tip with FFN to enable targeting smaller vessels and
retrieval of the guidewire through a microcatheter.

Magnetic gradient attraction force pulls the guidewire
further inside the vessel

Intermittent contacts between the guidewire and the vessel walls in
the tortuous vascular structure induce resistive forces on the guidewire
that affect the insertion of the guidewire. As a result, although the
guidewire can be inserted from its other end outside of the body, the
tip of the guidewire does not advance inside the vessel, and the distal
section of the guidewire crooks. FEN is considered to provide a
solution for this issue by applying a pulling force at the tip to enable
further insertion of the tip of the guidewire.

In in vitro experiments, we observed that further insertion of the
guidewire at each of the targets of the phantom is not possible without
a pulling force (see Fig. 4, B, D, F, and G, and supplementary movies).
The observation was done when the tip of the guidewire was at
different targets and the phantom was away from the MRI (B < 0.5 mT).
That is, we designed experiments to investigate the impact of a pulling
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Fig. 4. Results of the FFN experiment to exploit a magnetic pulling force on the tip for further insertion of the guidewire in a tortuous path and comparison with
the case of using no pulling force. (A, C, E, and F) The guidewire is further inserted by applying the magnetic pulling force on the tip (the locations shown are not the
ultimate location of the insertion). (B, D, G, and H) The tip of the guidewire does not advance in the vessel without a magnetic pulling force, and the guidewire bends at
its floppy distal section due to opposing forces from the vessel walls. The area inside the dashed line indicates the crooked part of the guidewire.

force applied on the tip to further insert the guidewire. The experiment
was done by using the strong pulling force (VB > 2 T/m) and a weak
pulling force (VB € {0.5 to 1 T/m}). The phantom was filled with
water, and the guidewire used for the experiment had a hydrophobic
coating. The tip of the guidewire was placed at each of the targets of the
phantom, and the patient table was positioned to align the magnetic
gradient force with the direction of the vessel. This experiment was
done for targets 1, 2, 3, and 5; for all of them, long tortuous sections
had to be passed to reach the targets.

In all cases, using a stronger pulling force helped to insert the
guidewire further, whereas this was impossible when not using a
pulling force (see Fig. 4 and supplementary movies). In addition, in
one experiment, because the magnetic tip broke from the guidewire
while the guidewire tip was at target 3, we observed that further
insertion of a guidewire that had no magnetic tip was not possible.
These results are evidence that the strong pulling force applied on
the tip enables insertion of the guidewire further into the blood vessel,
whereas the insertion of the guidewire from the other end is not
effective for the advancement of the tip of the guidewire in vessels.

FFN in narrow vessels is demonstrated in vivo
We did in vivo FFN experiments in the neck and brain arteries of
the swine animal model to navigate microguidewire with a magnetic
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tip into branches of the common carotid artery (CCA). Two animals
with weights of 25 and 24 kg were used for the experiments. All
animals were treated humanely and according to the guidelines of
the ethics committee of the University of Montréal.

For animal 1, FFN experiment was performed inside the left CCA.
Because of the physiological feature of Rete Mirabile in swine (40),
we chose the external carotid artery for the path of the navigation.
In addition, this target required passing three branches to reach
the target. The magnetic guidewire was fabricated by bonding a
cylindrical neodymium permanent magnet with a length and a
diameter of 1 mm to the tip of the same type of the microguidewire
used in in vitro experiments. The microguidewire was placed
retrogradely inside a microcatheter (FasTracker 18, Boston Scientific),
and the composition was inserted into the 6-French catheter priory
placed inside the left CCA. The end of the microcatheter was fixed
to the outlet of the guidewire feeder system, and intravenous fluid
was administered into the microcatheter to reduce the friction
between the microguidewire and the microcatheter. An x-ray image
was taken at the beginning of the experiment, and the vascular
trajectory was registered on it. The tip of the guidewire was placed
inside the CCA at a location that corresponded to the initial point of
the trajectory of the vessels deduced from the vascular registration
on the x-ray image.
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The selected path for FEN experiment was segmented, and sequences
of navigation were defined for each segment. Sequential robotic
positioning and insertion of the guidewire followed by a step of
localization of the tip under x-ray were performed. For animal 1,
the magnetic guidewire was successfully navigated to the selected
target for the navigation. Figure 5 shows the x-ray image taken at
the end of the experiment. In addition, the registration of the trajectory
on the x-ray image was done in vivo, and its accuracy was evaluated by
registration on a digital subtraction angiography image (see fig. S3).
This registration was done before performing any FFN positioning
with the spatial rotation of the animal. However, slight movement
of the patient throughout the FFN intervention may occur due to
the spatial rotation of the patient that can corrupt the registration
accuracy. A method for correcting the registration of vascular
trajectory is proposed here (see Supplementary Materials and Methods).
We used it to correct the error in registration due to the movement
of the animal, and the result is presented in fig. S3.

