UNIVERSITY OF LEEDS

This is a repository copy of Assisted Magnetic Soft Continuum Robot Navigation via
Rotating Magnetic Fields.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/205180/

Version: Accepted Version

Article:

Chathuranga, D. orcid.org/0000-0001-6950-1848, Lloyd, P. orcid.org/0000-0002-4927-
071X, Chandler, J.H. orcid.org/0000-0001-9232-4966 et al. (2 more authors) (2024)
Assisted Magnetic Soft Continuum Robot Navigation via Rotating Magnetic Fields. IEEE
Robotics and Automation Letters, 9 (1). pp. 182-190. ISSN 2377-3766

https://doi.org/10.1109/Ira.2023.3331292

© 2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting/republishing
this material for advertising or promotional purposes, creating new collective works, for
resale or redistribution to servers or lists, or reuse of any copyrighted component of this
work in other works.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




This article has been accepted for publication in IEEE Robotics and Automation Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LRA.2023.3331292

IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED OCTOBER, 2023 1

Assisted Magnetic Soft Continuum Robot
Navigation via Rotating Magnetic Fields

Damith Chathurangal, Peter Lloydl, James H. Chandler! Member, IEEE,
Russell A. Harris? and Pietro Valdastri! Fellow, IEEE

Abstract—Innovative robotic catheters that are soft, flexible,
and controlled by magnets have the potential to revolutionize
minimally invasive surgical procedures in critical areas such
as the lungs, brain and pancreas, which currently pose sig-
nificant safe access challenges using existing technology. These
shape forming millimetre-scale magnetic soft continuum robots
(MSCRs) can be designed to be highly dexterous in order to
access regions of the anatomy otherwise deemed inaccessible.
However, due to their soft and slender nature, MSCRs are prone
to buckling under compressive loads during insertion. In this
study we demonstrate buckling free insertion of high aspect ratio
(80 mm long by 2mm diameter) MSCRs into narrow, tortuous
lumens enabled by coupling a specific lengthwise magnetic profile
with exposure to a rotating magnetic field (RMF). We present
design, finite element modelling (FEM) of the motion, fabrication
and actuation of three different MSCRs. These robots are cast
from NdFeB doped silicone polymer to obtain 2mm and 3 mm
diameter catheters. These are magnetized in a predefined profile
such that when the catheters are placed in an RMF, a serpentine
motion is generated. Experiments were conducted to quantify
the behaviour of these soft catheters navigating through a soft
phantom that mimicked narrow tortuous lumens such as the
pancreas and bile ducts. Oscillating actuation increased the
inserted depth reached by the MSCR in a tortuous channel and
even enabled squeezing through a 1 mm diameter opening via
shape morphing. The experiments showed that an RMF reduced
the required insertion forces by almost 45% and increased the
distance inserted in a fixed time frame by 3 times.

Index Terms—Surgical Robotics: Steerable Catheters/Needles;
Soft Robot Applications; Medical Robots and Systems

I. INTRODUCTION

VER the last twenty years, medical robotics has ex-
perienced a surge in popularity and gained widespread
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acceptance among the medical community as delivering ad-
vanced and promising treatment approaches for conditions
that traditionally required highly invasive surgical procedures.
According to [1], continuum robots (CR) will continue to gain
traction in surgery due to their significant advantage of high
dexterity and ability to access and navigate small anatomical
pathways. Beyond an increasing number of research platforms
[2]-[4], CRs have made their way to patients via several
commercial offerings including the Monarch (Auris Health,
Inc. Redwood City, CA, USA), Galaxy (Noah medical, USA)
and Ton (Intuitive Surgical, Inc. Sunnyvale, CA, USA).

