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An MRI Actuated and Imaged Concentric Tube Catheter

Peter Lloyd * and Nikita Murasovs! Yael L. May, Alistair Bacchetti,
Benjamin Calmé, Joshua Davy, Vittorio Francescon, James H. Chandler,

Erica Dall’Armellina, Jurgen E. Schneider, Pietro Valdastri*

Abstract

Two major challenges associated with robotic catheterization are, (a) the provision of controllable
degrees of freedom (DoFs) and, (b) accessing feedback on the shape and pose of the catheter,
safely and at a useful diameter-scale. Miniaturizable active steering can be provided via magnetic
actuation and MRI offers high definition, radiation free, 3D images which can be leveraged as a
shape sensor. For the higher controllable DoFs required for shape forming these two solutions
are currently incompatible. Here, we propose a structurally adaptable “Coaxial Sleeve Magnetic
Actuator” (CoSMA), driven by the background field of the MRI scanner. This enables multi-DoF
motion and real-time feedback, both via the MRI system. Our approach combines the magnetic
actuation principle of the easy axis of alignment with the mechanical principles of concentric tube
designs. This concept allows for a materially flexible (E = (9(1 MPa)), and therefore risk reduced,
multi-DoF catheter. Low magnetic volume required for actuation minimizes imaging artifacts caused
by magnetic elements permitting a view of both the CoSMA and the surrounding anatomy. We
demonstrate the CoSMA, constructed of three coaxial components, two sleeves and one guidewire,
with respective outer diameters of 3 mm, 1.5 mm and 0.4 mm, in an aortic arch phantom navigation

within the bore of a pre-clinical MRI scanner.

1 Introduction

Soft active catheters have demonstrated their efficacy in accessing sensitive, restricted, and unstruc-
tured regions of the human anatomy [1] [2]. Magnetically actuated devices have proven of particular
interest due to a combination of material softness and extensive miniaturization potential [3]. Flex-
ible Magnetic Catheters (FMCs) can provide a safer and more controllable pathway to otherwise
inaccessible regions of the body offering clinical solutions not otherwise available [4]. In parallel to
this, concentric tube robots (also known as active cannulas), offer high Degree of Freedom (DoF)
deformation along an elastic continuum structure which can be fabricated at the millimetre scale [5]
and have been shown to be MRI compatible [6]. Concentric tube robots are made from several pre-
curved tubes nested within one another and rely on material elasticity to transfer deformation energy
from the operator to the robot. As such, they are typically made from Nitinol (Elastic modulus, E
~ 50 GPa) which is stiff in comparison to living tissue. Furthermore, due to this inherent stiffness,
these robots also suffer from the “snap-through instability”, where the robot can physically snap
from one low energy configuration to another [7, 8]. Concentric tube robots leveraging magnetic
actuation to enhance stability [9] or reduce stiffness [10] [11] have been demonstrated but never in

an MRI compatible format. Here, we offer a fully hybridized approach combining the mechanical
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A MRI System

MRI Field Actuation

4 5 > .

I I I |

Inserter A Inserter C  Sleeve C Sleeve A
Inserter B Sleeve B

Figure 1: The operating principle of our Coaxial Sleeve Magnetic Actuator (CoSMA). All MRI
systems provide a very strong, static homogeneous background field - By (A,B). Softly ferromagnetic
rings align their path of lowest demagnetization (n,) with By (H). These rings are connected to a
series of coaxial sleeves (C,D,E,F), translation and orientation of which is controlled by the operator
(G) - these base configurations map to deformations of the CoOSMA (See Supplementary Video S1).

The entire system can be monitored in high definition 3D via MR Imaging.

principles of concentric tube designs with the off-board energy provision of magnetic actuation to
create a softer, and therefore safer, design, MRI compatible by design, and with less susceptibility

to the snap-through instability.

One of the major outstanding issues associated with the navigation of FMCs relates to
device tracking, typically performed via fluoroscopy, which exposes both patient and operators to
ionising radiation whilst providing a low contrast 2D projection. Alternative sensing solutions to
fluoroscopy do exist and have demonstrated encouraging results (at significantly lower cost than
MRI) but are variously limited in terms of fidelity (e.g. ultrasound [12]), material stiffness (e.g.
Fibre Bragg Gratings [13]) or, in the case of electromagnetic tracking (e.g. [14]), provide singular
pose feedback per sensor, imposing limits on both information availability and minimum physical
size. Magnetic Resonance Imaging (MRI) offers the current gold standard in non-ionizing high-
resolution 3D imaging and thus, “MRI-compatible robotics” (primarily, robots made of MRI-safe,

non-ferrous materials) represents an active area of research with high potential [15].

MRI actuated robotics represents an alternative paradigm to the aforementioned approaches
where a robot is actuated and imaged by the MRI system [16]. This methodology has the potential
to enable MRI-guided procedures where diagnosis, surgery, and post-treatment assessment can all
be performed in a single, integrated event. Research has been conducted in this field utilizing the
imaging gradients (e.g. [17-21]), the fringe field [22] and the interaction between a controllable
current through embedded micro-solenoids and the background field [23, 24]. The challenges asso-
ciated with the approaches used to date are the low magnitude and limited DoFs of force available
via gradient coil actuation, the difficulties of miniaturization of embedded solenoids and the lack of
imaging when utilising the fringe field for actuation. Here we introduce our Coaxial Sleeve Magnetic

Actuator (CoSMA) which leverages the phenomenon of the easy azis of alignment coupled with me-
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chanical control of position and orientation of coaxial sleeves (Fig. 1). This design offers a solution
for a soft, miniaturizable, shape-forming catheter which can be sensed, and therefore controlled, via
the MR system.

2 Principle of Operation

Any magnetically actuated soft robot operates via balancing internal elastic energy with an ex-
ternally applied magnetic field. Primarily, traditional magnetic soft robots have relied on a hard
magnetic remanence stored within the robot’s structure, actuated by relatively low externally ap-
plied fields [25]. Within the bore of any MRI system, we have an ultra-high, mono-axial background
field (By € (1,7)T) and a much smaller tri-axial gradient (VBy € (0,600)mT/m) available for ac-
tuation purposes (the magnitude of the radio-frequency fields are too small to impact actuation).
The background field is sufficiently strong that no magnetic remanence can be retained. Thus, the
concept of “magnetically hard materials” whereby materials hold a permanent vector of magnetiza-
tion becomes redundant and, consequently, well-explored modes of magnetic manipulation become
obsolete [26].

