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The ARMM System - Autonomous Steering
of Magnetically-Actuated Catheters: Towards

Endovascular Applications
Christoff M. Heunis , Yannik P. Wotte, Jakub Sikorski , Guilherme Phillips Furtado , and Sarthak Misra

Abstract—Positioning conventional endovascular catheters is
not without risk, and there is a multitude of complications that
are associated with their use in manual surgical interventions. By
utilizing surgical manipulators, the efficacy of remote-controlled
catheters can be investigated in vivo. However, technical challenges,
such as the duration of catheterizations, accurate positioning at
target sites, and consistent imaging of these catheters using non-
hazardous modalities, still exist. In this paper, we propose the
integration of multiple sub-systems in order to extend the clinical
feasibility of an autonomous surgical system designed to address
these challenges. The system handles the full synchronization of
co-operating manipulators that both actuate a clinical tool. The
experiments within this study are conducted within a clinically-
relevant workspace and inside a gelatinous phantom that rep-
resents a life-size human torso. A catheter is positioned using
magnetic actuation and proportional-integral (PI) control in con-
junction with real-time ultrasound images. Our results indicate an
average error between the tracked catheter tip and target positions
of 2.09 ± 0.49 mm. The median procedure time to reach targets
is 32.6 s. We expect that our system will provide a step towards
collaborative manipulators employing mobile electromagnets, and
possibly improve autonomous catheterization procedures within
endovascular surgeries.

Index Terms—Medical robots and systems, surgical robotics:
steerable catheters/needles, surgical robotics: planning.

I. INTRODUCTION

S TEERING and positioning a catheter in target vessels dur-
ing endovascular surgery is a challenging task [1]. In partic-

ular cases, standard interventions for endovascular repair involve
high-risk complications, which can lead to unnecessary trauma
during insertion [2]. Moreover, the accuracy of steering is highly
dependent on the abilities of a clinician. A typical endovascular
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Fig. 1. The Advanced Robotics for Magnetic Manipulation (ARMM) system
in a clinical setting. The system is envisioned to employ magnetic actuation to
assist clinicians during endovascular interventions. Two manipulators respec-
tively actuate an electromagnetic coil A©, and an ultrasound transducer B©. An
automated catheter insertion device C©, inserts catheters into an arterial phantom
model D©, fabricated from computed tomography (CT) images. The poses of all
objects are tracked in real-time using a motion capture system E©.

intervention would involve the insertion of a catheter in the groin
to access the heart or important arterial branches [3]. The catheter
is, in most cases, tracked by utilizing X-ray imaging facilitated
by the injection of contrast material, which discriminates the
catheter from the arterial tree [4]. Despite its convenience, X-ray
imaging causes additional safety risks due to the prolonged
exposure of both patients and clinicians to ionizing radiation.

This brings to light two main complications in the clinical
room, which are the limited diversity of actuation methods of
surgical instruments, and the real-time visualization of such
instruments in a hazard-free environment. Actuating surgical
instruments by robotic and computer-aided means have expe-
rienced two major evolutions in the past decade. First, novel
actuation methods, including the use of magnets for surgical
instrument actuation, have advanced the endovascular industry
in critical ways [5]–[8]. Next, when compared to human-in-
the-loop actuation of surgical instruments, multiple serial-link
robotic actuators (manipulators) have shown to offer decreased
labor costs, a greater range of motion of instruments, and im-
proved ergonomics for the clinician [9]–[12]. To support this
notion, we have developed a novel and highly versatile system
for the magnetic actuation of surgical instruments (Fig. 1).
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The Advanced Robotics for Magnetic Manipulation (ARMM)
system employs, amongst others a single, cored electromagnetic
coil attached to a 6 degree-of-freedom (DoF) manipulator arm,
which can be used to generate codirectional, prescribed magnetic
fields and forces with independently controlled magnitudes [13].
Similar studies have been conducted on the remote steering of
magnetic catheters. Charreyron et al. demonstrated a proof-of-
concept for delivering drugs to precise locations inside the retina
using a magnetic microcatheter [14]. The positioning accuracy
of their system was limited by the workspace illumination con-
ditions. Jeong et al. proposed a magnetically steerable guidewire
using Helmholtz coils [15]. The guidewire was steered inside a
phantom with five different arterial branches. Finally, a similar
mobile electromagnetic coil system has been introduced that
enables motion control of a magnetic catheter inside three-
dimensional (3D) printed channels [16].