CR structures may be manufactured from rigid components
[5], soft components [6], [7], or a combination [8]. However,
for CRs where the majority or entirety of its components
are made from compliant polymeric materials, they may be
classified as soft continuum robots (SCRs). Actuation of SCRs
is possible by means of, for example, tendons [9]; fluidic
(pneumatic and hydraulic) pressure [10]-[12]; shape memory
alloys (SMA) [13]; or magnetic interaction [14], [15]. Of
these actuation approaches, the use of magnetics offers the
unique advantages of untethered actuation and miniaturization
without loss of controllable degrees of freedom (DOF). These
benefits give magnetic soft continuum robots (MSCRs) [16]
the possibility to navigate through small, sensitive and tortuous
pathways, and thus MSCR designs have been proposed as
alternatives for traditional endoscopes and other forms of
endoluminal devices [4]. In particular, miniature MSCRs have
shown promise when it comes to navigating in soft and
sensitive tissues at the millimetre scale, such as the peripheral
lungs [17], pancreas [18], and vasculature [19]. MSCRs can
be fabricated at low cost using a mix of base elastomer
and magnetic micro-particles, giving them inherent structural
softness to safely move inside small passages and achieve high
curvatures along their entire length.

When considering motion through lumens, there are several
examples of untethered microrobots designed to travel inside
organs, veins and arteries propelled via an external magnetic
field [20]-[23]. Tethered robots or catheters, such as commer-
cially available steerable catheters (e.g. Polaris XTM Steerable
Diagnostic Catheters by Boston Scientific Inc), magnetic steer-
ing guide wires [24], and concentric tubes [25], are introduced
into the body by surgeons who mechanically push the catheter
into the lumen. They then employ a combination of pushing,
pulling, and twisting movements to manoeuvre the catheter
to its intended destination. One significant limitation of these
systems is their reliance on rigid structures to transmit the
force applied by the surgeon to push the catheter into the

Authorized licensed use limited to: University of Leeds. Downloaded on November 10,2023 at 18:43:32 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Robotics and Automation Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LRA.2023.3331292

2 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED OCTOBER, 2023

Without rotating magnetic field
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Fig. 1: The MSCR, deployed using a duodenoscope, is shown navigating within the pancreatic duct. The subfigures depict two scenarios:
one illustrating the insertion of the MSCR into a section of the pancreatic duct without the use of a RMF, resulting in buckling, and the
other demonstrating the insertion of the MSCR with the assistance of a RMF. The dashed lines represent the MSCR’s serpentine-like motion.

[lustrations were created using BioRender.com

lumen. These inherently stiff catheters have a propensity to
cause tissue damage, such as acute pancreatitis, following
surgery. Growing vine robots and similar tip extensions [26]
are strategies for lumen navigation but have not yet achieved
the millimetre scale of the proposed MSCR. Furthermore,
there remains a gap in the literature relating to locomotion of
tethered soft continuum robots and the challenges associated
with navigation in soft narrow endoluminal pathways. These
challenges are particularly apparent for miniaturized MSCRs,
as reducing their cross sectional area causes an increase in
aspect ratio, so that the MSCR, when pushed from its proximal
end, has a proclivity to buckle under compressive stress.
Similarly, pulling the MSCR from the distal end (e.g. via
magnetic gradient pulling [27]), will not limit interactions
between the robot’s body and anatomical obstructions along
the pathway; potentially limiting navigation progress and
risking high axial strains and even snapping of the MSCR.
Approaches delivering simultaneous proximal pushing with
oscillatory reshaping of the MSCR’s entire body may help
mitigate buckling and avoid obstructions, thus improving the
navigational ease for high aspect ratio MSCRs and allowing
them to reach further along anatomical pathways.

In this paper, we introduce and evaluate an actuation
strategy to aid high aspect ratio MSCRs to navigate safely
through narrow and tortuous lumens. Initially, these robots
are delivered to the surgical site via an endoscope (Fig.l).
The approach combines two key elements: a rotating magnetic
field (RMF) to dynamically reshape the robot and mechanical
insertion from its distal end. This combination enables the
robot to move in a ’snake-like’ motion, allowing it to advance
smoothly within compliant lumens of varying diameters with-
out buckling or sticking. We examine the material composition
of the MSCR (whether it’s unreinforced or reinforced to limit
specific undesired Degrees of Freedom), the MSCR’s diameter,
the lumen’s diameter, and the RMF conditions required for
successful lumen navigation.

