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The Flux One Magnetic Navigation System: A
Preliminary Assessment for Stent Implantation
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Abstract—Minimally-invasive surgery (MIS) for stent implanta-
tion is a complex procedure requiring specialized instruments. It of-
ten leads to prolonged patient recovery, and interrupted operations
due to incorrect instrument selection and complex anatomy. This
study presents a novel magnetic navigation system that addresses
these challenges by using magnetic fields and computed tomog-
raphy imaging to precisely navigate minimally-invasive surgical
guidewires. The system is designed based on consultations with sur-
geons, and analysis of technical and clinical requirements of stent
implantation procedures. Results from a human-in-the-loop case
study with eleven operators indicate a 47 % reduction in guidewire
navigation times, while successfully reaching all predetermined
luminal targets. The clinical relevance, usability, and operator sat-
isfaction are also measured using a user experience questionnaire,
and interviews and showed positive results. Compared to con-
ventional, manual guidewire navigation, the magnetic navigation
system has the potential to significantly impact the efficiency of the
clinical workflow and improve complex endovascular aortic repair
procedures.

Index Terms—Medical robots and systems, surgical robotics:
planning, surgical robotics: steerable catheters/needles.
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Fig. 1. This study introduces the development of a novel mobile magnetic nav-
igation system (Flux One) for fenestrated endovascular aortic repair (f-EVAR)
interventions. () A vascular surgeon inserts a magnetic J-tip guidewire into
an aortic phantom (B). A collaborative, semi-autonomous serial link robot ©
positions an electromagnetic coil (D) in the workspace to assist the surgeon. A
commercial fluoroscopy imaging modality provides real-time visual feedback
of the position of the guidewire to the surgeon.

I. INTRODUCTION

VERY year, 17.7 million deaths are attributed to cardio-
E vascular disease (CVD) [1]. Atherosclerosis, a process
weakening the arterial wall, is a common cause of CVD and
increases the risk of developing an abdominal aortic aneurysm
(AAA). Fenestrated endovascular aortic repair (f-EVAR) in-
terventions are primarily used to treat AAA, which cannot be
treated with traditional open surgical repair or standard EVAR. It
involves placing a patient-specific endovascular stent graft in the
aorta to isolate and reinforce the aneurysm. Aortic repair is the
only treatment for AAA [2]. Particularly for stent implantation,
intravascular guidewires play a crucial role in the endovascu-
lar treatment of CVD [3]. Such guidewires are necessary for
accessing and navigating through various luminal structures.