While the aforementioned studies have indicated a con-
siderable amount of success in steering magnetic catheters,
these tests were either executed within non-anthropomorphic
mock-ups [16], or using computationally expensive mechanical
models for catheters [15]. Furthermore, while accurate position-
ing of catheters has been reported to be between 1.9± 0.40 mm
and 4.18± 1.76 mm under electromagnetic guidance, these
studies have presented simplified scenarios in highly-controlled
environments and small (<20× 30× 50 cm3) workspaces that
deviate from clinically-relevant sizes [5], [17]. Finally, sim-
ilar actuation systems have been designed to steer catheters
at system bandwidths of 10–20 Hz [8]. This especially influ-
ences the duration of catheterization procedures, as indicated
by Manstad et al., who reported median durations of between
34.5–41.5 s for steering catheters to in vivo target sites [18].
To the best of our knowledge, no report has been found so far
that demonstrates the integration of multiple surgical systems
that operate autonomously at a higher bandwidth to achieve
similar accuracies or durations. In this paper, we demonstrate
that magnetic catheters can be autonomously actuated in a
clinically-relevant environment. We achieve this within a larger
workspace than that of the aforementioned studies, in a volume
of 9 m3. This environment includes a phantom with pulsating
fluid flow, feedback from US images of the catheter tip, and
two collaborative manipulators. We implement a simple, yet
time-efficient approach that does not require an explicit model of
the catheter mechanics. The catheter tip is controlled at a stable
30 Hz to reach targets provided by an end-user, and a US-based
template matching algorithm.

This paper is organized as follows: Section II describes the
serial-link manipulators and apparatus used in the ARMM sys-
tem. Our gelatin phantom model, catheter insertion device, and
magnetic endovascular catheter design are explained. This is
followed by the control algorithms for magnetic actuation, as
well as an outline of the path- and trajectory planning of the
catheter tip and manipulators in Section III. In Section IV,
we demonstrate the closed-loop control of the catheter in a
clinically-relevant environment, followed by the results and a
discussion of these results. Section V concludes this paper and
provides directions for future work.

II. ADVANCED ROBOTICS FOR MAGNETIC MANIPULATION

This section describes the apparatus used in the ARMM
system. The implemented methods result from two phases:
pre-operative planning of a patient-specific arterial model, and
intra-operative surgery involving catheterization.

A. The ARMM Manipulators

The ARMM system consists of two serial-link manipulators
(Models UR5 and UR10, Universal Robots, Odense, Denmark).
These manipulators employ a native interface of both manip-
ulators to communicate with their own embedded controllers.
These controllers execute the movement of the manipulators
upon receiving a pose command, expressed as a set of joint
velocities. A linear US L14-5 transducer (SonixTouch Q+, BK
Medical, Quickborn, Germany) is mounted to the UR5 (here-
inafter referred to as ‘RobUltra’). The UR10 (referred to as
‘RobARMM’) carries an electromagnet capable of generating
prescribed magnetic fields and gradients at the point of interest.
The effective workspace of the ARMM system can be approxi-
mated by a sphere with a radius of 783 mm, though positioning
the coil at a safe distance of 50 mm using RobARMM could
allow for a maximum spherical workspace radius of 1300 mm.
As the coil should be positioned outside the human body, we
assume that the catheter is located between 50 mm and 200 mm
away from the coil at any instance during the intervention. The
coil can generate fields of at least 20 mT and gradients of more
than 0.6 mT/mm, similar to the ones used in previous studies on
magnetic catheters as discussed in our previous work [13].

B. Magnetic Actuation of Flexible Catheters

Magnetic interaction occurs between two principal agents: the
dipole (m ∈ R3) attached to the actuated device and the field
(B(p) ∈ R3) at a point (p ∈ R3) [19]. The magnetic catheter
implemented within the ARMM system is actuated by varying
the current supplied to the external electromagnetic coil. The
current supply to the coil is controlled and amplified using
a XenusPlus EtherCAT (XEL-230-40, Copley Controls, Can-
ton, USA) amplifier. The actuated instrument is a commercial
coronary guide catheter (Sherpa NX Active, Medtronic, Min-
neapolis, United States, diameter: 2 mm, length: 500 mm). The
catheter shaft consists of low-density polyethylene (HDPE) with
a stiffness of ±1.5 N·m/rad and a hydrophilic surface coating to
provide a smooth, low-friction surface. Five cylindrical magnets
(NdFeB, diameter: 2 mm, length: 2 mm) are embedded in its tip.