II. OSCILLATING MAGNETIC SOFT CONTINUUM ROBOT

For the presented proof-of-concept, we consider the scenario
of catheter insertion into the narrow delicate anatomy of the
pancreatic duct. For effective surgical interventions involving
the adult pancreas, this limits the diameter of the MSCR to
between 2-3 mm [28]. A magnetically active length of 80
mm was selected for the body of the MSCR. As depicted
in Fig. 1, the proposed design employs a time varying shape
that mimics serpentine like wave motion during actuation to
minimize contact between the MSCR and lumen walls as
explained in [29]. Under the assumption of actuation being
delivered via a time-varying, homogeneous applied magnetic
field B(t), this may be achieved using a continuously varying
lengthwise magnetization profile m(s), where s represents the
position along the length of the MSCR (s € [0, L], where L is
the length of the MSCR), with a sinusoidal profile. Rotation
of the applied field will thus cause the shape profile of the
MSCR to shift along its length in a repeating manner and in
accordance with the relative frequency of the magnetization
profile and applied field, inducing serpentine-like motion to
assist navigation of the MSCR.
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Fig. 2: 2 mm diameter MSCR represented using 5000 finite elements.
Insertion is driven by an undamped prismatic joint, actuation induced
by six discrete magnetic torques applied to six embedded 0.75 mm
diameter rigid domains spaced at 10 mm centres. Torques calculated
as functions of the magnetizations m(s) (indicated here by red
arrows) and a rotating applied field B(t) (shown by blue arrows).
Resistance to forward motion is a function of both gravity and the
friction between the channel walls and the MSCR.
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A. Modelling of MSCR

To verify our hypothesis, a quasi-static numerical simula-
tion of the MSCR design under insertion into a silicone oil
filled lumen was developed in Finite Element (FE) simula-
tion software (COMSOL Multiphysics v5.6, COMSOL AB,
Stockholm, Sweden) using the Multibody Dynamics module
to simulate the mechanical response of the elastomer. To
realize a computationally feasible solution of the complex
physical system, a number of simplifying assumptions were
made. Firstly, the simulation was built in two dimensions
under the plane strain assumption (e, = 0) as in [30]. The
assumption of fully planar deformation (pure bending) is valid
for MSCR that do not experience torsional strain [18] and
as such we consider a plane strain model to be valid under
this fully planar deformation. Secondly, to impart body torque
in a stable manner, a mechanical moment was applied to a
series of six, 0.75 mm diameter, rigid domains embedded
along the length of the robot simulation, as shown in Fig.
2. As in [31], torques are calculated analytically, within each
solver loop, as a function of applied field B(t) and deformed
magnetization m(s) and encoded as a mechanical moment
input. This eliminates the need for the electromagnetic module
without material loss of accuracy. This approach circumvents
the requirement to include direct consideration of simulated
electromagnetic fields with their attendant non-linearity.

To most reliably adhere to the torsion-free requirements of
the plane strain condition, the MSCR was modelled with a 2
mm diameter and a 1 mm axially aligned braid reinforcement.
The magnitude of the magnetization vector of each of the six
segments along the length was thus simulated as a 2 mm outer
diameter, 1 mm inner diameter magnetic silicone segment with
a length of 10 mm and a 50% by weight concentration of
NdFeB particles. This results in a remnant magnetization of
0.11 mT [32] and a modulus of elasticity, which considers
the mechanical effects of the braid, of 500 kPa [18]. The
orientations of the magnetization vectors are shown in Fig.
2 and actuated subject to a rotating magnetic B field of peak
magnitude 28 mT.

To capture the insertion force, the base of the tentacle
was attached to an undamped prismatic joint with an applied
push force set as a simulation variable. This tentacle-joint
arrangement was advanced as a function of time into a 4
mm diameter channel made of rigid encastred, straight walls
with a Coulomb friction coefficient between the lubricated
wall and tentacle of 0.07 [33]. For all models an effective
density of 200kg/m? was calculated considering the buoyancy
of the tentacle in silicone oil. In the magnetically actuated
simulation, friction exists at discrete upper and lower points
of contact as the tentacle shape forms along it’s own length.
For the unactuated simulation, friction occurs exclusively and
continuously along the bottom of the channel where contact
occurs due to gravity.