A non-spherical magnetic object exposed to a background field will experience a torque
attempting to align the longest (principle) axis with the background field [27, 28]. This easy axis
alignment is traditionally considered to be too weak for robotic applications above the micro-scale but
a sufficiently large field (such as the By field of a clinical MRI system) can be leveraged to generate
considerable deformation. Our design takes advantage of the large magneto-static energy available
via the By field and moves the actuation of controllable DoF's outside of the system. Magnetic energy
is provided by the background field, and ferrous rings embedded at the tip of each sleeve translate this
energy into deformation. By rotating and translating the sleeves we can create a variety of shapes
which ultimately enable tortuous navigation (Fig. 1). The choice of rings as the magnetically active
component (as opposed to ellipsoids or rods) derives from their natural conformity to the cylindrical
shape of the CoSMA. Slender, linear rods mounted at various angles along the length of the catheter
are easier to model (see Section 5.3) but inherently length-limited and thus torque-limited. These
rings are agnostic to imaging gradients and can thus be simultaneously imaged. The design principle
is conceptually similar to that of the concentric tube designs in [29, 30] (which also rely on rotating
and translating cores) but, as deformation energy is provided magnetically rather than via elastic
restoration, the material construction of the CoSMA can be of the order of three orders of magnitude
softer. This relative softness can improve patient safety but, less intuitively, when combined with
the material anisotropy of the braided design (See Section 5.2) also mitigates the snap-through

instability commonly observed in concentric tube designs [5].

Magnetic torque due to easy-axis alignment can be shown to be a function of geometry -
demagnetization factors (n,, n,) and volume (v), saturation magnetization of the material (my),
and 6, the angle between By and the global frame direction of n, [31] (Fig. 1G, see Section 5.3 for

a detailed explanation),

1
Trmag = §Hov|nr — ng|m?sin(26), (1)

where 1o is the vacuum permeability.

Due to the presence of sin(260) in Equation 1 it is evident that no deformation greater than
90° is possible with a single magnetic entity. An intuitive result as the induced polarity of a soft
magnet is free to flip giving a maximum range of motion of 180° as opposed to the 360° provided

with magnetically hard designs [32]. This is a key point which has motivated this work - in order
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to allow deformations greater than 90° we have combined multiple coaxial sleeves with different

referential configurations.

A near-orthogonally mounted ring (e.g. referential angle, 6y = 85°, see Fig. 2) will,
depending on magnetic energy and elastic stiffness, asymptotically converge on an 85° deformation.
This curvature can be regulated in the design phase via magnetic geometry and in the actuation
phase via stiffness modulation (more on this in Section 3.1). Thus, our outer sleeve (henceforth
referred to as sleeve C), manufactured from 3 mm diameter nylon braid (see Section 5.6) and with
a 4 mm diameter iron ring affixed to the tip, can provide deformation up to, but never exceeding,
fco = 85° (in the numerical formulation (Section 5.5) these angles and torques are three-dimensional

but for the purposes of this conceptual explanation we adopt planar notation).

A second sleeve (sleeve B), manufactured from 1.5 mm diameter nylon braid, is free to
translate and rotate within sleeve C but constrained to follow the same curvature up to the distal
point of sleeve C. Were sleeve B to host a ring with the same referential angle as sleeve C it would
be subject to the same constraints and thus, deformation beyond 90° (retroflexion) would not be
possible. The referential ring orientation on sleeve B (fp¢) is one of the key variables considered in
the numerical formulation (Section 5.5). Clearly, the magnitude of the magnetic torque relative to
that on sleeve C is critical but, assuming a correctly balanced system, retroflexion can be achieved
via manipulation of pg. Letting 059 = 45°, sleeve B will either align in the forward facing, lowest
elastic energy, configuration (Fig. 2C) or, via a 180° rotation of sleeve B, will align in the backward
facing configuration (Fig. 2F).

A third and final sleeve (sleeve A), manufactured from 0.4 mm nylon wire, carries a straight
iron pin which is referentially aligned with By, i.e. 849 = 0°. Clearly, this pin displays different
demagnetization factors to the rings leveraged in sleeves B and C, but aside from this, the principle
of operation is identical. Sleeve A can be inserted beyond sleeve B or fully retracted out of the system
as required. The purpose of this sleeve is simply to extend the range of motion of the CoSMA as
demonstrated in Section 3. Importantly, dependent on the configuration of sleeve B, sleeve A will
align either forward (Fig. 2A) or backward facing (Fig. 2F).

We use annealed iron wire to fabricate our ferrous components due to high saturation
magnetization (ms = 1.43 x 105(A/m) [33]). Determination of the demagnetization factors is a
non-trivial exercise covered in Section 5.3. Clearly, the angle between external field and symmetrical
axis () is a function of both referential pose and catheter deformation and so, in Section 5.5 a
simulation is developed which employs a pseudo-rigid link model to balance elastic and magnetic
torques throughout the coaxially connected sleeves. We use braided nylon sleeves for our continuum
structure as we must be able to transfer torsion whilst allowing bending. The mechanical behaviour

of these sleeves is characterized in Section 5.2.

3 Results

3.1 Free Space Demonstration

We show a sample of the range of motion of the CoSMA in free space in Fig. 2. Sleeve C, with a
referential ring angle 6o = 85° converges upon, but can never exceed 85° of deformation (Fig. 2G).
This curvature can be modulated at run-time by inserting a nitinol stiffening rod down the central
channel (Fig. 2D). Rotation of sleeve C permits the full 360° range of motion. Sleeve B, with a
referential ring angle gy = 45° is shown in the forward facing, lowest elastic energy, configuration
(Fig. 2C). The sigmoidal form (Fig. 2B) is achieved after a 180° rotation of sleeve B when sleeve
B is above the threshold length (see Section 5.5). The backward-facing configuration (Fig. 2F) is
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Figure 2: The CoSMA deforming in the bore of the MRI scanner (A-J) (See Supplementary Video
S2) and the results of the simulation described in Section 5.5. Sleeve C is shown in red, sleeve B in
blue and sleeve A in pink with the magnetically active components shown in green. Sleeve C, with a
referential ring angle 0oy = 85° converges upon, but cannot exceed 85° of deformation as shown in
(G). Sleeve B, with a referential ring angle 85 = 45° can be easily rotated to alternate between the
sigmoidal deformation mode in (A,B) and the forward facing, lowest elastic energy, configuration in
(C). Sleeve A will always align with By which, up to this point, is forward. If the 180° rotation of
sleeve B is performed below the threshold length of sleeve B as in (E) (see Section 5.5 for details on
this transformation) the primary backward-facing configuration is achieved as in (F). At this point
sleeve A will align with By in the backward-facing orientation. For required deformations of sleeve
C below 85° a nitinol stiffening rod can be inserted shown in (D). (H-J) show three examples of the
three-dimensional shapes available by simply rotating sleeves B and C relative to each other and
to the global frame. (K) Shows the three-dimensional point cloud of possible sleeve B and C tip

positions generated from the simulation in Section 5.5 with four sample catheter shapes.



demonstrated after a 180° rotation of sleeve B when sleeve B is below the threshold length (see

Section 5.5). All of these deformations are attainable in three dimensions as sampled in Fig. 2H-J.