A catheter insertion device (CID) is designed to continuously
feed or retract catheters with sizes ranging from 3–34 Fr into
the port of entry, such as an incision in the groin. The shaft
of the catheter is gripped between a gear and bearing structure,
and fed through a tube by a servo motor (MX-64AR Dynamixel,
Robotis, South Korea). The insertion is done linearly with speeds
ranging between 1.3–6.4 mm/s.

C. Arterial Phantom Model Fabrication

An anthropomorphic phantom model of the human abdom-
inal arteries is fabricated from raw pre-operative computed
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Fig. 2. The fabrication process of the arterial phantom model. (a) Axial (A), sagittal (S) and coronal (C) views of a segmented scan of a male torso are extracted
directly from computed tomography (CT) slices. Everything other than the vasculature of interest (green) has been masked. (b) The scan is then prepared as a mesh
object in Meshlab (Visual Computing Lab, Pisa, Italy), and registered within the phantom reference frame ({V}), before transformed to the global reference frame
({G}). (c) The point-cloud dataset (C ∈ Rm×3), where m is the number of datapoints (40,212). (d) The final stereolithography (SLA) 3D-printed model, before
being submerged in gelatin.

tomography (CT) data (Fig. 2(a-d)). CT slices of a 62-year old
anonymous male torso (Medisch Spectrum Twente, Enschede,
The Netherlands) are converted to a mesh object (Meshlab,
Visual Computing Lab, Pisa, Italy), and imported to computer-
aided design (CAD) software (Solidworks, Dassault Systemes,
Tennessee) for editing. For our experiments, the external, inter-
nal and common iliac arteries through to the descending aorta
are 3D-printed using stereolithography (SLA) and submerged in
a mix of chemical gelatin and diluted water (80 g/L). Pulsating
fluid flow is simulated through the arteries using a peristaltic
pump (ISM 404, Ismatec, Wertheim, Germany). This fluid
consists of a mixture of water, water-soluble silicone oil, and
glycerin, which has been proven to approximate an appropriate
sonographic appearance of blood flow in US images [20].

The reconstruction accuracy of the fabricated model is es-
timated by registering four known landmarks to a point-cloud
dataset (C ∈ Rm×3) of the virtual arteries. These landmarks
are registered in the ARMM workspace using an Optitrack
Flex13 motion capture system (NaturalPoint Inc., Corvallis,
USA). Next, the closest-point distances between the mesh
vertices and points are measured in a mesh editing software
(CloudCompare V211, EDF R&D, Corsica, France), resulting
in a mean distance of 0.75 ± 0.08 mm. Finally, the trans-
formation matrix between the point-cloud and the fabricated
model is determined through an iterated closest point (ICP)
algorithm [21]. US image acquisition is implemented during
both the pre-operative and intra-operative phases to assist with
US transducer calibration, 3D reconstruction, and catheter tip
tracking. Cross-section brightness scans (B-scans) are acquired
at a rate of 30 Hz, while 2D images (size 45× 90 mm) are
captured at a 10 MHz central frequency with a focus depth of
20−40mm and a maximum depth of 90 mm. The US transducer
is rigidly connected to the RobUltra end-effector, which enables
us to know its exact relative pose within the phantom reference
frame ({V}), and global coordinate frame ({G}) (Fig. 2(b)).
Reconstructing the phantom volume is done after extracting 2D
images that geometrically correspond to the printed model on a
precalculated trajectory. A 3-axis force sensor (K3D40, Mesys-
teme AG, Henningsdorf, Germany) is connected between the
US transducer holder and the RobUltra end-effector. This allows
us to control the desired contact force between the transducer
surface and the phantom [22]. A series of volume pixels from
binary US images are used as coordinates on a new point-cloud
dataset [23]. The pose of RobUltra allows us to determine the

3D offset with respect to the phantom reference frame. We
employ the aforementioned ICP method for determining the
reconstruction accuracy of the US images, resulting in an overall
mean error of 0.85 ± 0.56 mm. Finally, a 3D volume of the
phantom is displayed on an interactive screen that allows the
operator to select any target region, or 3D points of interest,
within the phantom, with sub-millimeter precision.