Conventional guidewire insertion and placement procedures
face two main issues: human error during risk assessment and
complexity of patient anatomy [4], [5]. Evaluating patient blood
vessel geometry often leads to selecting the wrong guidewire,
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which occurs in 65% of cases [6]. This human error can result
in incorrect instrument selection, potentially leading to pro-
longed recovery for the patient [7]. Surgeons consider patient
anatomy complex 80% of the time, mainly due to fenestrations,
necessitating specialized instruments, and increasing the risk of
perforation, leading to higher morbidity and mortality rates [8].
In order to enhance the safety of guidewire interventions com-
pared to manual interventions, various supporting systems have
been presented, categorized as robotic-push or magnetic-pull
actuation types [9]. Robotic-push systems allow surgeons to
operate remotely from radiation sources using tendon-driven
navigation [10], [11]. For example, the CorPath 200/GRX sys-
tems (Corindus Vascular Robotics, Middlesex County, USA)
are designed to control guidewires during a procedure using
tendons. However, they are reportedly limited in navigating
through tortuous vessels due to guidewire deformation and
friction [12]. The Magellan system utilizes a combination of
robotic manipulation and a sheath-based approach combined
with tendon-driven navigation. Nevertheless, it cannot perform
distal movements due to its inability to rotate the guidewire [13].
On the other hand, magnetic-pull systems are becoming popu-
lar for endovascular treatment. For instance, the Niobe (Stereo-
taxis, St. Louis, USA) and the CGCI (Magnetecs, Inglewood,
USA) systems, which are primarily for the treatment of cardiac
arrhythmias [14]. Other magnetic systems, like the CardioMag
(MultiScale Robotics Lab, ETH Zurich, Switzerland) [15], have
also been successfully introduced for pre-clinical vascular in-
terventions, exhibiting a wide range of achievable magnetic
fields. However, these systems must be positioned around the
entire body of a patient in order to generate the required fields,
which impedes the use of a conventional fluoroscope and easy
patient access. The MagHead system (Nanoflex Robotics,
Zurich, Switzerland) has been developed specifically for pre-
clinical use in neurovascular surgeries [16] to allow for such
patient access. This system utilizes stationary external magnets
placed in the operating room (OR) to establish a magnetic
field over the upper torso of a patient. This system holds great
promise; however, it is limited in providing the surgeon with
direct interaction with guidewires, depriving them of tactile
feedback. This limitation makes it difficult to accurately sense
the forces and pressures applied to arteries during surgery. This
can lead to tissue perforation and suboptimal outcomes [17].
This study presents the development and validation of the Flux
One system, a mobile shared-control system that overcomes the
limitations of current magnetic navigation systems from both
an accessibility and control perspective (Fig. 1). The system is
suitable for navigation in the entire peripheral vasculature model
without the large footprint of the Niobe, CGCI, CardioMag, or
MagHead systems. In contrast to tele-operative systems, the
Flux One system enables the surgeon to operate directly on
the patient while receiving real-time robotic assistance. The
system’s ability to pull guidewires magnetically allows for easier
navigation through tortuous vessels than robotic-push systems.
In contrast, the capability to rotate the guidewire tip directly
allows for precise distal movements. The Flux One universal
connector is designed with a magnetic guidewire, providing
greater flexibility than push systems that require proprietary
sheaths. Unlike current magnetic pull systems with static coils,

TABLE I
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FLUX ONE SYSTEM IS DEVELOPED BASED ON CLINICAL REQUIREMENTS (THE
NEEDS OF END-USERS AND PATIENTS) FOR FENESTRATED ENDOVASCULAR
AORTIC REPAIR (F-EVAR) INTERVENTIONS

Clinical/technical needs

The operator needs to be able to
move an electromagnetic coil
accurately and precisely above
the body of the patient.

Technical specification
Movement accuracy and
precision must be within
+10 mm.

Description

The system can precisely
position the electromagnetic
coil as needed to provide
effective treatment at the
arterial fenestration.

The surgeon should be able to
deflect a magnetic J-tip
guidewire in several angles
towards fenestrations.

Field strength of at least

20 mT within minimum
and maximum bounds of
50-300 mm [24].

The electromagnetic field
generated by the coil is
strong enough to provide
effective treatment within the
required distance range.

The (anti)-Trendelenburg range
of tilt angles affects the
operating area. The navigation
system must be able to operate
within the limited space and
positioned in conjunction with a
fluoroscopy C-arm.

Based on the Artis Pheno
(Siemens Healthineers),
these ranges should be
accounted for: Maximum
width and length of 72
cm, maximum height of
78 cm, and compatibility
with C-arm 'no-fly' zone.

This specification ensures
that the system can be easily
positioned in a medical
facility and does not interfere
with other medical
equipment.

The surgical staff must be able
to operate the navigation system
with ease.

System must have clear
and concise instructions
for use.

Healthcare providers can
easily and safely use the
system to provide effective
treatment.

The navigation system must be
easy to transport and should not
be too heavy.

Maximum weight of 150
kg and compact design
for easy transport.

The system is easy to move
and should eliminate the
need for reinforced floors
and elevator platforms.

The surgical staff must be able
to use the navigation system
frequently.

System must be durable
and designed for frequent
use.

The system can withstand
frequent use and transport
without breaking down or
requiring frequent repairs.

The navigation system must not
collide with a patient’s torso or
with the operator while being
used.

Incorporate a robot
virtual safety barrier
(VSB) above and on the
sides of the patient.

The system provides a safe
treatment environment for
patients and healthcare
providers.

The navigation system should
have the potential to reduce
intervention times and improve
clinical workflow.

A combination of
intuitive interfaces need
to be integrated with the
system.