3.2 Clinical Applicability

To demonstrate the potential for clinical applicability of the CoOSMA we navigate the various bifur-
cations of a 3D printed aortic arch phantom!. Navigating the aortic arch is essential in procedures
such as angioplasty, endovascular aneurysm repair, and cardiac catheter ablation. Current clinical
practice for cardiac catheterization involves the manual insertion of a relatively stiff (E &~ 200 MPa
[34], see Section 5.2) pre-bent guidewire from the radial (upper limb) or femoral (lower limb) arteries
followed by navigation to the aortic arch. The aortic arch gives rise to four main branches: the right
and left common carotid arteries and the right and left subclavian arteries. Cardiac catheterization
is one of the most common cardiac procedures with more than 1,000,000 performed, either diagnos-
tically or therapeutically, in the United States annually [35]. Intra-procedural complications have
been reported with occurrence rates up to 6% and post-procedural complications with occurrence
rates up to 33% [36]. Procedural success is reliant, amongst other variables, on the technical skills
of the operators [35]. Assisted catheterisation, as well as offering a significant reduction in stiffness,

promises to remove this dependency and increase procedural precision [37, 38].

The demonstration in Figs.3-4 and the Supplementary Video S3 illustrates the potential for
a trans-femoral approach in which the CoSMA is guided into any branch of the aortic arch, enabling
compatibility with the aforementioned procedures, whilst highlighting the CoSMA’s dexterity and
trackability under MRI guidance. Both Figures are divided into (A) optical camera images, (B) 2D
slice of the MR Image (all MRIs were taken in gadolinium doped water (0.5mM Gd-solution)), (C)
Reconstruction of anatomy and CoSMA shape based on 3D MRI data (in 3D Slicer software) and
(D) 3D rendering of phantom and reconstructed CoSMA shape with signal void centres rendered
as grey spheres; camera positions are also shown. The 3D aortic arch prior to CoSMA insertion
is shown, then the positions of the CoSMA after navigation into the left subclavian artery (LSA),
the left common carotid artery (LCA), the ascending aorta (AA), the right common carotid artery
(RCA) and finally, the right subclavian artery (RSA).

All navigations were performed three times using the prototype catheter under visual feed-
back via manual operation of the base configuration as detailed in Section 5.5.1. The LSA (mean
navigation time: 62 & 24 seconds), LCA (147 £ 81 seconds) and RCA (155 £ 61 seconds) all require
forward facing sigmoidal deformations of varying radii of curvature, these being the simplest to
navigate. The AA (139 + 15 seconds) required retroflexion to navigate, and the most demanding
route, the RSA (188 £ 45 seconds), required three-dimensional sigmoidal deformation. Nevertheless,
a completely inexperienced user managed to navigate to all five targets in under ten minutes. These
navigations were performed in air for the purposes of timings and recording the Supplementary Video
S3. MR images are distorted by the presence of ferrous bodies in the MRI bore; this distortion,
along with imaging time, has been experimentally minimized (Section 5.4). The full navigations
were repeated in gadolinium doped water (0.5mM Gd-solution) to obtain the corresponding 3D MR

scans (See Section 5.4 for details)) taken at the final pose.

4 Conclusion and Discussion

Our novel catheter design is capable of large multi-DoF deformations which are mechanically con-
trollable from outside the MRI system. Evidently, CoOSMA’s body is significantly softer than would

be possible without harnessing the magneto-static energy of the system. Furthermore, we have used

Thttps://www.printables.com/model /661477-aorta
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Figure 3: Visual and MR images of the aortic arch navigations. The left-hand column shows the
3D aortic arch prior to CoSMA insertion. The full shape of the phantom can be seen in row C,
reconstructed from the 3D MRI. MR images in row B are selected slices so don’t show the full
geometry. The central column (red surround) shows the CoSMA navigating into the left subclavian
artery (LSA). The right-hand column (yellow surround) shows navigation into the left common
carotid artery (LCA). (A) Optical camera images. (B) 2D slice of the MR image showing signal
voids from ferrous components. Basis frame shown where By always exists in the Z direction. Also
shown as insert (green surround) is an MRI of the three-sleeve CoOSMA with all metallic components
removed. (C) Reconstruction of anatomy and CoSMA shape based on 3D MRI data (3D Slicer
5.8.1 https://www.slicer.org/), and (D) 3D rendering of phantom with reconstructed shape of the
CoSMA, signal void positions (shown as grey spheres) and camera positions. All navigations are

shown in full in Supplementary Video S3.



Figure 4: Visual and MR images of the aortic arch navigations (cont.). The left-hand column (blue
surround) shows the ascending aorta (AA). The central column (orange surround) shows the right
common carotid artery (RCA). Finally, the right-hand column (green surround) shows navigation
into the right subclavian artery (RSA). (A) optical camera images, (B) 2D slice of the MR Image
showing signal voids from ferrous components. Basis frame shown where By always exists in the Z
direction. (C) Reconstruction of anatomy and CoSMA shape based on 3D MRI data (3D Slicer),
and (D) 3D rendering of phantom with reconstructed shape of the CoOSMA and camera positions.



anisotropic material composition (braided nylon) allowing maximization of the twisting to bending
stiffness ratio (GJ/EI - See Section 5.2). This enhanced ratio reduces the tendency of the device
to exhibit the snap-through instability [5]. We have demonstrated a potential clinical use case with

navigation into all the branches of the aortic arch

The geometry and referential orientation of the rings is critical to performance and we
have shown how this design feature is encoded with our FE model and in our multi-sleeve nu-
merical model (Section 5.5). The principle benefit of magnetic actuation lies in the potential for
miniaturization and the only barrier to significant improvement on our 4 mm maximum diameter
design lies in fabrication. MR image distortion has been experimentally minimized (Section 5.4) and
clearly image distortion/signal voids would reduce further for a more miniaturized system. An ear-
lier prototype of our catheter design leveraged thermoplastic elastomer (TPE) tubes from Arkema
(https://www.arkema.com/global/en/) but the lack of torsional rigidity precluded the transmission
of twist along the catheter length. This challenge can be mitigated using reinforced TPE (the only
commercially available product we have thus far sourced uses non-MRI compatible, stainless steel,

reinforcing).

Regarding image distortion, the plumes caused by the magnetic entities would vary in size
as a function of |By|. A smaller background field (e.g. or 3T or even 1.5T clinical scanner) would
reduce the signal void ([39]) without reducing magnetic torque, as long as magnetic saturation was
still achieved (Equation 1). The orientation of this plume is always aligned with By but the shape
of the plume has been observed to vary as a function of the orientation of the ring. This makes
navigation exclusively under MRI more challenging as tube orientation cannot be directly observed.
There is a future work here on, either, analyzing the shape of the plume to determine the pose of
the rings or, the addition of fiducial markers to extract CoSMA pose from the MR image. We have
also observed the catheter to be agnostic to the imaging gradients with no measurable deformation

observed during the imaging cycle.