III. CONTROL OF THE ARMM SYSTEM

In this section, we present the workflow as it occurs chrono-
logically through the operative phases. We start by explaining
the pre-operative US acquisition phase, followed by the path-
planning of the catheter tip and the manipulators. Finally, the
control strategy for the manipulators during the intra-operative
phase is explained.

A. Ultrasound Reconstruction Using Hybrid Control

When the transducer travels along a trajectory on the phantom,
we implement hybrid force-position control with a force of 2
N, in order to produce clear US images [24]. In the case that
the transducer follows a trajectory in space, position control is
used. Let us consider the tool pose of RobUltra, expressed as a
position (pu ∈ R3) and angle-axis orientation (θu ∈ S3). The
trajectory of the tool of the RobUltra end-effector is provided
by a set of via-points (i : 1 → n). We implement a modulated
proportional-integral (PI) position-force and modulated propor-
tional (P) orientation controller to realize a trajectory for this
point, moved along the gelatine surface. Each point is reached
with end-effector velocity (Ve) provided by

Ve = Vd

(
1− e−|E|/R

)
Ê+ e−|E|/R5

(
I

∫ ∞

0
Edt

)
, (1)

where Vd is the maximum tool velocity, E ∈ R3 is the position
error between pu,i and pu,i+1, and R is a threshold for the
stopping region. The term (1− e−|E|/R) ensures continuity to
avoid possible control artifacts caused by measurement noise.
The end-effector orientation is described by two unit vectors
(q̂6,z ∈ R3 and q̂6,y ∈ R3) which denote the z and y-axes of
joint 6 of RobUltra. The desired angular velocity (ωe ∈ R3) to
minimize angular errors (θz and θy) in order to reach the final
target orientation is given as follows:

ωe = ωz

(
1− e−|θz |/γ

)
ω̂z + ωy

(
1− e−|θy |/γ

)
ω̂y, (2)
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Fig. 3. A path consists of a set of 3D via-points (pn) for the catheter tip position (pc). We calculate the desired positions of the coil center point (pm) and of the
ultrasound (US) transducer point (pu), as well as their respective distance vectors (xm) and (ru) to the catheter tip. (a) The xz-plane of the via-points showing
target points (pi) for n targets. This allows for calculating the direction vector (vi) of a via-point (i+ 1), and its normal vector (ui+1) to derive the angle (αi).
(b) Similarly, the direction vector (mi), and its normal vector (ni+1) to the closest surface point are calculated to derive the inclination angle (βi). (c) The angle
(αi) is used to calculate the rotation angle (ϕi) of the transducer at a target point (pi). The offset vector (ru,i) is calculated by the minimum Euclidean distance
between these points. (d) The 2D catheter tip position is detected using a template-based detection algorithm. RobARMM (Universal Robots, Odense, Denmark) is
positioned using spherical coordinates, where we define θm to be the azimuthal angle in the xz-plane from the x-axis and φm is the polar angle, from the positive
y-axis. 2D US images are used to magnetically deflect the tracked tip (denoted by c) to the target via-point (denoted by i) by minimizing the error of the distance
(dic) between these two points.

where ωz and ωy are the maximum angular velocities of q̂6,z

and q̂6,y . The constant (γ) is analogous to R in (1). Provided
the current (θc

u) and desired (θi
u) end-effector orientation, the

desired angle (θz) and angular velocity (ω̂z) are given by

θz = arcsin (|q̂c
6,z × q̂i

6,z|), (3)

ω̂z =
q̂c
6,z × q̂i

6,z

sin(θz)
. (4)

Calculating θy requires a rotation matrix for a rotation by an
angle (θ) about the unit vector (k̂), which yields

θy = arcsin |(Rk(θz, ω̂z)q̂
c
6,y)× q̂i

6,y|, (5)

ω̂y = RT
k (θz, ω̂z)

(Rk(θz, ω̂z)q̂c
6,y)× q̂i

6,y

sin(θy)
. (6)

Finally, PI-force control between the transducer and phan-
tom surface is implemented. Direct contact is ensured using a
setpoint velocity (V(t)) defined by

