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Supplementary Note S1. Magnetic torque comparison for crystal and shape anisotropy

The concept of using a shape anisotropic soft ferromagnetic tip as an alternative to a permanent magnetic tip has been
investigated briefly in (27). Azizi et al. proposed a stainless steel spring placed into the tip of the guidewire and
qualitatively demonstrated potential for utilizing the magnetic gradient forces of MRI’s fringe field. We quantitatively
compared magnetic torques generated by materials with crystal and shape anisotropy to choose the best magnetic tip
material for UHF actuation. To quantify the magnetic torque acting on the soft magnet, we used the continuous
magnetization model at the saturation regime described by Abbott et al. for ellipsoidal soft magnetic bodies (28). We
assumed that the soft body does not have any crystal anisotropy. We rewrote the energy optimization for soft magnets in

our convention as follows:
E= mén% (n, —ng)M? sin?(¢p — ) — M Hcos(¢), (S1)

where n; and n, are the demagnetization factors for the general ellipsoidal shape (28). From energy optimization, we could
immediately see that the main difference in uniaxial crystal anisotropy in equation 1 and shape anisotropy is the K; and
(nr -na) M2 terms, which also reflected the maximum torque calculated reported in (28), Tma= oV (N -Na) Ms?/2. In a
theoretical maximum, for a soft magnet with an infinite aspect ratio (n, -n,) converges to %2, and we can write an absolute
maximum magnetic torque for a soft ferromagnetic material as Tmax= poVMs2/4, where saturation magnetization directly
define the maximum torque. To use as a reference soft ferromagnet, we measured the saturation magnetization of
chromium steel (AISI 52100) which has a high saturation magnetization of 1.49x10° Am (fig. S4A). We calculated the
absolute maximum torque as 0.56p0V, which is the 24.5% of the maximum magnetic torque we observed in neodymium

permanent magnet.

Later, we expanded our analysis to more realistic aspect ratios, a. First, we calculated the angle magnetization angle by
solving the energy optimization for aspect ratios 2, 5, and 100 as a function of easy axis angle at 1 T, the latest as a limit
case (fig. S4B). Even with a relatively low external field of 1 T, the magnetization vector has aligned with the field with
less than 30°. Second, we calculated the magnetization angle and magnetic torques for aspect ratio 5 for different field
strengths using the same volume of our cylindrical permanent magnet (fig. S4C-D). We observed that even with a
relatively large aspect ratio, we could only apply 20% of the magnetic torque generated by the permanent magnet. We
could still design a guidewire with parallel configuration using the shape anisotropy-based magnetic torque by using a
softer material for the guidewire core; however, the magnetic torque difference between 7 T and 1 T decreased
significantly, which would result in a smaller rotation range. Moreover, the magnetic guidewire tip’s perpendicular and
antiparallel magnetic configuration could not be built with a soft magnetic tip due to geometric limitations and low

coercitivity.



Supplementary Note S2. Effect of gravity on 3D actuation

In our simulation environment, we observed a negligible effect of gravity on the final shape of the guidewire since the
gravitational forces were relatively small compared to the magnetic force/torque on the tip magnet and the elastic
force/torque. We considered two cases to provide a quantitative comparison of gravitational forces and magnetic forces.
In the first case, we have a guidewire with a parallel magnet aligned in the field direction, where magnetic torque and
force are counteracting the tip magnet’s weight and the guidewire’s distributed weight, as shown in fig. SOA. Since the
guidewire deflection due to gravitational force is very small compared to the magnetic torque, we used a small deflection
approximation and neglected the contribution of the magnetic pulling force Frn because of the very small moment arm.
Then, we could model the final tip deflection (8) and tip angle (0) by superposing the effects of tip force, distributed force,
and tip torque shown in fig. S9B (47). We calculated the deflections for the 50 mm free length of the guidewire. The
weight of the tip magnet, W;, was 57.7 uN neglecting the 3D printed resin magnet holder and the distributed force over
the guidewire, wyw, was 50 uN/mm. We first calculated total deflection and tip angle due to the contribution of gravitational
force, 8= 6wt 6: =2.1 mm and 64= 6w+ 0;= 0.058 rad. Since the magnetic torque is a function of the tip orientation, we
looked for a small angle magnetic torque expression by solving equation 2. We took the derivative with respect to ¢ and

equated it to zero as follows,
K sin(2(¢p — 0)) + Mg Hsing = 0. (S2)