For animal model 2, the 6-French catheter was placed in the
right CCA. The arteries of the catheterized side of the brain were
invisible in MR angiography (Fig. 5). Therefore, trajectory planning
and vascular registration were not possible. In this experiment, the
animal was in the supine pose with its head straight. So we used
the mirror of the arteries of the left side of the brain for defining the
vascular trajectory. The vessel selected for the target of FFN was
the ascending pharyngeal artery (APA), which is the first branch of
the CCA. The diameter of APA was 2 mm on the left side of the
brain of the animal. The guidewire was prepared by bonding a
tubular neodymium permanent magnet with an inside diameter of
0.5 mm, an outside diameter of 1 mm, and a length of 1 mm. The
volume of the magnetic tip used for the second in vivo experiment was
25% less than the volume of the tip used in the first animal model.
The navigation to the APA was done by placing the tip of the magnetic
microguidewire less than 1 cm before the bifurcation, moving the
table to the position of the sequence of FFN, and inserting the guide-
wire 2 cm. Navigation into APA was done successfully and with
repeatability (twice in a row without failure). The strength and the
gradient of the magnetic field used for the navigation were about
0.6 T and more than 2 T/m, respectively. Figure 5 shows the results
of the in vivo experiment on animal model 2.

The effect of the pulling force exerted on the tip for further insertion
of the guidewire that was demonstrated in vitro was also validated
in animal model 2. It was done by pulling the guidewire back to the
beginning of the APA from the position the tip was placed at the
end of FFN experiment (the tip is still inside the APA) and trying
to insert the guidewire under fluoroscopy while the animal was far
away from the MRI scanner (B ~0.5 mT). As a result, the insertion
of the guidewire without using a pulling force on the tip was not
possible, and the guidewire did not advance into APA (Fig. 6). We
conclude that, for a microguidewire with a magnetic tip, a pulling
force is necessary to insert the guidewire in a vessel when insertion
of the guidewire is not possible.

Deformable spring as an alternative to solid permanent
magnet tip

An important part of a catheter-based procedure is the retrieval of
the guidewire. The solid permanent magnet tip limits the minimum
size of the catheter used for a procedure. Although the possibility of
the miniaturization of the permanent magnet tip is one solution, we
also propose using a spring fabricated by winding a magnetic wire
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for the tip. The high strength of the magnetic field available in
FFN enables bringing the tip to its magnetic saturation state. The
envisioned mechanisms for the deformation of the tip through the
step of retrieving the guidewire are the spring tip that either bends or
unwinds inside the catheter. We prepared a guidewire by bonding a
spring to the microguidewire with an epoxy resin composition. The
spring was fabricated by winding a deformable wire of stainless steel
430 with a diameter of 0.2 mm. We observed that, for a spring with
a pitch distance equivalent to the diameter of the wire and when the
ratio of the length to the diameter of the coil was larger than 2, it
magnetized along its center axis at different zones in front of the
MRI scanner (see movie S10). The spring that we fabricated for
the tip of the guidewire had a length of ~2 mm and a diameter of
~0.7 mm. The vibrating sample magnetometer (VSM) test showed
that the coil reached 95% of its magnetic saturation state when the
strength of the external magnetic field was 0.5 T. We performed in vitro
experiments by using the same map of the magnetic gradient force
that we calculated for a permanent magnet tip, and the guidewire was
navigated to targets 1, 3, 5, and 6 in our vascular model (see supplemen-
tary movies). We did not investigate the possibility of retrieving the
guidewire because the material used for bonding the tip to the tether
solidified the tip. Further explanation regarding this proposition and
fabrication recommendations are provided in the next section.