V[k] = Kpfe[k] +KiV[k − 1], (7)

where the proportional gain (Kp) and the integral gain (Ki)
are empirically determined to be 0.5 and 0.7 respectively, k
describes the discrete time index, and fe = (fd − ft) is the force
error between the desired (d) and actual (t) tool forces, measured
by the force sensor. For hybrid force-position control, we select
the velocity component of the end-effector perpendicular to the
gelatin surface (i.e. aligned with the x-axis of the transducer
(Fig. 3), frame {U}) to be controlled by force-control. The
position error (E) of (2) becomes

E|| = E− x̂ · (x̂ ·E), (8)

where E|| is the position error component parallel to the sur-
face and x̂ is the unit vector perpendicular to the surface.
Finally, we traverse the generated trajectories with specified
joint velocities—that is, we provide the resultant end-effector

velocity as an input to the manipulator. Using the task velocity
in (1), joint velocities (q̇) are computed from the manipulator
Jacobian (J ∈ R6×6) inverse approach, satisfying

q̇ = J†Ve(pu). (9)

J† denotes the damped pseudo-inverse of J, given by [25]:

J† = JT(JJT + ρ2I)−1, (10)

where ρ is the damping coefficient and I ∈ R6×6 is the iden-
tity matrix. Furthermore, we optimize the control parameters
before executing experiments by simulating a dynamic model
of RobUltra inside a virtual robot experimentation platform
(V-REP) API framework (BlueZero, Blue Workforce, Aalborg,
Denmark).

B. Intra-Operative Control

During the intra-operative phase, an end-user is required to se-
lect the final target point for the catheter tip within the phantom,
the point-cloud of the anatomical part, as well as the distance
(lmax) between the via-points (Algorithm 1). As such, paths
for the catheter tip are generated a priori to allow the catheter
to reach its final target position (pd ∈ R3) inside the vessel
volume. For our experiments, we implement a path planner that
returns a matrix composed of 3D target points (pn ∈ Rn×3).
This is done for n target points, each at the centroid of the
surrounding artery. The resulting targets can be used as either a
final target for the catheter tip or via-points (pi ∈ R3) between
the insertion point and end-point, to generate trajectories for the
manipulators.

Following this, we geometrically determine, for each via-
point, the US transducer pose, described as an axis-angle rotation
vector. We aim to position the transducer such that its center
point coincides with the shortest distance vector between the
desired via-point of the catheter tip, and the point of contact
on the surface. Furthermore, it should be rotated to provide a
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Fig. 4. Deriving the ultrasound (US) transducer pose from the point-cloud set: (a) Once a 3D target for the catheter tip is known, a 3 mm thick computed
tomography (CT) slice is extracted at the z-offset. (b) The 2D view of the extracted slice, with the artery masked in green, and the surrounding soft tissue in
pink. (c) The anatomical parts of interest are converted to an interactive 3D point-cloud set (d) The corresponding 2D point-cloud representation is a result from
combining xyz-datapoints at each target in a 2D CT slice. This slice is used to determine the transducer center point (pu) by calculating the minimum distance
(yellow arrow) from the surrounding points (pink) to the catheter tip target position (pi). The maximum US image width (Sx) and depth (Sy) is approximated by
a planar workspace of 90× 45 mm. Furthermore, the region of interest (ROI) is denoted by a bounding box with upper-left corner xy-position (tp), width (wr)
and height (hr).

true axial cross-section of the artery that is perpendicular to the
vector between each via-point [26]. Thus, we again consider
the point (pu), moving to a terminal point (pu,i) from the
previous via-point (pu,i−1). Specifically, let ru,i ∈ R3 be the
distance vector between the transducer point (pu,i) and the target
point (pi). Using a closest-point detection algorithm on the 3D
point-cloud dataset, we calculate the shortest distance between
this target point, and the surrounding boundary xy-coordinates
of the phantom surface. Then we derive the angle (Fig. 3(a))

αi =
pi+1,x − pi,x√

(pi+1,x − pi,x)2 + (pi+1,z − pi,z)2
, (11)

to get the rotation angle (Fig. 3(c))

ϕi = π/2− αi. (12)

The transducer inclination angle (βi) (Fig. 3(b-c)) is calcu-
lated similarly to (12). In our case, the phantom surface is
assumed to be level, such that, for βi = 0, the axis-angle rotation
for the transducer (θu,i) is calculated as

θu,i = −vu,iR
U
VR(βi,ϕi), (13)

where R(βi,ϕi) ∈ SO(3) is the input 3D rotation matrix and
RU

V is the rotation between the phantom and transducer frame.
Furthermore, when the offset vector (ru,i) is known, we derive
vu,i using [27]:

vu,i = ru,i cos(ϕi) + (k× ru,i) sin(ϕi)

+ k(k · ru,i)(1− cos(ϕi)), (14)

where k ∈ R3 represents the rotation vector (the x-axis of the
transducer).