Healthcare providers can
easily and effectively operate
the system while utilizing
benefits of shared control.

such as the MagHead, Niobe, or the CGCI system, the Flux
One system features a robotically-actuated electromagnetic coil
that allows for reaching the patient from one or multiple angles
without requiring repositioning. This accessibility is critical for
effective fluoroscopy and quick access to the patient in case of an
emergency. The controlled adaptability of the Flux One system
leads to improved accuracy and reduced risk of complications
during surgical procedures. Specifically, the system offers higher
fields (up to 60 mT) [18] than the MagHead system (up to 20
mT) [16]. The robotically-actuated coil can be programmed
to apply different levels of magnetic force and deflection to
the guidewire, which can be tailored to the patient’s specific
needs and procedure. Compared to systems utilizing permanent
magnets [19], [20], the Flux One system offers modulation of
magnetic field strength and direction. This capability allows for
the ease of changing guidewire deflection angles without the
need to rotate the coil or change its pose.

This letter is organized as follows: Section II describes the
development of the navigation system informed by technical and
clinical needs. The Flux One system architecture, design, and
control framework are explained. Furthermore, the principles
of operation, including surgical planning and perioperative pro-
cedure, are outlined. In Section III, we test the feasibility and
effectiveness of the proposed system. Section IV summarizes
the results, focusing on the efficiency and user experience of
the system. Finally, Section V concludes this letter and provides
directions for future work.
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TABLE II

IN THIS STUDY, A CUSTOM MAGNETIC GUIDEWIRE IS DESIGNED BASED ON

CLINICAL REQUIREMENTS FOR FENESTRATED ENDOVASCULAR AORTIC REPAIR

Clinical/technical need
The guidewire must be
able to navigate through
small and tight spaces,
such as the renal arteries.

(F-EVAR) INTERVENTIONS

Technical specification
The guidewire must have a
diameter of 2mm and the
distance from the tip to the
end of the wire should be
less than 35mm [27].

Description

These dimensions are
important to ensure
compatibility with the
catheter and sheaths
used for the renal and
iliac arteries.

The guidewire must be
able to navigate through
complex and tortuous
anatomy with high
flexibility.

The guidewire should have
an angle of curvature of up
to 122°, which is the take-
off angle of the iliac
arteries.

Guidewire can navigate
through tortuous
vessels while
minimizing the risk of
vessel damage.

The guidewire must be
able to respond the
mechanical forces applied
during navigation and
deployment.

The guidewire should be
embedded with a magnetic
element with a remnant
magnetization of 1.29 —
1.32T [21].

These specified
magnetic forces ensure
the guidewire is
deflected to the
required angles using
the external magnet.

The magnetic guidewire
must be compatible with a
variety of medical devices
and instruments.

The magnetic guidewire
must have a universal
connector and be able to fit
through standard catheters
and sheaths.

The magnetic
guidewire must be
used with existing
medical devices and
techniques.

II. THE FLUX ONE SYSTEM

This section discusses the technical and clinical challenges
of minimally-invasive stent implantation procedures. Moreover,
we discuss and how a semi-autonomous system prototype, the
Flux One system, is able to overcome these challenges during a
guidewire intervention.

A. Clinical Needs

To address the challenges and limitations encountered by
surgeons during minimally-invasive vascular stent implantation
procedures, particularly in complex anatomy cases, Flux One
(Table I) and its complementary guidewire (Table II) are devel-
oped. Conventionally, surgeons control the proximal insertion
and rotation of guidewires during stent procedures. The Flux
One magnetic navigation solution aims to reduce the mental
workload of the surgeon with one of these aspects, allowing
them to focus solely on insertion.

In general, f-EVAR involves creating a custom-made stent
graft designed to fit the patient’s unique anatomy, which may
involve incorporating one or more fenestrations to accommodate
the renal arteries or other vital side branches. The number of
fenestrations required will depend on the extent of the aneurysm
and the location of the branches that need to be preserved. On
average, f-EVAR procedures may involve sleeving one to four
fenestrations in visceral side branches with guidewires [4]. How-
ever, surgeons may face challenges in selecting the appropriate
guidewire to navigate the patient’s vasculature and lesion, and
may need to alter their choice during the procedure [21]. Using
multiple guidewires can result in longer intervention time and
increase the risk of inefficacy. To mitigate this, we propose
using a single magnetic guidewire with multiple deflection
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angles spanning from —135° to 135° and implementing a pre-
operative planning framework based on 3D patient vasculature
segmentation.