Here we have presented a proof of concept for a new class of MRI-actuated and imaged
concentric tube catheter. This article demonstrates a feasible solution to the significant challenge
of developing a multi-DoF shape-forming, miniaturizable, self-sensing soft catheter. Future devel-
opments should focus on four major areas. (1) The rapid harvesting and post-processing of MRI
information such that this potential wealth of sensory information can be usefully implemented
by an operating model. (2) The operational hardware of the CoSMA (control of the position and
orientation of the various sleeves) must be automated to allow actuation in response to feedback.
(3) The current numerical model will need to be faster and more robust before it can offer a path
to a closed-loop control solution. With these three key developments, the prospect of autonomous
navigation will become realistic. Finally, (4) fabrication of the CoSMA should be both automated
and miniaturized; the manufacturing and positioning of the magnetic elements currently represents
a significant source of operational error. Finally, the only barrier to the CoSMA having an outer

diameter of the order of 1 mm lies in sourcing MRI compatible reinforcing materials.
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Figure 5: The 3D pseudo-rigid link model. (A) in referential pose and (B) in deformed pose. Mag-
netic torques are imparted at the locations of the magnetic elements (shown in green). These are
balanced against elastic torques at each pseudo-joint. The full shape of the structure is encapsu-
lated by the joint angle array (Q) from which a Jacobian transpose (J7) can be constructed to
map magnetic wrench (S) to joint stiffness (K). As detailed in Section 5.5, the three sleeves are

independently modelled and then connected by interactive torques.

5 Methods

5.1 The Rigid Link Model

The system is modelled as a chain of pseudo-rigid links as described in detail in [40]. The rigid link
model encapsulates bending and twisting behaviour but, in common with the Kirchhoff rod model,
assumes shear stress and extension/compression to be zero. The continuum structure is discretized

into n rigid links, each with a 3D joint, with the joint angle array given as:

QeR™ ! =[q -+ @ - ai. (2)

Where g, represents the 3D joint angle at the i’th link. Joint stiffness is determined by the
linear stiffness matrix (Section 5.2):

K € R*"*3" = diag(E,1,, E,I,,GJ)/L. (3)

repeated diagonally n times

Where E, I, and E,I, comprise the elastic modulus and second moment of area and consti-
tute bending stiffness about X and Y respectively and GJ comprise the shear modulus and the polar
moment of area and constitute torsional stiffness about Z. L is the length of each joint. For extreme
deformations (strain > 100%), the assumptions of linear elasticity (Equation 3) break down but for
the lower, linear strains we experience in this work, a relatively small number of links (n & 16) can

be shown to be mesh independent.

The magnetic torque T,,q4 of each link is stacked into a wrench vector as:

T
6nx1 __
SeR - 03><1 Tmago o 03><1 Tmagi e 03><1 Tmagn (4)

with the O3x; components representing the contribution of magnetic force, zero in our

homogeneous background field. This torque is applied at the locations of the magnetic rings (or pin,

10

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241



(II) Sleeve B, Twist Angle (”l) Sleeve C, Bend Angle

(IV) Sleeve C, Twist Angle
30/ @ simulation ‘

@ Simulation '

5 25| @ Experiment 60 ® Experiment
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Figure 6: (A) The deformation experiment setup in the 3D Helmholtz coil (pink). The braid with
magnet attached (green) is constrained with a 3D printed clip (blue) and the data gathered via
a Basler camera (orange). (B) The 3 mm diameter braid (Sleeve C) subjected to a pure bending
torque induced by a -4 mT field in our 3D Helmholtz coil with the results of the rigid link simulation
projected in red. (C) The corresponding pure twisting torque on the same 3 mm diameter braid
(Sleeve C). A Nitinol bar is attached to the magnet to extract pose data at (i) B = 0 and (ii) B
= 4 mT in this example. (D) Graph of actuating field against tip angle for simulation (red) and
experiment (blue). (i) The 1.5 mm diameter braid (sleeve B) under the bending primitive. (ii)
The 1.5 mm diameter braid (sleeve B) under the twisting primitive. (iii) The 3 mm diameter braid
(sleeve B) under the bending primitive. (iv) The 3 mm diameter braid (sleeve C) under the twisting

primitive.

in the case of sleeve A) as described in Section 5.3 and set to zero for the magnetically inert sections
of the CoSMA.

Finally, a complete expression balancing magnetic and elastic torques can be written as:

KQ=1J's (5)

where J7 € R37%67 i the transpose of the differential kinematic Jacobian, itself a function
of Q [40]. Consequently, no closed form solution exists and a convergent numerical solution must
be applied as described in Section 5.5.

5.2 Mechanical Characterization

In order to determine the mechanical properties of the two braids, an experiment was devised
employing remnant magnetic torque in a low field (< 10 mT) Helmholtz coil. Results are processed
based on the modeling presented in Section 5.1. Any permanent magnet of magnetization m will
experience an aligning torque in a background field (7 = m x B) [26]. This known torque can
thus be exploited to determine the elastic restoring forces within an anisotropic material such as our
braid. By independently arranging the cross product about the Y and Z axis (see Fig. 5 for axes
definitions) respectively, the stiffness of the braid can be determined under the isolated bending and

twisting primitives. This information supplies the modelling assumptions in Section 5.5.
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Figure 7: Comparison of Bending Stiffness (EI) against Diameter (D) for the state-of-the-art in: (A)
Super-elastic concentric tube robots (in blue, taken from [8, 42]. (B) Clinical manual guidewires,
catheters and sheaths (in red, taken from [34]). (C) This work (in green, taken from Section 5.2).

5.2.1 Bending Deformation

Each braid had a permanent magnet (4 mm length X 3 mm diameter, N52) attached to the distal
end with magnetization aligned along the y-axis and was constrained at 20 mm and 30 mm lengths
in the centre of our 3-D Helmholtz coil (3DXHC12.5-300, Dexing Magnet Tech. Co., Ltd, Xiamen,
China) as shown in Fig. 6A. A homogeneous magnetic field was swept from -10 mT to +10 mT
in the z-direction (-8 mT to +8 mT for sleeve B to avoid extreme deformation) and the results
recorded via a Basler 25 mm zoom video camera (docs.baslerweb.com). Apple Keynote was used
to gain the deformed tip angle from the still frames at each field. Given a remnant magnetization
of 1.43 T, known magnet dimensions, magnet density of 7500 kg/m? for the gravity vector - added
as a force to Equation 4, and known applied fields, Equation 5 can be solved to determine the
bending stiffness (EI) of the braids. The bending stiffness of the 3 mm diameter braid (sleeve
C) was calculated as 1.6 x 1076 £ 2.1 x 10" Nm? and that of the 1.5 mm braid (sleeve B) as
1.0 x 107 £ 1.3 x 107" Nm?2. Sleeve A is manufactured from 0.4 mm diameter isotropic nylon
(elastic modulus E =~ 1 GPa, https://www.plastics.toray/technical) giving a calculated bending
stiffness of EI = 1.3 x 1076 Nm?2. For the sake of comparison, a bending stiffness of 1.6 x 1076 Nm?
is equivalent to a Dragon Skin-10 catheter (elastic modulus E = 200 kPa [41]) of diameter 3.6 mm.
Fig. 7 illustrates these bending stiffnesses in comparison with Nitinol concentric tube robots and

clinical manual guidewires, catheters and sheaths.