DISCUSSION

In this work, we demonstrated that the idea of using a strong pulling
force exerted on the tip of a soft guidewire is useful and effective to
steer and insert the guidewire and to counteract the friction forces
being amplified by the added surface in contact against the vessel
walls caused by the bending of the instrument. Here, through in vitro
and in vivo experiments, it is demonstrated that applying a pulling
force on the tip of the microguidewire with a floppy distal enables
further insertion of the instrument in the blood vessels as a way to
reach to deeper anatomical regions. The use of the MRI fringe field
for providing such a directional force within the body is also a way
of leveraging the application of MRI scanners.

In FFN, the way the patient lays on the robotic table plays an
important role because it changes the direction of the vessels.
Different recumbent positions change the direction of the vessels
on the patient table. It affects the efficiency of the FEN regarding the
strength of the magnetic actuation because the magnetic force in
FFN is mainly toward the MRI bore, and the pitch and roll rotation
of the table have to be limited. Common abdominal endovascular
interventions are performed in different branches of the aorta, and
superselective catheterization aims to place the catheter deeper
inside the vascular system. For each specific target in the abdomen,
recumbent positions influence the efficiency of FEN. For instance,
supine or prone positions can be the best position for navigation
into the branches of renal arteries with FFN. For navigation into the
branches of the celiac trunk or the superior mesenteric artery,
the lateral recumbent positions may be preferred. For intervention
inside the brain, turning and bending the neck also influences
the efficacy of FEN. For intervention inside the legs, the proper
positioning of the patient could require putting the head near the
end effector while the legs are laying toward the other end of the
table. To avoid underrepresenting the potential of FFN for specific
endovascular intervention, we recommend case-specific studies to
find the proper body position of the patient on the table for each
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Fig. 5. Results of in vivo experiment of FFN. (A) and (B) are related to animal model 1 and (C) and (D) are related to
animal model 2. The red arrow in (A) and red circle in (C) indicate the selected target in MRI angiography, and red
arrows in (B) and (D) show the final location of the tip of the guidewire at the end of each experiment. Blue symbols
in (A) and (B) show a magnet that is released from the tip of a guidewire to act as a fiducial marker and imaged by
x-ray. (E) Animal placed on the patient table for an FFN experiment. The gray area in (D) is related to an instrument
used for a different experiment.

To calculate the direction of the
magnetic gradient force, the orientation
of the tip of the guidewire inside the
body needs to be known. The stiffness
of the tether, the contact forces with the
vessel walls, and blood flow speed can
affect the orientation of the tip inside
the blood vessels. In calculating the
map of the magnetic gradient force, the
direction of the tip of the guidewire is
assumed to align with the external mag-
netic field. This assumption is made
based on the following: (i) We used
guidewires with floppy distal to reduce
resistance against bending, and (ii) FFN
uses a strong magnetic field (larger than
0.5 T). These assumptions were vali-
dated visually with a 3D magnetic probe
throughout our experiments. In addition,
in the experiments performed at B~0.15T,
we observed that the tip still aligns with
the external magnetic field. However,
this assumption would not be correct in
the case of using a stiffer catheter or a
guidewire with a larger diameter. In such
a case, using the pulling force would not
be necessary because steering the device
can be performed by applying torque on
the tip of the instrument, as demonstrated
in previous works (7, 22, 25-27).

An important factor regarding FFN
is the required time to perform a proce-
dure. Each sequence of robotic position-
ing of the patient for navigation took
about 1 to 2 min to transport the patient
to the target position from a general po-
sition. This transportation was executed
with limited velocity and acceleration
to allow very smooth displacement of
the patient table. FFN is proposed for
performing selective steering of the
guidewire at bifurcations and to insert
the guidewire in narrow blood vessels
by applying a pulling force on the tip. A
way to optimize the time of an intervention
is to limit performing FFN sequences to
challenging parts of the vascular system
where the magnetic actuation from the
fringe field is essential. In addition, the
slowness of the physical movement of
the patient in FEN makes it an inappropri-
ate tool for operation inside the heart,
which has fast dynamics.