All models were meshed using quadrilateral elements free
formed via the COMSOL auto-mesh generator. This produced
5000 finite elements and took, on average, 192 seconds to
converge utilizing Newton-Raphson iterations within the MUI-
tifrontal Massively Parallel sparse direct Solver (MUMPS)

150.255 S —

Fig. 3: FEA simulated data demonstrating the MSCR’s serpentine
motion in a straight lumen, driven by a RMF of 2Hz. Insertion force
(F3) is calculated when the MSCR is inserted at a speed of 1 mm/s
(6(t) = 1mm). Dark blue arrows indicate the RMF direction with
time, while red arrows show MSCR segment magnetization.

option. For a 20 time step transient simulation, this represents
a 64 minute mean run-time on a 3.2 GHz, 32 GB, 16 core Intel
Xeon Gold processor. Simulations were performed with either
fixed insertion velocity of 1 mm/s or fixed insertion force of
0.2 N and with and without an external rotating B field of 28
mT at 3 Hz.

B. Numerical Results

Simulation results for a fixed insertion velocity of 1 mm/s
showed a peak insertion force F; (see Fig.3) at the base of the
tentacle of 0.17 N under a 3 Hz rotating B field of 28 mT and
0.19 N under no rotating field (B(¢) = 0 mT). This translates as
an 11% reduction in required insertion force as a consequence
of the application of the rotating B field. For simulations with
a constant insertion force of 0.2 N, applied for 50 seconds,
final insertion depths were measured as 268 mm and 180
mm for insertions with and without a 28 mT, 3 Hz rotating
B field respectively. Application of the rotating applied field
in this case therefore showed an increased penetration depth
of 49%. Furthermore, the simulation demonstrated the MSCR
navigating in the lumen in a serpentine like motion as seen in
Fig.3.

III. EXPERIMENTAL VERIFICATION

To evaluate the proposed MSCR navigation approach of
utilising an RMF to assist motion through a narrow passage
without buckling under the insertion force, two experiments
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TABLE I: MSCR specifications

Identification| External Material Reinforced
diame- (yes/no)
ter(mm)

MSCR i 2 Ecoflex 30 and NdFeB | no

particles (1:1 ratio)

MSCR i1 2 Ecoflex 30 and NdFeB | yes (Imm Ny-

particles (1:1 ratio) lon braid)

MSCR iii 3 Ecoflex 30 and NdFeB | no

particles (1:1 ratio)

were performed. The first was designed following the condi-
tions of the FE simulation to measure the insertion force of the
MSCR with and without application of an RMF. The second
experiment targeted identification of optimal parameters and
the assessment of the ability of the MSCR to move through
a tortuous narrowing lumen, more representative of our target
clinical application.

A. Fabrication of MSCRs

For the experimental testing, three MSCR designs were
fabricated with the design parameters shown in Table I. Fully
soft MSCR designs were fabricated with a constant diameter
of 2mm and 3 mm respectively, and with an active magnetic
length of 80 mm. To observe the influence of increased axial
stiffness, an additional 2 mm diameter MSCR was fabricated
to include a braided reinforcement.