We replaced sin(x)=x using a small angle approximation for ¢ and 2(¢ -6) and obtained

2K ¢ — 2K, 0 + Mg Hp = 0. (S3)
Then, we wrote ¢ as a linear function of 6,
2
¢ = S 1S 6. (S4)
+

Lastly, we inserted ¢ into equation 5 using small angle approximation and obtained magnetic torque as a linear function
of 0,

2uoVMgH
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Tm(0) =

Using the linear torque equation, we can now calculate the final tip orientation by solving the linear relation 6 = 64-Om,

where O is the rotation contribution of the tip torque t,,,(8). The final tip orientation is then

6
HZHT‘gMSm. (86)
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We calculated the final tip orientation 0 at 1.5 T field as 0.006 rad (0.34") and further decreases at higher magnetic fields.
Then we calculated the tip deflection contribution of magnetic torque as 1.3 mm and obtained a final deflection tip, 3, as
0.77 mm for a 50 mm guidewire segment, demonstrating a negligible effect of the gravity.

In the second case, we have a guidewire with a perpendicular magnet configuration where the guidewire is bent in 3D
space to align with the magnetic field (fig. S9C). Due to the large nonlinear deflection, we cannot use the cantilever beam
model to estimate the beam shape; however, we could provide an approximation shape using the constant curvature model
(fig. S9D), assuming the magnetic torque is the order of magnitude larger than other torques acting on the guidewire.

Then the bending radius could be written as:

_ El
Tm(0)

o (S7)

Using the ratio of arch length to radius é = g — 6 and linear magnetic torque equation S5, we could calculate the final

magnet angle as follows

6 = _r (88)

1
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which gives us 8 =10.42"for a 1.5 T magnetic field and 50 mm long guidewire segment, and the corresponding magnetic
torque is 9.6x10° Nm. Then using the constant curvature shape of the guidewire, we could calculate the moment of

gravitational forces on the fixed end of the guidewire,
T, = f()?_e w,,2sin(0)de + ersin(g -0) (S9)

as 7.3x10® Nm, which is more than the order of magnitude smaller than the magnetic torque. Lastly, we could
approximately calculate the additional tip deflection due to the gravitational force using equation S5 as 0.84°. Therefore,
we could see that the shape has minimal effect on the shape of the guidewire. Moreover, this analysis could also be
extended to antiparallel magnet configuration without loss of generality. Finally, the gravitational force also creates a
twist on the guidewire that is counteracted by torsion in the guidewire and the base twist torque, 7,,, as shown in fig S9E.
However, this twisting torque is very small, and the next section explains that radial magnetic forces dominate torsional

dynamics.



Supplementary Note S3. Effect of radial magnetic forces on 3D actuation

Since the radial component of the magnetic force is much less compared to the axial component, we have neglected this
component in our simulations, where we calculate the shape of the guidewire in 3D free space. However, during vascular
navigation experiments, we also observed the radial force’s effect during the guidewire’s base twist-based steering.
Considering the base twist actuation in free space where the fixed end of the guidewire is aligned with the axis of the MRI
scanner (fig. S11A), the radial magnetic force will be aligned with the fixed end; hence we will not apply any torsion on
the guidewire. However, when the guidewire is off-centered in the MRI bore, the radial magnetic force will have a small
moment arm and apply torsion on the guidewire. As a result, a stable axis occurs, as shown in fig. S11B. A similar
phenomenon also occurs when the guidewire is off-centered to the MRI scanner in vascular structures, as shown in fig.
S11C. Although the operator could observe a significant resistance during base twist action, it is still possible to steer the
guidewire. The effect of the radial forces could, in principle, be modeled in future work; however, even with state-of-the-
art modeling methods (48), it would be an admissible modeling challenge due to the complex interaction between the

guidewire and vessel walls throughout the guidewire body.