B. The System Interfaces

The system offers four control interfaces to the operator that
provide various options for interaction with the system, based
on their preference and task requirements:

The automatic positioning of the Flux One robot end-effector
is established through a customized mechanical controller. This
controller enables the operator to press pushbuttons to automat-
ically send the robot to pre-defined poses. This controller is suit-
able for prescribing these poses without requiring expertise in
robotics and can, therefore, be used by untrained, non-technical
personnel. Next, a graphical user interface (GUI) is suitable for
tasks that require general input commands and can be controlled
through a touchscreen display. This interface is easy to use and
does not require special training or expertise. Furthermore, it is
compatible with conventional OR monitors, requiring no extra
training. A wireless control interface (SpaceMouse, 3DCon-
nexion Munich, Germany) allows the surgeon to safely and
remotely control magnetic forces directly from the bedside. The
wireless control interface is useful for tasks within confined
spaces.

An off-the-shelf haptic interface (Force Dimension, Nyon,
Switzerland) allows the operator to displace the robot end-
effector in real-time through a high-level server-client library
in MATLAB v2017b (Mathworks, Natick, USA). The off-the-
shelf haptic interface is ideal for tasks that require real-time
manipulation of the robot end-effector. Furthermore, the haptic
device is utilized during small, accurate, and quick adjustments
to improve the operator’s ability to detect tissue resistance or
incidental contact and ensure the robotic arm’s safe movements
during surgery.

Further components are integrated for the system to function.
An electromagnetic coil (Flux Robotics B.V., Enschede, the
Netherlands) is the key functional element of the robot, allowing
it to guide and position disposable instrument tips at a 2 mm
accuracy [22]. A KUKA LBR iiwa arm (KUKA, Augsburg,
Germany) positions the coil and wirelessly steers a flexible
disposable instrument within the human body. It has a hori-
zontal reach of 830 mm, making it suitable to reach any patient
extremity. All sub-components are integrated within the mobile
trolley, adding to a total weight of 120 kg, and are powered by
a single industrial power chord. The trolley allows individuals
to transport the robotic arm between ORs, resulting in a mobile,
transportable platform.

C. Surgical Planning

The system requires an actuation strategy for deflecting
a guidewire into fenestrations. Each fenestration or opening
through which the guidewire is to be deflected serves as one
of n € N poses for the coil. The objective is to ensure that the
angle between the coil X-axis always points towards the arterial
fenestration (Fig. 2). This implies that the coil is never parallel to
the guidewire and can, therefore, apply a torque that deflects the
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Fig. 2. The process of preparing the Flux One system for surgery. &) A

virtual clone of the entire system assists with defining the trajectories before
the intervention occurs. The end-effector poses (n) are then digitally transferred
to the system. (B) Semi-autonomous control - the system positions the coil in the
workspace across the intended target. Shared control - an operator positions the
coil at a distance (z,, € R) from the target. The surgeon controls the magnetic
field strength by varying the current input (I,,, € R).

guidewire. DICOM data taken from the patient’s pre-operative
3D cone beam CT scan is segmented using proprietary software,
which visualizes the target fenestrations for the guidewire. This
data allows for the generation of the vectors pertaining to the 3D
position and direction of a fenestration with respect to the main
artery. The data is then loaded into a virtual model containing
models of the navigation system and imaging equipment. The
virtual 3D model simulates the surgery and plans the robot’s
trajectories based on a Policy Improvement with Path Integrals
algorithm [23]. During surgical planning, the objective is to
determine the end-effector frame ({F}) trajectory of the robot
that can perform its tasks with accuracy (i.e., reaching zones
close to prescribed luminal targets) and without collisions.