5.2.2 Twisting Deformation

Using an identical setup as the deformation experiment with the exception of applied field orientation
(See Fig. 6C), each braid was constrained again at 20 mm and 30 mm lengths. A magnetic field in
the z-direction was applied to induce torque in the braid. Results were again analyzed using Apple

Keynote and Equation 5 solved to determine the twisting stiffness (GJ) of the respective braids. In
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this arrangement the influence of gravity is zero. The twisting stiffness of the 3 mm diameter braid
(sleeve C) was calculated as 1.9 x 1075 + 4.0 x 1075Nm? and that of the 1.5 mm braid (sleeve B)
as 1.4 x 1075 £2.1 x 107 Nm?.

According to linear elasticity theory, for a slender rod of isotropic material, % = % For
our 3 mm diameter braid (sleeve C) % = 12. For our 1.5 mm diameter braid (sleeve B) % = 14.
This illustrates the ~ 20X increase in ratio of twisting to bending stiffness afforded by the anisotropic

behaviour of the braid, similar to that reported in [32]. This ratio % is fundamentally important to
the snap-through instability exhibited in conventional concentric tube robots [5]. Using our proposed
actuation strategy it becomes possible to exploit materials with both a much lower overall stiffness
as well as a lower ET with respect to GJ. This is enabled as the magnetically induced torques (as

compared to mechanically induced) significantly reduce transmission stiffness requirements.

5.3 Magnetic Characterization

Ferromagnetism is the property of a (not necessarily, but often, iron-based) material to display
a strongly positive material susceptibility (x > 0) [43]. That is, to induce a parallel magnetic
moment when subject to an applied field. Other forms of magnetically responsive material do exist
(dia-, para-, ferri- and antiferro-magnetic), but, for the purposes of robotic actuation, display too
weak a response to be considered here [43]. In order to determine the torque on a non-spherical

ferromagnetic body in a background field we must first review the concept of demagnetization.

A ferromagnetic object exposed to a background field (Hy) generates a demagnetizing field
(Hq) which acts to reduce the overall magnetic moment. The total field at any point is the sum
of these two fields (H = Hy, + Hg) and the induced magnetization is related to the total field via
the apparent susceptibility tensor, M = xo.H [31] (Here the upper-case M denotes magnetization
per unit volume in A/m, the same units as the field H thus x, is dimensionless). The apparent
susceptiblity tensor (x4 € R3*3) can be shown, for sufficiently high material susceptibility (y > 10%)
to be inversely proportional to the demagnetization factors along the principle axes of the body
Xa = diag(1/ny,1/ny,1/n.) which, counter-intuitively, are purely a function of geometry [26]. In a
strong background field, these demagnetization factors allow for exact determination of the magneto-
static energy. Demagnetization factors are subject to the constraint ng + n, +n, = 1 (for finite
rings [44]) and, for radially symmetrical geometries, can be reduced to 1D as n, == n,. For the
sake of convention, we rename the demagnetization factor in the axial direction as n, and the two
demagnetization factors in the radial directions as n, = (1 —n,)/2. Under ultra-high fields, such as
our MRI system, saturation magnetization (m) will always be attained |M| > my, thus, magnetic

torque can be shown to be as given in Equation 1.

The demagnetizing fields of non-spherical geometries in a background field is an extensive
area of physics research [44]. Here we touch on the subject with the express purpose of ascertaining
the torque imparted on our magnetically active elements. According to Equation 1, if the demag-
netization factors are known, then magnetic torque becomes a function of #, the angle between the
symmetrical axis of the magnetic element and the applied field. Consequently, this section is ded-
icated to determination of demagnetization factors (Section 5.3.1) and then a reconciliation of the

magnetic torques on these shapes when placed in the MRI bore (Section 5.3.2).

5.3.1 Magneto-static Finite Element Model

The calculation of demagnetization factors relies on the assumption of uniform magnetization, im-
plying a very strong applied field. This is not typically the case for robotic manipulation or actuation

tasks [26], but is true in our case due to the large background field of the MRI system. For shapes
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Figure 8: Comparison of demagnetization factors for prolate (left) and oblate (right) ellipsoids
determined analytically from the formulae in [31] and via FEM according to the methodology detailed
in Section 5.3.1. The RMS error here is below 1% in both scenarios confirming the validity of the
FEM. This numerical approach can be thus generalized to complex geometries where comparative

analytical solutions do not exist.

which can be approximated to ellipsoids of varying aspect ratio (i.e. a sphere or a rod) analytical so-
lutions exist for these demagnetizing factors [26]. Analytical solutions have been addressed for more
complex shapes such as hollow cylinders and shells [44, 45] but characterizing these geometries is
cumbersome and such methods always require approximations. For the complex geometry presented
here, that of a helical winding, the demagnetization factors must be determined experimentally or

numerically (or both) [26].

For the numerical solution, a Finite Element Model (FEM) was constructed in the magneto-
statics module of COMSOL multiphysics v6 (COMSOL AB, Stockholm, Sweden). Defining U as the
scalar magnetic potential (in A) such that total field H = —VU (in A/m). Because H = B/jo—m
and V.B == (0 (where B is the magnetic flux density in T and m is the magnetic moment in A/m),
V2U = Vm within the material domain and V2U = 0 outside the material domain (where m = 0).
Numerically solving these second order differential equations over a 500,000 node mesh generates a
solution for the point-wise magnetization. This can be volumetrically integrated to determine the
bulk magnetization vector (M) which, given a known applied field, tells us the demagnetization
factors from M = x o H.

The numerical solution will solve for any geometry (as long as it can be robustly meshed)
S0, as an initial reconciliation of the FEM, we determine axial and radial demagnetization factors
for the perfect ellipsoid presented analytically in [31] (Fig. 8). An RMS error below 1% confirms
the accuracy of the numerical model described above. We then develop the model to represent the
geometries of interest as shown in Fig. 9 generating the demagnetization factors shown in Table 1.

These numbers are inputs to the reconciliation presented in Section 5.3.2.

5.3.2 Reconciliation of Magnetic Torques

Utilizing the rigid link simulation detailed in Section 5.2 in conjunction with magnetic properties
from Section 5.3.1 we reconciled the deformation of single iron rings of both 4.0 mm diameter
and 2.1 mm diameter over varying lengths (L € (5,25) mm) in the bore of the MRI (Fig. 10).

The experimental arrangement, harvesting and post-processing of optical images is consistent with
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Table 1: Summary of demagnetization factors obtained via the FEM described in Section 5.3.1 for
the geometry shown in Fig. 9A. The wire is annealed iron (99.5% purity, ms = 1.43 x 104 /m) with
a diameter of 0.25 mm. In the upper calculation, the loop has an outer diameter of 4.0 mm and in
the lower calculation, an outer diameter of 2.1 mm (See Section 5.6). The magnetic torque (Tpaq)

is calculated according to Equation 1 at peak (8 = 45°).