Supplementary Note S4. Uniform magnetic field guidewire steering with free-length control

A special case of UHF magnetic actuation is under a uniform ultrahigh magnetic field. At the center of the MRI scanner,
we have a uniform magnetic field that would align the guidewire tip to the maximum bending for which we designed and
limits our steering capabilities. However, we could provide additional steering capacity to our guidewire by introducing
a supporting catheter to control the guidewire’s free length, as shown in fig. S12A. Neglecting the effect of gravitational
forces, we only have magnetic torque acting on the guidewire tip; therefore, we could use a constant curvature beam
model to estimate guidewire shape, where the guidewire and catheter segments would have different radii of curvature
Eglg
m(0)
modulus and moment of inertia of the guidewire, and the radius of the composite part could be calculated as p, =
Eglg+Ecl;
Tm(6)

between the guidewire and outer Teflon catheter. Then, using linear magnetic torque approximation and the ratio of arch

-1

(fig. S12B). The radius of the guidewire-only part could be calculated as p, = , Where Egand lgare the elastic

, Where E; and I are elastic modulus and moment of inertia of the catheter, assuming rigid body interaction

length to the radius of curvature, i.e., —2 = 8, and -Z = g— 6 — 6., we could calculate the guidewire tip orientation as

l
Pc Pg

follows:

0 =

(S10)

1
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where ryg is the ratio of guidewires free length to total length, Io/l. Equation S10 converges to equation S8 when the ryis 1;
hence we have the maximum bending (fig. S12C). When the rgyis 0, we have a minimum bending angle (fig. S12D):

™

Bmin .
o 14 l 2ugVMgH
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Eglg+Eclc (2+1\/II(511~1>

(S11)

Then we can calculate the guidewire shape by substituting 6 back to magnetic force and constant curvature model. While
it is possible to estimate the shape in 3D free space, more comprehensive models are needed in the future to predict the
shape with contact forces. Moreover, due to the large stiffness of the supporting guidewire, the tip magnet’s magnetization
direction could exceed small angles, and we might need to solve the nonlinear energy optimization problem to calculate

the shape.
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Figure S1. A uniaxial permanent magnet in different magnetic actuation regimes. A) Below saturation. The magnetic
field increased the magnetization in the external field direction. The magnetization perpendicular to the external field is
assumed to stay constant before saturation. B) The saturation condition. The magnetic field reaches a value where the
magnitude of the magnetization is equal to the saturation magnetization. C) Above saturation. The magnet is totally
saturated; hence the magnetization vector starts rotating towards the external magnetic field. The magnetization in the y

direction decreases while the x direction increases and the total magnetization stays the same.
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Figure S2. The hysteresis loop comparison for cylindrical magnet and spherical magnet. A) The hysteresis loop for
a cylindrical magnet at different magnet orientations. B) The hysteresis loop for a spherical magnet at different magnet

orientations. The magnet orientations to the applied external field were shown with the schematics.
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Figure S3. The low field hysteresis behavior of the cylindrical neodymium magnet at #=0. A) Hysteresis during

decreasing magnetization. B) Hysteresis during increasing magnetization. The magnetization curve was repeatedly

upward and downward by changing starting points with 100 mT increments.
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Figure S4. The magnetic torque acting on soft magnets at UHF. A) The magnetization curve of the chromium steel
sample. Due to the extremely low coercivity, there is virtually no hysteresis. The saturation magnetization was measured
as 1.49x10° Am. B) The magnetization angle as a function of soft magnet direction for different aspect ratios at 1 T. The
aspect ratio was defined as shown in the schematic. The magnetization angle was measured using energy optimization
using shape anisotropy energy for three different anisotropies. The aspect ratio of 100 was used as an upper limit example.
C) The magnetization angle as a function of magnet direction for different field strengths for aspect ratio 5. D) The

magnetic torque acting on the soft magnet with an aspect ratio of five at different UHF.
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Figure S5. 2D magnetic field measurements in the center of the MRI scanner. A-B) The magnetic field in the x and

y directions. C-F) The magnetic field gradients at the x and y directions.
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Figure S6. The magnetic gradient in the y direction in the MRI scanner for different angles. The dots represented

the measurement collected using MRI conditioned force sensor in the y direction. The schematic showed the force

direction.