The fabrication process is outlined in Fig. 4. The 2 mm
designs were cast inside a 2 mm internal diameter perspex
tube. For the braided MSCR, a nylon braid of external
diameter 1 mm (Everlasto - James Lever 1856 Ltd, Manch-
ester, U.K.) was inserted into the tube and held in axial
alignment using 3D printed end-caps (Fig.4(a)). Properties
of this braided MSCR are stated in [18]. For the 3 mm
diameter MSCR, the mould cavity was 3D printed (PLA,
UltiMaker S5, UltiMaker, Netherlands), as shown in Fig.4(b).
Each tube/mould was filled with a mixture of Ecoflex-0030
(Smooth-On Inc, USA) and neodymium-iron-boron (NdFeB)
microparticles with an average diameter of 5 um (MQFP-B+,
Magnequench GmbH, Germany) in a mass ratio of 1:1. This
composite was mixed and degassed in a high vacuum mixer
(ARV-310, THINKYMIXER, Japan) at 1400 rpm, 20.0 kPa for
90 seconds, and injected into the tubing/moulds and cured
at room temperature for four hours. Specimens are shown in
Fig.4(c). Upon removal from the mould, the specimens were
secured into a 3D printed magnetizing tray (Fig.4(d)) before
being magnetized using an impulse magnetic field of 4.644 T
(ASC IM-10-30, ASC Scientific, USA). The half sinusoidal
shape of the magnetization tray was decided such that it would
produce the largest deformation possible when a perpendicular
field was applied to the MSCR. The amplitude and wavelength
of the sinusoidal wave was dictated by the physical limitations
of the magnetization coil dimensions.

B. Insertion force evaluation

To evaluate just the insertion force eliminating side wall
interactions at bends, the MSCR designs were pushed into
soft lumen phantoms (straight lumen with diameters of 4 mm,
5mm or 6 mm in the horizontal plane) using a linear actuator

(igus MOT-AN-S-060-005-042-L-A-AAA), as shown in Fig.5.
Care was taken to keep the MSCR plane of actuation parallel
to the magnetization tray plane. This was achieved by marking
the MSCR’s vertical plane and keeping it perpendicular to
the xy plane in Fig.5. The tentacle was connected to the
linear actuator through a force/torque sensor (Nano 17, ATI
corporation) such that the insertion force was recorded by
the force sensor in the z direction. Other force directions
were disregarded as F, is the significant indicator for the
experiment. Two permanent N42 Neodymium magnets of the
size 50 mm x50 mm x 25 mm (Bunting Inc.) were each fixed on
top of a servo actuator (My Actuator RMD-X8 1:9) using 3D
printed mounts. The actuators were programmed using a Con-
troller Area Network protocol (CAN bus) using a microchip
CAN analyser to allow synchronous rotation up to a maximum
of 170rpm. The rotating magnets generate a magnetic field
that changes the direction relative to the orientation of the
magnets. These magnets generate an uniform field that flips its
direction every half revolution [34] (see Fig.6, which displays
the magnetic field lines simulated by using the Magpylib
4.2.0 package in Python). Thus, the rotating field of the
magnet is proportional to the angular velocity with which
the two magnets rotate. For this experiment the magnets were
rotated with angular velocities equivalent to 120 and 170 rpm
(rotating frequency of 2, and ~3 Hz respectively), generating
a peak magnetic field strength of 28 mT, as measured using a
magnetic field sensor (F71 Multi-axis teslameter, Lake Shore
Cryotronics Inc.) (see Fig.7(c) of time varying magnetic field
strength values of a point in the green dashed line). The servo
actuators were fixed to a second linear actuator (Thorlabs
NRT150/M) that could be moved along the long () axis of
the phantom. This was so that the MSCR was always in the
working area of the rotating magnets as it traveled along the
lumen.

Soft phantoms representing the narrow passageways of the
human anatomy were fabricated and suspended symmetrically
between the two axes of the actuating magnets. Phantoms were
fabricated from silicone gel (EcoFlex Gel 2, Smooth-On, Inc,
USA) to represent the soft structure of the pancreas with either
a4, 5, or 6mm diameter lumen. Each lumen was subsequently
filled with PDMS silicone oil of viscosity 20 ¢St (Aldrich Inc.)
to lubricate and mimic the aqueous nature of internal anatomy.

Insertion force tests were performed by inserting the MSCR
at a speed of 0.25mm/s into the phantom while recording
the time stamped force f,(t). The force f,(¢) was measured
while the MSCR of length 80 mm was completely inserted
and pushed an additional 10 mm into the lumen. For each
tentacle design and lumen diameter combination, the insertion
was repeated five times under each conditions of: 0 Hz (no
rotating field), 2 Hz and 3 Hz. The average maximum insertion
force F), was calculated for each lumen size and rotating field
combination by determining the average (mean) maximum
insertion force across all tentacle designs and repeats.