The method of vascular registration
developed here does not account for the

intervention. By finding the range of available strengths and gradients ~ deformation of the organs. In FFN, respiration, cardiac function, and
of the magnetic field for specific interventions, these data, along with  gravity can deform the internal organs, leading to the inaccuracy of
the diameter of the blood vessels at different anatomical regions, can  the trajectory of the vessel. This inaccuracy induces error in the
be used for designing custom guidewires for FEN intervention. 6-DOF positioning of the patient inside the map of the fringe field
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Fig. 6. Two examples of failure in the insertion of the guidewire in APA without a pulling force on the tip. The gray areas in (A) and (B) are related to an instrument

used for a different experiment.

as well as the registration of the vascular trajectory. Further development
is required to develop a registration method that takes into account
the deformations of the internal organs. However, respiratory gating
and proper immobilization of the patient could help to reduce the
impact of the displacements for an FEN intervention. In addition,
image guiding of the intervention by fluoroscopy is a safe way of
guiding the intervention.

Operating an industrial robot near an MRI would raise concerns
regarding the safety. In this work, the operating zone of the robot
was limited to a space where the strength of the magnetic fringe
field was less than 20 mT. The fringe field applies force and torque on
the magnetic parts of the robot, which leads to an increase in the load
on the drivers of the robot. Although the experiments performed
were shown to be safe, more investigations could be done to validate
further an optimal safe working space for the operation of the robot
near an MRI scanner.

The possibility of using a deformable magnetic tip enhances
the potential of a catheter-based procedure by facilitating the step
of guidewire retrieval. Here, we proposed and validated in vitro
navigation of a microguidewire by the use of a spring-shaped tip.
Among all the systems developed for magnetic navigation, FFN
features a uniquely high strength of magnetic field that brings
such a tip to the saturation level (22). One remaining aspect to be
investigated is the method of bonding the coil to the tether to enable
retrieval of the guidewire. Dissimilar welding followed by heat
treatment can be a method of fabrication to attach NiTi wire as the
tether to a coil made of stainless steel (41). Optimization of the
diameter of the wire and dimensions of the coil is required for success
of retrieval. We consider the design, optimization, and fabrication
of such a guidewire as future work.

Azizi et al., Sci. Robot. 4, eaax7342 (2019) 27 November 2019

Conclusion

The fringe field has been used for steering and insertion of a guidewire
at a remote location inside the vessels by applying a pulling force on
the tip. This outcome allows targeting vessels for endovascular
intervention in a robotic manner independent of the experience of the
interventionist. Stronger actuation in FFN also allows miniaturization
of the tip as a way to enable targeting narrower blood vessels.
Successful implementation of the FFN protocol for robotic cathe-
terization in an in vivo experiment and navigation of the guidewire
demonstrates the potential of FFN for catheter-based procedures.
In addition, FFN as a robotic approach brings task autonomy to
performing endovascular catheterization, which presently highly
depends on the experience of the physician. FFN has the high
potential to navigate microguidewires in narrow blood vessels
throughout multiple bifurcations.

MATERIALS AND METHODS

Mapping the fringe field

On the basis of the data provided by the manufacturer of the
MRI scanner, the lines of the magnetic fringe field are distributed
axisymmetrically about the center axis of the MRI tunnel. We verified
this by probing the direction of the magnetic field lines in front of
the MRI scanner. Mapping the magnetic field was done by sampling
a radial plane of the fringe field. We used a three-axis probe with a
resolution of 0.1 mT (F3A-3MH3A, Senis, Switzerland), which we
mounted on a specific tool attached to the end effector of the robotic
manipulator to measure the components of the magnetic field. The
positioning accuracy of the robotic system was 60 um. The height of
the center axis of the MRI was found by measuring the component
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of the magnetic field perpendicular to the radial plane parallel to
the floor of the venue. The height of this plan was found with
less than 0.5-cm error, and the mean value for this component of
the magnetic field for all the sampled points was 1 mT (ranging
between —4 and +4 mT). Then, the axial and radial components of
the fringe field were measured at different points. We took 800 samples
at a distance of 1.5 m in the radial direction and 1.2 m in the axial
direction from the center axis and front face of the MRI as well as
inside the MRI tunnel.