End-effector poses are calculated using the following con-
straints: 1) the position of the fenestration, 2) the functional
workspace of the coil, and 3) a virtual safety barrier (VSB).
We define the position of the fenestration (py € R?), which is
where the magnetic dipole (. € R?) of the embedded magnets
will be located. The coil position (p, € R?) should reside within
arange defined by Table I:

Tmin S Hpe - Pf|| S Tmaz (1)
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Algorithm 1: Coil Pose and Virtual Safety Barrier Genera-
tion.

Inputs:

pr € R3*" = User-defined fenestration targets (p f;‘=1)
c € R = User-defined aortic centroids (¢j-,)

Yer € R™3 = DICOM model with m 3D points
Outputs:

VSB € R®3 = Virtual safety barrier around 3D model
S = (Xe;» Aeyr O )ieq = Set of poses composed of n spherical

coordinates
1 Initialization:
¥, 2¥r, ¥ ll’c-rz]

2 C\ll=|: m m m

3 forj=1:mdo
d, = max (abs (‘l’ch'j - wa)) + Tmin
dy, = max (abs (‘PCT},J - Cllly)) + Tinin

d, = max (abs (‘PCTZJ. - cq,z» + Tmin
4 VSB=[(cwy — de Cwy — dy, uy — dy), (Core + di, Cwry — dy, Cop — dy),
(C\,px + dy, Cyy + dy, Cyy — dz), (cq,x —dy, cyy +dy, cy; — dz).
(cwx — dy, Cwy — dy, 0y, + dy), (Cyy + dy, Cyy — dy, Cy, + dy),
(cwx + dy, cwy + dy, Cy, + dy), (Cwx — dy, Cwpy +dy, 0y, + ;) ]
while i < n do = For each target in p fi
5 W; = ¢ — Py, = Calculate the normalized vector
w; from the aorta centroid (c;) to the
6 u = —r . .
[lw;]l arterial fenestration (p fi)

7 a; = atan2(w;y, wiy)

=Calculate centroid of 3D
model: [Cyy, Cyy, Cy,]
=Take the maximum
distance of any point from
the centroid in each
direction (x,y, z).
Tiin 15 a safety margin

= Calculate the angle (a;) between
the vector w; and the positive x-
axis

3 6. — cos-1 (&) = Calculate the angle (8;) between

L= [lw; ll the vector (w;) and the positive z-

axis

9 Pe, =Py, — (u;- Pr,— ¢;)) u; = Calculate the coil position (pe,) by

Pe; < Pe,tBU; projecting Py, onto the plane
perpendicular to u;, satisfying
constraints in Eq. 1. § is a scaling
factor to adjust the distance

= Calculate the spherical
coordinates for the final pose

10 Jxe, = [lpe

a,, = atan2 (Pei,ylpei,x)

pe'
6, = cos™* (J
Xe,

i++
end

= Increment i

where r € R is the distance between the coil position and the
fenestration. The functional workspace of the coil is defined as
a magnetic field (B(p) € R?) at any point (p € R?) in space
wherein a magnetic interaction occurs between the guidewire
dipole and the field. This dipole will experience a wrench (W, €
R %) within this field:

wl _ V(,LLTB([)))

, 2
TM X B(p) @

where F,, € R? is a force and T, € R? is a torque component.
Specifically, the coil should be perpendicular to the deflection
axis of an axially-magnetized guidewire tip, resulting in maxi-
mum torque [24]. Finally, the coil position should respect any
VSB vertices around the arteries. The VSB constraint is applied
to ensure that the coil does not collide with the 3D model, as
explained in Algorithm 1.

Reference frame transformations are calculated within the
virtual clone, as depicted in Fig. 2. In accordance with the
kinematic constraints of the robotic system, the virtual clone
software then calculates trajectories between each target.
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D. Perioperative Procedure

The perioperative procedure, as depicted in inset of
Fig. 2, involves first the automatic positioning of the coil,
followed by shared control by an operator and surgeon. Shared
control is established to drive the guidewire’s bending (a change
in the curvature) and its rotation about the axis perpendicular to
its longitudinal axis. The operator uses the haptic interface if the
end-effector needs to be adjusted. If, at any time, the movement
of the robot violates the established VSB constraints, force
feedback maintains constraint compliance [25]. In this case, the
end-effector velocity (V. € R?)between the start and end points
of the end-effector position (p. € R?) in frame {F} is used to
compute the joint velocities (4 € R'*7). The calculation of joint
velocities is performed employing an inverse kinematics method
in conjunction with the manipulator Jacobian (J € R7*7):

a=J"V.(p.). 3)

The Jacobian is damped using the damped pseudo-inverse [26],
(J"), defined by:

I =TT+ )
where p is the damping coefficient and I € R™*7 denotes
the identity matrix. Upon activation of the coil, the magnetic

guidewire is deflected and the fenestration is entered.