C. Ultrasound Image Template Matching Algorithm

Once the user defines a catheter target at a known offset on the
phantom surface (Fig. 4(a)), the via-points for both the catheter
and transducer are calculated. To establish proper insertion con-
trol, the catheter tip has to be tracked in the US images. Hence,
we implement an OpenCV (version 3.4.8) image processing
library to detect and track the catheter tip in each US frame
of interest. The anatomical parts of interest can be masked and
converted to a point-cloud dataset (Fig. 4(b-c)). Algorithm 2 and
Fig. 4(d) describe a dynamic masking algorithm that provides,
for each via-point, the region of interest (ROI) bounding box,
based on the surrounding vessel geometry and the catheter target.
The box parameters (Mn) are used to crop the US slice, which
provides the tracking algorithm with a smaller range of pixel
coordinates. Once the first via-point has been reached by the
transducer, the catheter insertion begins. The tracking process
is illustrated in Fig. 5(c) and occurs as follows:

1) Match the cropped image with the user-defined template
using the Pearson Correlation Coefficient method [28] (I);

2) Normalize the resulting proximity map (II);
3) Find the global minimum array elements and return their

coordinates (III);
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Fig. 5. Block diagram of the experimental setup: (a) During the pre-operative phase, an anatomical model is converted from a computed tomography (CT) scan
to an interactive point-cloud dataset (C ∈ Rm×3). (b) During intra-operative planning, a user selects target locations, which are fed to the path planning algorithm
(Algorithm 1), the region of interest (ROI) algorithm (Algorithm 2) and the actuation algorithm (Algorithm 3). (c) The setup shows the gelatine phantom model
1©, with both manipulators ( 2© UR5 (RobUltra) and 3© UR10 (RobARMM), Universal Robots, Odense, Denmark) in their initial configurations. The catheter

is inserted using the catheter insertion device (CID) 4©, while its tip can be either recognized or tracked on images obtained from the US transducer 5©. The
transducer is controlled using a force-position hybrid controller with the aid of a force sensor (K3D40, Mesysteme AG, Henningsdorf, Germany) 6©. A peristaltic
pump 7© simulates blood flow within the phantom. Please refer to the accompanying video that describes the experimental setup and results.

The returned pixel coordinates are then the matched template
coordinates. In the case where the catheter merely has to be
detected in order for autonomous insertion to continue, the
template matching algorithm can be adapted to a detection
algorithm by means of pixel intensity comparisons [29]. Each
pixel coordinate (sp ∈ R2) in the US slice is transformed to a
corresponding location (sv ∈ R2) in the coordinate frame {V}.
Finally, the catheter is deflected to the prescribed target using
the ARMM magnetic actuation strategy.

D. ARMM Actuation Strategy for Flexible Catheters

In order to magnetically actuate an instrument, the ARMM
system requires knowledge of the RobARMM end-effector pose,
the magnetic field (B(p) ∈ R3) generated by the electromag-
netic coil, as well as a point on the catheter tip (pc ∈ R3), at
which the magnetic dipole (m ∈ R3) attached to the instrument
is located. Our actuation strategy (Algorithm 3) is to orient the

coil so that p = pi is coincident with the coil symmetry axis
(ZC ∈ R3 : ||ZC || = 1) at all times [13]. We can express the
magnetic field at pi as

B(pi, Im) = ZCB(xm, Im), (15)
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TABLE I
THE RESULTS OF THE 10 EXPERIMENTS, WHEREIN THE CATHETER IS INSERTED INTO THE ARTERIAL PHANTOM, AND DEFLECTED TO PRESCRIBED 3D TARGETS.
THE RED BOUNDING BOXES INDICATE THE RECONSTRUCTED REGIONS OF INTEREST (ROIS) FOR EACH TARGET. THE STARTING OFFSET BEFORE DEFLECTION IS
SHOWN. NEXT, THE INSERTION LENGTH OF THE CATHETER AT THE TARGET AND THE CUMULATIVE EXECUTION TIME TO REACH THE REGION ARE INDICATED.