Figure S7. The magnetic actuation system in the MRI system. A) Photo of the 7-Tesla preclinical small-animal MRI
scanner. B) The robotic motion platform for remote actuation. The platform comprised a linear MRI stage moving in the

x direction and a custom-made piezo stage controlling motion in the y and yaw direction. In addition, an MRI-conditioned

camera was placed to monitor the motion.
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Figure S8. Guidewire with a perpendicular magnet was steered with a motion platform rotation. A) Experiment

image of the guidewire with perpendicular magnetic at two different platform angles at 7 T. The magnet schematic shows
the magnet direction. B) The guidewire tip orientation for different platform angles at 0.5 T and 7 T.
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Figure S9. Effect of gravitational forces. A) Forces and torque acting on guidewire with the parallel magnet. The
gravitational forces are added as distributed body forces on the guidewire body, ww, and tip magnet weight, W:. B) The
small deflection cantilever beam models for superposition. C) Forces and torque acting on guidewire with the
perpendicular magnet. D) Constant curvature deformation model. E) The gravitational force and base torque acting on

the perpendicular magnet in axial view. The distributed body forces were not shown.



Figure S10. 3D glass vascular models. A) The renal artery model for the right kidney. The renal artery has been shown
from top, front, and side views. B) Aortic arch model from top and side views. C) Common carotid artery model from top

and size view. D) The middle cerebral artery model. The model is shown in the orientation it is used in the experiments.

The branching angles are shown in the side views.
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Figure S11. Effect of radial magnetic forces. A) Radial magnetic forces for the guidewire aligned with the MRI axis.

The radial forces aligned with the fixed end of the guidewire. B) The radial magnetic forces for an off-centered guidewire.

The stable axis connects the MRI axis and the guidewire’s fixed end in the axial view. C) Radial magnetic forces on a
guidewire in an off-centered vessel. The guidewire’s fixed end is depicted as the center of the vessel; however, in reality,

it could lean toward vessel walls in different directions depending on the vasculature network.
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Figure S12. Free length control. A) The guidewire with supporting Teflon catheter. The fixed end of the guidewire is
replaced with a fixed insertion point, where the catheter and guidewire can be inserted separately. The two cross-sections
are shown: guidewire with catheter and only guidewire. B) The guidewire under a uniform magnetic field. Two segments
of the guidewire have different constant curvatures due to the magnetic torque applied to the tip. C) The maximum
guidewire deformation. The supporting catheter was pulled back, and the free length was only composed of the guidewire.
D) The minimum guidewire deformation. The supporting catheter is inserted up to the tip magnet, and the free length is

the composition of the guidewire and catheter together.
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Figure S13. The guidewire and tip design. A) The small angle deflection model for stiffness characterization. B) The

3D printed tip magnet holder for single magnet guidewires. The axial cross-section showed the position of the magnet
and the guidewire connection. The top view shows the shape of a cylindrical magnet cavity for parallel and perpendicular
configurations. C) The 3D-printed tip magnet holder for double magnet guidewires. The magnets were aligned

perpendicular to each other and 45’ to the vertical axis of the magnet holder.



Supplementary Movie Captions

Movie S1. The guidewire with the parallel tip magnet was navigated to three target positions at a 7 T magnetic field by
rotating the robotic platform. The third target was reached using assistive magnetic pulling force at the distal tip by
moving the platform 2.5 T/m gradient line.

Movie S2. The guidewire with the parallel tip magnet was navigated to the first two target positions at a 0.5 T magnetic
field, i.e., fringe field, by rotating the robotic platform. The third target could not be reached due to insufficient magnetic
torque.

Movie S3. The guidewire with the perpendicular tip magnet was navigated to three target positions using magnetic
bending and base twist. The field strength was used to control the guidewire bending by moving the platform in and out
of the MRI scanner. The steering was achieved using a base twist.

Movie S4. The guidewire with the antiparallel tip magnet was navigated to three target positions using magnetic bending
and base twist. Guidewire bending up to 160° has been shown at 7T, and steering was achieved with a base twist to
different targets. Next, the magnet was remagnetized by physically constraining the tip during insertion into MRI. Then
the guidewire was advanced to the last target. The magnetization direction of the tip was shown in the guidewire
schematic.

Movie S5. The remagnetization process of a single parallel magnet guidewire was demonstrated in an s-shaped tube. The
guidewire was advanced when the orientation was not locked with large magnetic torque when the platform was out of
the MRI. Then the platform was moved into the MRI scanner to remagnetize the tip magnet. The remagnetization and
orientation locking were observed during the guidewire insertion and the retraction. In addition, the magnet switched
magnetization during insertion between antiparallel to parallel states. The magnetization direction of the tip was shown
in the guidewire schematic.