III. EXPERIMENTS

This section presents the development steps to test and val-
idate the system in a human-in-the-loop phantom case study.
Furthermore, the performance and intuitiveness of the magnetic
navigation system are evaluated, focusing on its ability to reduce
intervention times.

A. Guidewire Prototype Test

To calculate the force required to achieve the desired de-
flection, we consider the magnetic properties of the guidewire
magnets, guidewire tip flexibility, the magnetic properties of
the coil, and the distance between the coil and the guidewire.
In this study, the magnetic dipole should be aligned with the
longitudinal axis to optimize the bending torque (T',) of (2) for
controlled fenestration navigation. We alter a commercial 32 in
(0.81 mm) diameter J-tip guidewire (RadifocusT Guide Wire M
Standard, Terumo Corp., Japan) by designing and integrating a
magnetic tip (Fig. 3(a)) using finite element method software
COMSOL Multiphysics (v5.5, COMSOL Inc., USA) [27]. The
tip is optimized for minimal length while maintaining a fixed
diameter of 2 mm and five Neodymium magnets (Supermagnete,
Gottmadingen, Germany). The flexibility of the guidewire is
constrained to be greater than 20°. The final design, with a
tip length of 10 mm, shows a significant reduction in length
compared to previous designs [28], [29]. The tip is coated
with silicone rubber compound (Dragon SkinTM 20/0,9 kg,
FormX, Amsterdam, the Netherlands) to ensure alignment of
the magnets’ dipoles. The angle of curvature is measured by
fitting a circle to the curved portion of the guidewire and cal-
culating the angle subtended by the arc. Furthermore, the field
required to displace the tip from a fixed position is measured
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Fig. 3. Proof-of-concept design and validation: (a) The magnetic guidewire
tip is designed based on Table II. All units are expressed in mm. (b) A virtual
clone of the spherical end-effector and mock-up artery, visualizing its frame
({F}), pose with coordinates (z¢, ¢, and ¢ ), where z. is the radial distance,
0. is the polar angle, and a. is the azimuthal angle. (c) Validation of the system
calibration and guidewire efficacy. (d) End-effector safety margin validation. The
end-effector is moved towards the phantom (from () to (B)) along a distance
(zm) and removed at (©).

using a three-axis teslameter (3MH3A-500MT Senis AG, Baar,
Switzerland).

A preliminary experiment assesses the interaction between
the magnetic guidewire and coil’s magnetic field (Fig. 3(b) and
(c)). The end-effector’s maximum linear and angular velocity
is setto Ve(pe) = 0.02 m/s and w, = /90 rad/s, respectively,
for safety reasons. The empirical virtual interaction force con-
straint is 4 N (Fig. 3(d)). A 3D-printed mock-up artery with six
pre-defined angles is used to mimic channels with +45°, £90°,
and +135°orientations in horizontal and vertical planes. VSB
constraints are validated to avoid collision with the phantom.

B. Guidewire Navigation Experiment

The system is first tested for CT compatibility since artifacts
may affect the accuracy and quality of the CT images. To address
this concern, the coil is directly positioned below the C-arm in a
hybrid OR (Fig. 4) (TechMed Centre, University of Twente, En-
schede, the Netherlands) and turned on. A technician (Siemens
Healthineers) evaluated these images and confirmed that no ar-
tifacts would hinder the surgeon’s workflow. A silicone-printed
Abdominal Regional model based on actual patient CT data is
used to conduct a mock-up instrumentation of the side branches
of the aorta. The system is then positioned and calibrated us-
ing pre-determined landmarks of the phantom. Using the Artis
Pheno software, a 2D X-ray image of the projected landmark
pattern is then aligned with the corresponding points in the 3D
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The mobile Flux One system in a hybrid operating room (OR): (a) A liquid-cooled electromagnetic end-effector for magnetic guidewire deflection. (b)