Ng ne  volume (mm3) Tmae(mNm) at 0 = 45°
Ring Outer Diameter = 4.0 mm 0.95 0.03 0.62 0.73
Ring Outer Diameter = 2.1 mm 0.86 0.07 0.31 0.31

Figure 9: A 4.0mm diameter iron ring of (A) 1, (B) 2, (C) 3 and (D) 4 loops exposed to an arbitrary
background field (red arrows). In this screenshot the field is applied equally in X and Z but for
calculation of demagnetization factors, fields were swept about all axes. The demagnetizing field is
solved over a 500,000 element mesh and the ratio of the volume integral of the induced magnetic
moment (green arrows) to the applied field (red arrows) gives the susceptibility tensor (x4 ). This is a
function purely of geometry and the results can thus be directly imported to the CoSMA simulation
detailed in Section 5.5. (A) also shows the symmetrical axis of the ring and the angle (0) between

this axis and the applied field which drives Equation 1.
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Figure 10: A single ring of iron wire near-orthogonally mounted at the tip of a length of Nitinol. The
referential angle between Bj and the symmetrical axis of the ring (6p) must be non-zero (to avoid
model singularity) but arises mainly due to manual fabrication inaccuracy. 6y is measured for each
specimen from the optical images and included as a variable in the rigid link model. (A) A 2.1 mm
diameter ring was attached to 0.15 mm diameter Nitinol wire and placed in our 7T MRI bore. The
unconstrained length of Nitinol was varied between 5 mm and 25 mm. (B) Three specimens were
tested with fy = 20°. All experimental data-points appear as blue dots, the aggregated curve of
these points - tip angle versus manipulator length (green curve) - appears against the corresponding
deformations determined via the simulation (red curve) described in Section 5.1. Mean vertical
projection percentage error across all data-points for the 2.1 mm diameter test was 4.5%. (C) The
process is repeated for the 4.0 mm diameter ring on a 0.20 mm diameter Nitinol wire. (D) Three
further specimens were tested with 6, = 25°. Mean vertical projection percentage error across all

data-points for the 4.0 mm diameter test was 2.9%.
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Section 3.2. For the 4.0 mm diameter specimens, 0.2 mm diameter Nitinol was used as the deforming
elastica, for the 2.1 mm diameter specimens, 0.15 mm diameter Nitinol was used. In all cases the
Elastic modulus of Nitinol was assumed to be 70 GPa [46]. Each setting was repeated for three
identically manufactured specimens. 6 - the referential angle between By and the symmetrical axis
of the ring was measured for each specimen from the optical images and included as a variable in
the rigid link model. Vertical projection error was computed as the difference between the measured
tip deflection from the real-world results and the corresponding deflection value predicted by the
simulation data at the same manipulator length. From Fig. 10 the deformed tip angle, experimental
versus simulation gives, for the 4.0 mm diameter experiment, RMS error of 2.0° (4.5% of mean tip

angle) and for the 2.1 mm diameter experiment, RMS error of 1.8° (2.9% of mean tip angle).

5.3.3 Variation in Number of Windings

The rings affixed to the sleeves have, in our demonstrations, contained only one loop. This is to
minimize the size of the signal void. It is possible to increase the number of loops on each ring
(Fig. 9) which increases both torque (Table 2) and signal void size (Fig. 11). An increase in torque
improves driveability of the CoSMA and allows for higher curvature bending.

5.4 MR System as Catheter Sensor

The volume of metal in the MRI bore, as well as image settings, have a significant impact on the
information that can be gathered from the image. A further consideration here is the time taken to
harvest and post-process the images. For any practical control application this speed consideration
would need further refinement (e.g. as in [47]). To prove our concept on a preclinical MR system
(Bruker BioSpin, Ettlingen, Germany), comprising of a horizontal 7T magnet, a gradient system with
a maximum amplitude of 660mT /m, a quadrature-driven transmit-receive volume radiofrequency coil
(inner diameter 72 mm), we employed a 3D ultra-short echo time (UTE) sequence with the following
parameters: echo time TE = 0.011ms; repetition time TR = 20ms; 51360 projections; field of view
100 x 60 x 60 mm, coronal orientation, reconstructed to 128 x 128 x 128 points, image resolution:
781 x 469 x 469 pm. Total acquisition time: 1027 seconds (/17 minutes). Notably, the imaging time
can be reduced by orders of magnitude by scanning a 2D plane determined by the output of any
previous time step. A single 2D slice taken on the same settings generates an image in 8 seconds.
Fig. 11 shows the artifacts in an example slice of the 3D UTE dataset, induced by 4 mm diameter
rings of 1-4 loops (as in Section 5.3.3). These can be binary thresholded into either “signal” or
“void” and thus characterized as total area of void and maximum length of void (Feret diameter)
with results shown in Table 3. From this, and Fig. 11, it is clear (as expected) that reduced metal
volume improves image fidelity although a diminishing return can be observed - each step reduction
in metal volume affords less proportional improvement in image. This diminishing relationship is
highlighted in the final column - void area per unit metal volume. The increased signal void could,
in future works, be mitigated by (a) reducing the overall diameter of the CoSMA, (b) via targeted
signal processing or (c¢) by exploiting machine learning methods [47] but these investigations are

beyond the scope of this publication.

5.5 Simulation

Having characterized the mechanical properties of the continuous structures from which the CoSMA
is constructed (Section 5.2) and the magnetic behaviour of our ferrous components (Section 5.3) we

have sufficient data to populate a rigid link model (according to Section 5.1) of the complete system.
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Table 2: Summary of demagnetization factors obtained via the FEM described in Section 5.3.1 for
the geometry shown in Fig. 9. The wire is annealed iron (99.5% purity, ms = 1.43 x 106A/m) with a
diameter of 0.25 mm. In the upper calculation the loop has an outer diameter of 4.0 mm and in the
lower calculation an outer diameter of 2.1 mm. The magnetic torque (7i,q4) is calculated according
to equation 1 at peak (6§ = 45°). Note the diminishing returns in torque as loops are increased as

axial demagnetization factor reduces.

Ring Outer Diameter = 4 mm

number of loops (n) Ng ny  volume (mm?3) Tmag(mNm) at 6 = 45°
1 0.95 0.03 0.62 0.73
2 0.90 0.05 1.23 1.34
3 0.85 0.08 1.85 1.84
4 0.81 0.10 2.47 2.26

Ring Outer Diameter = 2.1 mm

number of loops (n) Ng ny  volume (mm?)  Tmag(mNm) at § = 45°
1 0.86 0.07 0.31 0.31
2 0.73 0.14 0.62 0.47
3 0.63 0.18 0.93 0.53
4 0.56 0.22 1.23 0.54

Figure 11: Signal voids generated by the presence of iron rings in MR images. A 20 mm length of 3.0
mm diameter braid was affixed with 4.0 mm diameter iron rings of 1, 2, 3 and 4 loops (corresponding
to Figure 9 and Tables 2 and 3. Both the size and the intensity of image artifacts/signal voids are

correlated with metal volume.