Thin-plate spline interpolation (42, 43) was used to calculate the
strength of the magnetic field at any arbitrary point in the radial
plane of the fringe field. The accuracy of the interpolation was
investigated for the points at which the strength of the magnetic
field is above 0.4 T. It was done by interpolating the components
of the strength of the field at each point by using all collected
data except data collected from that point and comparing the result
of the interpolation with the measurement. The average errors
of the interpolation for the radial and axial components of the
magnetic field were 0.0032 and 0.0022 T with variances of 6.61 X
107° and 4.13 x 107%, respectively. The 3D map of the fringe field
was produced from the radial map of the fringe field. The direction
of the magnetic gradient force applied on a magnetic body is a
function of its magnetic moment and the partial derivative of the
components of the magnetic field (Jacobian) (44). The Jacobian
matrix of the magnetic field was calculated by the interpolation
and differentiation of each component of the magnetic field along
the different axes in 3D space. Then, the map of the direction of
the magnetic gradient force was produced by assuming that the
magnetic moment of the tip can align itself with the external
magnetic field.

Animal preparation for in vivo experiments

The protocol of the experiment was approved by the ethics committee
of the University of Montréal. The animal model was a farm breed
swine. The same patient table used in in vitro experiments was used
for this experiment. The pole for the intravenous unit was installed
at the end of the table onto a holder made of nylon and moved with
the table during robotic positioning. The preparation of each
animal was done under general anesthesia. Vascular access was
made in the femoral artery. A 6-French catheter (Guider Softip XF,
Boston Scientific) was placed into the CCA. After finishing the
catheterization, the animal was put in the supine position on the
table and immobilized by the use of straps to limit its movement
throughout the FFN experiment.

Before the beginning of the experiment, the grid of fiducial
markers was fixed on the table. Multimodality markers were used
for referencing the vascular trajectory on the patient table, calibration,
and vessel registration. The location of the markers was chosen
in a way to be visible in field of view (FOV) of MRI angiography
of the neck and brain as well as FOV of the x-ray. After selective
catheterization of the CCA, the animal was immobilized on the
table and transferred to the MRI for angiography of the neck and
the brain. Phase contrast MRI imaging sequence was used for angiog-
raphy. The imaging parameters were repetition time (TR) = 29 ms
and echo time (TE) = 3.4 ms, and the size of the voxel was 0.25 mm by
0.25 mm by 0.5 mm. After MRI angiography, the table was mounted
on the robot and was moved to the x-ray for imaging, registration,
and determination of the required position for the magnetic guide-
wire at the beginning of the experiment.
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Materials and Methods

Fig. S1. Multiple views of the 3D model of the vascular phantom used in in vitro experiments.
Fig. S2. In vitro results of registration of vessel centerline.

Fig. S3. Registration of the vascular trajectory on the x-ray image.

Fig. S4. Example of planning vascular trajectory and its segmentation to plan FFN experiment.
Fig. S5. The order of the fringe field map from the best points for navigation to the least
appropriate points.

Fig. S6. The working zones for the robotic patient positioning.

Fig. S7. Pictures of robotic positioning of the patient table.

Movie S1. In vitro: Targets 1 and 2 and the retrieval of the guidewire.

Movie S2. In vitro FFN: Navigation to target 3 and trying to insert the device without FFN.
Movie S3. In vitro FFN: Target 4 and retrieval of the guidewire.

Movie S4. In vitro FFN: Target 5 and retrieval of the guidewire.

Movie S5. In vitro FFN: Target 6.

Movie S6. In vitro FFN: Demonstration of the strong magnetic actuation in FFN for navigation.
Movie S7. In vitro FFN: Further insertion of the guidewire by exerting a gradient pulling force
on the tip of the guidewire.

Movie S8. In vitro FFN: Further insertion of the guidewire by exerting a gradient pulling force
on the tip of the guidewire.

Movie S9. In vitro FFN: Further insertion of the guidewire by exerting a gradient pulling force
on the tip of the guidewire.

Movie S10. Interaction between a spring and the magnetic field.

Movie S11. Navigation of a guidewire with a spring magnetic tip.

Movie S12. Navigation of a guidewire with a spring magnetic tip.

Movie S13. Navigation of a guidewire with a spring magnetic tip.

Movie S14. Navigation of a guidewire with a spring magnetic tip.
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