Congestion around the imaging table. Green: sterile, red: anesthesia, purple oval: circulatory nurse, red oval: anaesthesiologist, and yellow: radiation shields. (c)
CT scanner for pre-operative planning and intra-operative guidance. (d) A monitor relaying real-time fluoroscopy images and the system status. (e) Four separate
interfaces: (i) a wireless knob for navigating the guidewire tip; (ii) push buttons for positioning the robotic end-effector; (iii) a touch screen for operator interaction
and clinical tasks; (iv) an Omega.6 haptic device for real-time coil positioning. Please refer to the accompanying video that describes the experimental setup and

results.

scan. This registration process establishes the transformation
matrix that maps the robot’s reference frame to the phantom
anatomy, enabling the robot to perform tasks opposite the correct
arteries. The flow rate for the cooling system is set to 9.2 liters
per minute to ensure a stable surface temperature (45 °C) of
the coil.

A vascular surgeon with 20+ years of experience (Medisch
Spectrum Twente, Enschede, the Netherlands) performs
guidewire navigation using traditional (Case 1) and magnetic
(Case 2) guidewires. The phantom targets include the coeliac
artery and its branches, the superior mesenteric artery, the left
renal artery, and the contralateral common iliac artery. The
surgeon is requested to randomize the targets, to ensure no en-
sure minimal learning or familiarity with the procedure. Eleven
participants (mean age 25 years, six male and five female) with
no prior experience with human-machine interfaces (18% left-
handed) are enrolled in Case 2. The duration of each intervention
is recorded. System usability is then assessed with a System
Usability Scale (SUS) and a User Experience Questionnaire
measuring attractiveness, perspicuity, efficiency, dependability,
stimulation, and novelty. Experiments are conducted between
July and August 2022.

IV. RESULTS & DISCUSSION

This section presents the validation study results concerning
the potential of the system to reduce intervention times. It
discusses the impact of magnetic navigation on the field of
guidewire navigation for stent implantations.

A. Case Study Comparison

The surgical procedure is initiated using a traditional
guidewire. However, it encountered difficulties due to its inabil-
ity to reach target 4 (the superior mesenteric artery). To over-
come this challenge, an additional guiding catheter is employed.

All surgical targets are eventually reached during Case 1. The
surgeon switched to the magnetic guidewire during the second
procedure (Case 2) and successfully reached all targets without
further interruptions or needing an additional guiding catheter.
Target 4 demonstrates the most significant difference, with an
average time of 22.7 s to be reached in Case 2, compared to 73 s
in Case 1, reflecting a time reduction of 69%. The full-time
procedure for each operator is shown in Fig. 5. In Case 2,
procedure times are short, ranging between 11 and 37 s per
target.

B. User Experience

Data collected from interviews are analyzed to identify pat-
terns and themes related to the usability of the Flux One sys-
tem. The System Usability Scale (SUS) and User Experience
Questionnaire (UEQ) are utilized to collect operator ratings on
various aspects of the system. The SUS comprises 10 questions
on a 5-point Likert scale, while the UEQ includes 26 questions
on a 7-point Likert scale. A composite SUS score is calculated
from operator responses, providing an overall assessment of the
system’s usability. A total of 432 responses are analyzed and
compared with interview data to determine system usability and
overall satisfaction.