Table 3: Summary of metal volume, signal void area and signal void Feret diameter for the 4.0mm

diameter rings (shown in Fig. 11). Void area per unit metal volume is also shown.

Number of loops (n) Metal volume (mm?®) Void area (mm?) Void Feret diameter (mm) Void area per unit metal volume (mm™!)

1 0.6 370.6 27.2 601.4
2 1.2 433.6 30.0 351.8
3 1.8 519.3 32.9 280.5
4 2.5 694.6 34.1 281.7
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Each sleeve was discretized into n pseudo rigid links with joint angles @ € R™*3. A point
torque is applied at the tip determined according to Section 5.3 and the orientation of the magnetic
element, itself a function of the joint angles, Tp,q4(Q) € R3. Notably, Tina, from equation 1 is planar
(magnitude only) so, to convert this to R3, the torque direction must be ascertained. This is the
unit vector of the cross product of the background field with the symmetrical axis of the magnetic
element (Tyaq = Tmag(B x 7)). Elastic torques (T¢,(Q) € R™*3), determined from the stiffness
matrices in Section 5.2 are balanced with magnetic torques according to J7,,.y = Kq where J is
the robot Jacobian as described in Section 5.1 of each of the respective sleeves. Hence, there are
different J, K and T.,q4 values for each of the three sleeves. This torque balance propagates along

each individual sleeve producing independent deformations (Qa,Qp5,Qc)-

The position, but not orientation, of each sleeve must be equal up to the distal point of each
sequential sleeve. For instance, sleeve B is free to rotate but must be in the same location as sleeve
C (as it is concentric) up until the end of sleeve C. Beyond this point sleeve B is unconstrained. To
encode this constraint, an interactive force is applied equally and oppositely at each joint along the
length of both concentric sleeves. This interactive force is computed according to the stiffness matrix
and the vector difference in position at each location (e.g. pg; — P;). This constrains (after some
iterative loops) the concentric sleeves into the same position, despite having independent lengthwise
orientation (g, in the robot frame in Fig. 12) and therefore not necessarily having the same 3D
joint angles. As a consequence of this modelling feature, the lengthwise orientation of each sleeve
(roll) can be independently controlled as an input. This iterative numerical solution was solved (for
n = 24 in the results presented), using an actively damped (u(err) € (2%,25%) calculated as a

function of current error) Newton—Raphson method converging in the range of 0.5-10 seconds.
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Figure 12: The output of our numerical simulation showing two step-wise progressions (A) and (B).
Referential pose is shown as 3D shapes, sleeve B in blue, sleeve C in red, referential ring positions in
green with their basis frames (red-green-blue) in bold. Deformed pose is shown in the same colors
with local basis frames along the continuum length. The homogeneous background field is in positive
Z (vertically upwards here). (A) Sleeve B is 20 mm longer than sleeve C (initially sleeve A length
= 0). (i) Rotation of sleeve B = 0°, this represents the default pose for this design. (ii, iii, iv) Sleeve
B is rotated through 180° in 60° increments. Retroflexion is first observed when Sleeve B rotation
exceeds 120°. (v) Sleeve A is inserted and, due to the retroflected Sleeve B, aligns negatively with
By. (B) Sleeve B is 30 mm longer than sleeve C Again, sleeve B is rotated from 0° to 180° in 60°
increments but the increased length of sleeve B induces a forward facing sigmoidal deformation. In
(v) sleeve A is inserted and aligns positively with By. Although not demonstrated in this work,
sleeve A could also have zero ferrous component which would result in tangential insertion beyond

the tip of sleeve B.
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Figure 13: Curves showing the unconstrained length of sleeve B versus the deformed tip angle of
sleeve B. Specifically, (A) illustrates the parameters for the length of sleeve C (Length_C) and the
unconstrained length of sleeve B (Length B - Length_C). In this particular sample the deformed
configuration is sigmoidal (deformed tip angle < 0°). (B) Shows three different referential angles
of the ring at the tip of sleeve B (659 = 30°,45°,60°) - this is the angle between the symmetrical
axis of the ring and the applied field. (C) Shows the deformed tip angle parameter as well as a
sample configuration where the deformed tip angle > 90° - an example of the retroflected pose. (D)
Plots the unconstrained length of sleeve B (X-axis) against deformed tip angles (Y-axis) for the three
referential angles of ring B - the black checked line represents the criterion for retroflexion. As can be
seen, smaller Og¢ (red curve) gives a larger stable region of retroflexion - i.e. retroflexion is possible
for longer lengths of unconstrained sleeve B - but struggles to produce sigmoidal deformations (plot
on the right). Conversely, larger 8¢ (green curve) readily produces the sigmoidal deformation but
struggles to retroflect (plot on the left). For these settings, fgo = 45° gives a stable blend of

retroflexion and sigmoidal deformations. A more exhaustive parameter optimization lies beyond the
scope of this work, but this analysis justifies our design decision pertaining to €pgg.
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RMS
Branch Timestep Sleeve A Sleeve B Sleeve C Error
(mm)
Length Length Roll (°) Length Roll (°)
(mm) (mm) (mm)
Left 1 5 10 0 5 -90 1.02
Subclavian 2 5 15 0 5 -90 1.62
Artery 3 5 25 0 10 -90 1.88
(LSA) 4 35 25 0 10 -90 1.29
Left 1 10 0 5 10 0.56
Common 2 20 0 10 10 0.95
Carotid 3 35 0 10 10 0.73
(LCA) 4 45 35 0 10 10 1.55
Ascending 1 15 -85 10 55 1.30
Aorta 2 20 -85 10 60 1.02
(AA) 3 25 -85 15 60 0.92
4 35 25 -85 15 60 1.18
Right 1 5 15 0 10 45 1.43
Common 2 30 25 0 15 45 1.67
Carotid 3 5 30 175 20 245 0.88
(RCA) 4 35 30 175 20 245 1.30
Right 1 15 0 10 85 1.80
Subclavian 2 20 0 10 -85 2.55
Artery 3 35 0 20 -80 4.05
(RSA) 4 40 35 0 20 -80 4.00

Table 4: Base configurations for the navigations shown in Figures 3 and 4 determined via the
simulation described in Section 5.5. The five DoF's of the catheter are shown as length of sleeve A,
length and roll of sleeve B and length and roll of sleeve C. Roll refers to rotation about the local
Z-axis of the sleeve in question. Error (in mm) is calculated as the RMS of the spatial error between
the lumen centre-line and the simulated position of each node of the 20 rigid links (as described in
Section 5.1).