C. Phantom lumen experiments

Fig. 7(a) shows the setup of the second set of experiments:
phantom lumen trials. The phantom was cast in such a way
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Fig. 4: Steps of MSCR fabrication. (a) Fabrication of the braided MSCR (ii) by inserting a 1 mm diameter nylon braid into the perspex tube
before injecting doped elastomer. (b) Moulds used for the 3 mm MSCR cast. (c) Fabricated MSCR - (i) 2 mm diameter (ii) 2 mm diameter
reinforced (iii) 3 mm diameter MSCR. (d) The MSCR was magnetized using an impulse magnetic field of direction shown in the red arrow
by inserting it in a tray to hold the shape (¢) magnetization m(s) along the MSCR

MSCR in lumen

Rotating
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Fig. 5: Insertion force experimental setup: The MSCR was fixed
to a linear stage via ATI Nano 17 force/torque sensor. MSCR was
inserted into the endoluminal phantom using the linear actuator. The
synchronously rotating permanent magnets on the either side of the
phantom produced the RMF.

that the cavity was tortuous and the channel diameter started
at 3 mm, reducing to 1 mm at the third bend. This repre-
sents an idealized anatomical scenario with similarity to the
pancreatic duct geometry from [35]. Insertion was carried out
manually to simulate catheter insertion in realistic operating
room conditions with visual feedback.

Three configurations were evaluated, firstly, a ground truth
experiment with no RMF. In this scenario, the servo actuators
were disabled and moved to the farthest end of the phantom.
The MSCRs were inserted manually and video was recorded
for a time of 50 seconds. The CR was pushed into the channel
and rotated while inserted to move along the channel. Five
trials were completed for each MSCR and the maximum length
the MSCR reached was recorded.

For the next set of experiments, the servo actuators were
turned on and rotated at a speed of 120rpm. Together with
the rotation, the two actuators were moved from the proximal
end of the phantom to the distal end in a speed of 2 mm/s
by the Thorlabs linear actuator. While this motion is in play,
the MSCR was inserted into the channel similarly to earlier.
The experiment ran for 50 seconds and five trials each for the
three types of MSCR were performed. The maximum length
the MSCR traveled was again recorded.

IV. RESULTS

The average (meand+ max and min) recorded maximum
insertion forces for each lumen diameter against the magnetic
field rotation frequency are presented Fig. 8. The three colours
represent the three diameters of the phantom lumen and the
average x directional force measured by the force sensor. The
average of 5 trials of each MSCR types combined is plotted
with the maximum and minimum values for each frequency.

Fig. 9 and 10 pertain to the second set of experiments where
the length of the insertion of the three types of MSCR was
recorded over a 50 second period in the presence/absence
of a RMF. Fig. 9 shows the insertion progression through
the lumen at different time intervals for the three types of
MSCR, with the average (mean + max and min) final insertion
distances measured reported in Fig. 10. From Fig. 9, it is
evident that application of the RMF increases the achievable
insertion depth for all MSCR designs; with the quantitative
difference reached across repeat trials for each (Fig. 10) being
statistically significant. For the different MSCR designs, a
similar insertion distance for the 2 mm designs was shown
(104.8 mm vs 105.8 mm for type i vs type ii, respectively),
while the 3 mm diameter (type iii) design was only able to
achieve an insertion distance of 66.5 mm.