C. Main Findings and Limitations

By employing magnetic theory and a 7-degree-of-freedom
(7DoF) semi-autonomous control system for surgical instru-
ments, the handling time of guidewires during surgical proce-
dures was reduced by 47% compared to traditional manual meth-
ods. The use of this system demonstrated high reliability with
no recorded adverse events. The reduction in guidewire handling
time achieved with this system is comparable to that achieved
with the Magellan (37%) and CorPath (24%) systems [30]. The
Flux One system scores well on efficiency, usability, and overall
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Fig. 5. (a) In this case study, a vascular phantom is used to represent several
targets (D—(@), to which a guidewire should be navigated. (b) A surgeon navigates
a conventional guidewire manually (Case 1). (c) The Flux One system assists
with navigating a magnetic guidewire (Case 2). (d) Comparison of total proce-
dure times for reaching all targets. Green indicates the teleoperated durations
of each operator relative to the surgeon. Black-shaded regions are taking the
autonomous robot motion time during automatic positioning into account.

user experience with amean SUS score of 80%. Compared to our
previous work [18], the system is considered more intuitive in
control by a surgeon, lightweight, and designed to be integrated
with conventional ORs. Positive feedback from operators with
no prior medical or robotics experience indicates the system’s
ease of use and user-friendly interface design. Interviews suggest
the need for a smaller system footprint. The system can improve
surgical efficiency and patient outcomes by reducing mental
workload and handling times. The shared control framework
enables the surgeon to make informed decisions, addressing
the problem of insufficient haptic feedback, and is valuable
in complex or high-risk procedures. Previous studies support
the use of autonomous and hands-on modes, where the former
prioritizes accuracy and repeatability and the latter enables
shared control between surgeon and robot while allowing for
virtual constraints for added safety [31]. By prioritizing the
human-in-the-loop factor, we can ensure that the surgeon is
still an integral part of the procedure and that their craft and
judgment are valued. The Flux One system’s calibration method
is limited to immobile patients, requiring new tracking methods
if the patient is repositioned during the procedure. The effective

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 8, NO. 9, SEPTEMBER 2023

DoF of the system is the manipulator and coil (7DoF) and the
push-pull capabilities of a surgeon (I1DoF) that controls the
guidewire in two bending planes (2DoF). The coil has limita-
tions in working only along its X-axis. However, this simplifies
control, especially for inexperienced surgeons. Moreover, the
haptic interface allows the operator to make minor adjustments
to the coil pose for additional control in case of potential
misalignments.

D. Impact on Healthcare

We believe this system would be most helpful in hybrid ORs,
thereby maximizing the benefits of the procedure in reduced
time for the patients [32]. These rooms contain technologically
advanced fluoroscopy and OR equipment. They also offer the
ability to transition from MIS to open surgery if the situation
requires it. The system is also suitable for use in conjunction
with flexible tools embedded with magnetic particles, such as the
magnetic soft continuum robots presented in Wang et al. [33] and
Dreyfus et al. [34] and for untethered applications, such as cap-
sule colonoscopies explained by Pittiglio et al. [35] and Norton
etal. [36]. They exhibit similar diameters and magnetic strengths
as the guidewire presented in this study. The system improves
precision and dexterity in guidewire placement, reduces faulty
assessments of vascular anatomy using pre-operative software,
and accelerates stent implantations. This decreases failures,
shortens intervention durations, and minimizes readmissions,
resulting in improved intervention effectiveness for clinicians. In
particular, mitigating CT exposure is crucial for reducing patient
radiation dose. The system is designed to precisely navigate
the guidewire to the appropriate location, reducing the need
for repeated imaging and subsequent exposure. In addition,
according to surgeon interviews, the system can potentially
reduce the number of X-ray slices, as the surgeon does not
have to validate the correct path to reach a fenestration con-
stantly. Further quantification of this ability is needed for future
studies.

V. CONCLUSION & FUTURE WORK

This study introduces a magnetic navigation system with a
7DoF robot arm and electromagnetic navigation tool that can
reduce guidewire navigation times by 47%. User experience
was evaluated through a questionnaire and interviews, showing
positive results. The system follows a human-in-the-loop frame-
work, allowing surgeons to remain active during the procedure,
utilizing their expertise and judgment. The proposed frame-
work will be expanded to incorporate real-time adjustments
based on human operator feedback. Visual or auditory cues
will be explored to enhance operator perception and improve
performance. Moreover, non-invasive imaging techniques that
provide high-resolution tissue structure images would enable
surgeons to better understand anatomy for improved navigation
and navigation safety in guidewire interventions. The integration
of these advances is expected to expand the field of vascular stent
implantation, making them safer and more efficient than current
practices.
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