The principle design feature of the CoSMA is that of retroflexion. The referential orienta-
tion of ring C (6¢p) is as close to 0° as possible (The symmetrical axis of the ring is aligned with
the background field) meaning sleeve C deforms to an angle asymptotically approaching 90°. Sleeve
B can then rotate and/or translate to achieve a wide variety of shapes, for some of which the tip of
sleeve B is deformed beyond 90° (Fig. 12 and Fig. 2). This allows sleeve A to align either positively
or negatively with the background field permitting the full 360° range of motion demonstrated in
Fig. 2.

It is self evident that the torque magnitude of each sequential sleeve must be lower than the
previous so as to not overpower the shape to which it is conforming, thus |Ta| < |78| < |7¢|. Based
on considerations in Section 5.4 regarding image distortion, the volume of metal throughout the
CoSMA must be minimized to permit the clearest possible view of CoSMA shape and surrounding
anatomy (Fig. 11). For this motive we used the minimum size of one loop for both ring B and
ring C and the pin on sleeve A is 5 mm long. This arrangement is the smallest metal volume which
provides sufficient torque to provide a full range of motion (for this particular set of sleeve materials
and geometries). The constraint 75 < 7¢ is met under this arrangement as the diameter of ring B
is half that of ring C (see Table 1).

To ascertain a suitable angle to position ring B onto sleeve B we performed the numerical
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Figure 14: The four time-step simulated navigation into the right subclavian artery. The blue
arrows indicate the unchanging background field By. Anatomical geometry outline is shown in
transparent pink and centre-lines in red. The catheter follows the desired path according to the base
configurations presented in Table 4. For this three-dimensional and sinuous navigation, spatial error
from the geometric centre-line peaks at 4.05 mm - approximately equal to the mean radius of the

anatomy through which it travels.

optimization shown in Fig. 13. The unconstrained length of sleeve B (defined as the length of sleeve
B minus the length of sleeve C) is plotted against the deformed tip angle of sleeve B after the 180°
rotation of sleeve B (Fig. 12A(iv) and B(iv)). Any deformed tip angle in excess of 90° represents
retroflexion. For a longer unconstrained sleeve B, the CoSMA will deform into the sigmoidal shape
as sleeve B rotates (Fig. 12B(iv)). This shape is represented in Fig. 13D as the right hand region
of negative tip angles. The angle at which ring B is mounted (represented by the different curves)
determines the length of sleeve B which can stably support retroflexion before the CoSMA flips into
the sigmoidal deformation mode. It can be observed that smaller 0y (red curve) gives a larger
stable region of retroflexion - i.e. retroflexion is possible for longer lengths of unconstrained sleeve
B - but struggles to produce sigmoidal deformations. Conversely, larger 8¢ (green curve) readily
produces the sigmoidal deformation but struggles to retroflect. For these settings, 09 = 45° gives

a stable blend of retroflexion and sigmoidal deformations.

5.5.1 Simulated Aortic Arch Navigation

We leveraged the rigid link model described in Section 5.5 to ascertain the requisite base configu-
rations for navigation into each of the five branches of the aortic arch phantom (Section 3.2). Path
centre-lines were extracted in 3D Slicer 5.8.1 (https://www.slicer.org/) and loaded into our cus-
tom interactive simulation environment, where direct operator control could explore this synthetic
search-space. Using this environment, the base configurations to navigate each pathway in a minimal
contact manner were predetermined. A more robust path-planning process is clearly a prerequisite
for any control application, a task which lies beyond the scope of this work. Each of the five naviga-
tions was discretized into four equal time-steps. Base configurations and RMS error values for the
four time-steps and five paths are shown in Table 4, and the results of these simulated navigations
are shown in the Supplementary Video S3. Additionally, Fig. 14 shows our four time-step simulated
navigation into the most sinuous of the five target arteries - the Right Subclavian Artery (RSA). As
can be seen in Table 4, the spatial error is generally of the order of 1 mm and, with the exception
of the RSA, below 2 mm. For the RSA navigation spatial error peaks at 4.05 mm. Considering
a mean radius of the RSA of 4 mm [48] we would expect this level of error to incur some small
amount of anatomical contact which is reflected in the Supplementary Video S3. For the other four

navigations, with the errors presented, no anatomical contact would be expected.
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Sleeve A Sleeve B Sleeve C
F

A C

Sleeve B

Figure 15: Fabrication Process of the CoSMA: (A,B) Sleeve A, a 5 mm iron pin is superglued to 0.4
mm diameter nylon wire. (C) Sleeve B, iron wire is wound orthogonally around a 2.1 mm diameter
temporary rod. (D,E) This winding is superglued at a 45° angle onto the 1.5 mm diameter 75 mm
length braid. (F,G) Sleeve C, iron wire is orthogonally wound around the 3 mm diameter, 50 mm
length braid and secured with superglue. (H-J) The full shape forming catheter exhibits 5 DoFs
(yellow arrows). Sleeves B and C are connected to 600 mm concentric fibreglass sleeves to enable

mechanical control from outside the MRI system.

24



5.6 Fabrication

With reference to Fig. 15 and Supplementary Video S4, to create sleeve A, 5 mm of 0.25 mm diam-
eter iron wire (GF44272571 Iron Wire Reel - Merck KGaA, Darmstadt, Germany) was superglued
(Everbuild HV50 Industrial Superglue - Silka Limited, Welwyn Garden City, UK) in axial alignment
to a 100 mm length of 0.4 mm diameter nylon wire (Vantage Pro 1/4 Pound Transparent - Fladen
Fishing AB, Varberg, Sweden). This was attached with the same superglue to an 800 mm long, 0.15
mm diameter nitinol rod (Super-Elastic Nitinol Wire - McMaster-Carr, Elmhurst, USA). For Sleeve
B, the same 0.25 mm diameter iron wire was wound once orthogonally onto a 2.1 mm diameter
temporary rod. The diameter of the temporary rod was determined from the 45° angle at which the
iron ring must sit on the 1.5 mm diameter braided sleeve (v/1.52 + 1.52 = 2.1). The rod ensures the
windings will be circular (as opposed to elliptical) and thus exhibit no alignment bias when exposed
to the background field. This ring was superglued to a 1.5 mm diameter, 75 mm length, nylon braid
(Everlasto - James Lever 1856 Ltd, Manchester, UK). For Sleeve C, a 50 mm long, 3 mm diameter
braided nylon sleeve (Lead-Weight Tape 100 g - Merrick & Day, Lincolnshire, UK) was threaded
onto a temporary rod of 2.5 mm diameter. The same iron wire was wound once orthogonally around

this sleeve and secured with superglue.

The base of sleeves B and C of the CoOSMA was attached to ~ 600 mm of concentric fibre-
glass cable sleeve (Hellermann-Tyton international, www.HellermannTyton.com), via heat fusion,
to allow manual mechanical control from outside of the bore of the MRI system. Finally, Sleeve A
was inserted into Sleeve B and both into Sleeve C to form the full shape forming catheter shown in
Fig. 15(h,i). 5 DoFs can be achieved due to independent translation of all 3 sleeves, and rotation

around the central axis of Sleeves B and C (Sleeve A is axially symmetric).
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