Movie S6. The remagnetization process of a dual magnet guidewire was demonstrated in an s-shaped tube. The guidewire
was advanced when the orientation was not locked with large magnetic torque when the platform was out of the MRI.
Then the platform was moved into the MRI scanner to remagnetize the tip magnet. The remagnetization and orientation
locking were observed during the guidewire insertion and the retraction. The magnet switches magnetization four times
during insertion between parallel, perpendicular, and antiparallel states. The magnetization direction of the tip was shown
in the guidewire schematic.

Movie S7. Steering into the renal artery using the guidewire with a perpendicular magnet was demonstrated under
physiological flow. First, the guidewire was introduced in the descending aorta against the 100 ml/beat flow. Next, the
guidewire was steered into the renal artery using a 1T magnetic field and base twist maneuver. Later, the magnetic gradient
15 T/mand 2 T magnetic field were used to bend the guidewire toward superior segmental arteries.

Movie S8. Steering into the renal artery using the guidewire with an antiparallel magnet was demonstrated under
physiological flow. First, the guidewire was introduced in the descending aorta against the 100 ml/beat flow. Next, the
guidewire was steered into the renal artery using a 0.5T magnetic field and base twist maneuver. Later, the 2 T magnetic
field was used to bend the guidewire toward inferior segmental arteries.

Movie S9. The guidewire steering has been demonstrated in the aortic arch. The guidewire with a perpendicular magnet
was inserted in the aortic arch against 100 ml/beat physiological flow. Then at 0.5 T magnetic field, the guidewire was



steering into LS and LCC arteries. Later the platform was moved to a 4 T magnetic field, and a guidewire was inserted
into the RS artery. The guidewire could not be steered into the RCC due to orientation in the vessel.

Movie S10. The guidewire steering has been demonstrated in the LCC with 20 ml/beat physiological flow. The guidewire
could be inserted directly into the ICA at 0.5 T. We moved the platform to 1 T and used a base twist to steer into ECA.
Then guidewire could be steered directly to FA. Next, we moved the platform to a 2 T field to steer into OA and rotate
the tip into the OA. Then the platform moved back to 0.5 T to ease insertion to a narrow 2 mm-diameter OA channel.

Movie S11. The guidewire steering has been demonstrated in the MCA with 20 ml/beat physiological flow. The guidewire
with a perpendicular magnet was inserted through the internal carotid artery and steered into the M1 segment of the MCA
using base twist at a 1T magnetic field. Later, guidewire pushed into the first M2 branch. However, the distal branches
could not be reached due to the limited tip rotation.

Movie S12. The guidewire steering has been demonstrated in the MCA with 20 ml/beat physiological flow. The guidewire
with an antiparallel magnet was inserted through the internal carotid artery. A supporting catheter was used for supporting
the guidewire, and the guidewire was steered into the M1 segment of the MCA using base twist at 0.5 T magnetic field.
With the above 90° tip rotation, the guidewire was inserted up to the last M2 branch. Then the tip magnet was constrained
with the help of a supporting guidewire, and the platform was moved to 3 T to remagnetize the tip into parallel
configuration. Then the guidewire pulled back and inserted the other M2 branches.

Movie S13. The guidewire insertion has been demonstrated in the renal cavity of an ex vivo porcine kidney during MR
imaging. A guidewire with a perpendicular magnet was inserted through the urethra into the renal cavity. The guidewire
reached the calyx in front of the renal cavity entrance due to the 90° tip orientation. The tip position was monitored using
the image artifact caused by the tip magnet.

Movie S14. The guidewire steering has been demonstrated in the renal cavity of an ex vivo porcine kidney during MR
imaging. First, a guidewire with an antiparallel magnet and supporting Teflon guidewire was inserted through the urethra
into the renal cavity. Next, the guidewire reached the lower calyx, and the guidewire was steered to other calyces using
free-length control. Then the guidewire was pulled back to the urethra and remagnetized into a parallel configuration
without moving the kidney. Later, the guidewire was steered into the upper calyces in a parallel magnet configuration,
and the free length control was used for steering different locations. Finally, the tip position was monitored using the
image artifact caused by the tip magnet.
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