V. DISCUSSION AND FUTURE WORK

The first experiment was conducted to measure the force
required to insert the MSCR into a lumen in the ab-
sence/presence of an RMF. Fig. 8 demonstrates higher inser-
tion forces of between 0.22 - 0.26 N for all three lumen sizes
and MSCR types when no magnetic field was applied to the
MSCR vs 0.10 - 0.15N for tests with an RMF. This reduction
(45% on average) is as a result of the presence of time-varying
magnetic body torques on the MSCR. As the insertion force
F, can be interpreted as the counter-balance of friction forces
between common contact areas of the lumen wall and the
MSCR, it is apparent that the introduction of magnetically
induced serpentine-like motion reduces and changes surface
contact between MSCR and the lumen, reducing in turn the
resultant frictional force resisting insertion. This aligns with
observations of serpentine motion, where only a portion of the
snake’s body is touching the ground when in locomotion, [29].
Even though fluid filled anatomical scenarios may result in low
friction values, for fully soft MSCRs it is critical to minimise
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Fig. 6: Representation of the RMF generated at a square work envelope in the middle of the plot when permanent magnets represented in

red and blue are rotating with zero phase shift
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Fig. 8: Variation of the insertion force under the RMF taken as an
average for all three types of MSCR. Red markers represent the
maximum value obtained for each trial while blue marker represents
the minimum value.

this value to avoid buckling during insertion from the proximal
end and to thus assist forward motion. Although the RMF
greatly reduces the measured insertion force, the presented
findings from FEA simulations show little influence from
its specific frequency, suggesting that this parameter may be
varied to suit the practical constraints of a specific application.

Actual experiments could not be conducted beyond 3 Hz due
to experimental setup limitations.

The potential impact of RMF assistance was demonstrated
via insertions into a soft, tortuous, narrowing lumen phantom,
Fig. 9. Through application of a dynamic magnetic field, the
MSCRs were able to be inserted 300% further than with no
field (Fig. 10). Additionally, rotating field assistance allowed
the 2 mm diameter MSCRs to be inserted between 4 and 7mm
into the 1 mm diameter section of the soft lumen, indicating
that this approach may allow fully soft MSCRs to pass through
obstacles restricting the width of the endoluminal passage to
below their nominal diameter. It is noted, however, that this
characteristic is a function of the stiffness of the MSCR and
of the phantom, and thus requires future investigation beyond
the scope of this publication. Furthermore, while MSCR i and
ii exhibited the same insertion length performance, MSCR ii,
with its braided reinforcement, emerges as the preferred choice
for practical applications. This is driven by its axial stiffness,
which resist wrench, and its capability to accommodate tools
such as optical fibres and flexible needles within its cavity.

There is a discrepancy between the experimental and numer-
ical results as a consequence of some of the assumptions speci-
fied in order to make the simulation tractable. In particular, the
wall boundary conditions specified in Section II-A (a straight
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and rigid channel as opposed to curvilinear and materially
soft) introduce significant error. As such, numerical results
are considered to be physically representative as opposed to
numerically accurate: These simulation results confirm that the
application of an rotating B field reduces the required push
force (Trial 1) and increases the achievable depth (Trial 2), but
give no meaningful quantification of this phenomena. Given

[l Without rotating magnetic field
[ With rotating magnetic field
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0 I
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100 -

Average insertion length (mm)
(2]
o

Fig. 10: Average insertion length after 50 seconds with respect to the
presence/absence of RMF.

the complexity of material interactions involved in the physical
experiments, a more sophisticated numerical simulation with
quantitatively accurate output would be a challenging but
desirable future work. Such a model would also allow insight
into the localized strains and resultant changes in stiffness
of the tentacle during navigation, potentially enabling future
design optimization.

The presented method of driving a MSCR with sinusoidal
magnetization via an rotating magnetic field has been shown
to significantly reduce the required insertion force into a com-
pliant lumen (~45%) and assisted MSCRs in increasing the
insertion reach over a fixed time period by more than a factor
of three. This enabling approach has the potential to expand the
scope of ultra low material stiffness high aspect ratio magnetic
catheters, allowing for safer devices with improved anatomical
access within endoluminal surgeries and potentially automate
the catheter insertion process by impedance control [36].

This proposed method could be combined with an imaging
technique like fluoroscopy to facilitate planning a path for the
magnet’s movement within the operating room. By providing
the RMF via the rotating magnets of a dual robotic manipu-
lation system such as [27], this could maintain perpendicular
alignment to the path enabling both navigation and bifurcation
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control at the same time. Exploring this possibility further
presents an exciting avenue for future research.
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