THIS IS FOLLOWED BY THE ACCURACY (AVERAGE DISTANCE BETWEEN THE TARGET AND THE CATHETER TIP), AND THE STANDARD
DEVIATION (σ) OF THE ACCURACY.

where Im ∈ R is the current input to the electromagnetic coil,
xm ∈ R+ is the distance from the dipole (on the catheter tip
position) to the face of the coil, and B(xm, Im) is the scalar
value of the magnetic field along the coil symmetry axis.

We aim to influence the bending of the catheter by applying
the external magnetic wrench, such that its tip moves towards the
desired location. With a prescribed offset distance, the coil pose
with respect to the catheter tip frame is expressed in spherical
coordinates (sm =

[
xm θm φm

]
), defined as shown in Fig. 3.

We account for the distance (dic) between the desired (pi(z, y))
and actual (pc(z, y)) catheter tip positions using a linear PI-
controller on the electromagnetic coil current, with feedback
provided by the US images.

To account for sudden position jumps, a filtered distance
(df,k) between two points is obtained by the application of a
first-order filter (using the discrete-time index k) on the esti-
mated distance (dic) - see Algorithm 3, Line 7. The proportional
error (eP,i) and integral error (eI,i) are calculated as shown in
Algorithm 3, Line 8 and Line 9 respectively. We continuously
update the demand current for the electromagnetic coil (Line 10),
where KP and KI are proportional gains of the PI controller.
Based on empirical tests, these gains are set to 0.12 A/mm and
0.05 A/mm2.

IV. EXPERIMENTS

This section describes the experimental setup used to validate
our proposed actuation strategy. Furthermore, it reports on the
experimental results that were achieved to validate the overall
positioning accuracy of the ARMM system.

A. Experimental Setup

The poses of the manipulators and other objects within the
ARMM workspace are monitored in real-time using the motion
tracking system. Any movement within the system is registered
by the means of passive markers - retroreflective spheres that are
triangulated by the surrounding cameras. We register all objects
inside the ARMM workspace and derive the transformation of
the coordinates from the tracking system reference frame to the
global reference frame ({G}). Furthermore, we specify three
additional frames - that of the US transducer tip ({U}), the US
image plane ({S}) and the arterial phantom ({V}) (Fig. 3).

An experiment is conducted using the block diagram shown
in Fig. 5. Within this experiment, a magnetic catheter is inserted
into a phantom in order to reach a 3D target inside the arteries.
Fluid flow within the artery is set to a speed of 17.6 cm/s.
An end-user initializes the user interface associated with the
particular CT-data data of the phantom and selects a target in
3D interactively on the point-cloud. This target is then sent to
the ARMM controller, which calculates the desired end-effector
poses and trajectories for both the manipulators. This strategy is
repeated for 10 different targets.

B. Results

The results of all 10 trials are reported in Table I. During
the experiment, the catheter successfully reached the prescribed
targets. The average targeting error between the tracked tip and
target positions is 2.09 ± 0.49 mm. These errors are slightly
higher than previously reported ex-vivo results using similar
magnetic actuation systems [5], [17]. However, the experiments
presented therein either involved the deflection of a catheter
in free air, or under the guidance of external cameras (which
have a higher resolution than US, but nonetheless incompatible
with clinical use). Next, a study with nearly identical equipment
than ours reported in vivo accuracies of 4.18 ± 1.76 mm under
electromagnetic guidance [18], which is less precise than the
method presented in this paper. Thus, the US-guided actuation
method in the ARMM system is more promising and, moreover,
achieves a stable maximum bandwidth of 30 Hz, which is higher
than that of similar actuation systems [8].

The process of acquiring a new US image and applying the
target tracking algorithm introduces an average latency of about
273 ms. A slice is acquired within 50 ms and target tracking
needs approximately 230 ms, which suggests that most of the
latency is due to transferring the images to the user interface
for real-time display. Secondly, the median procedure time to
reach via-points, and to stabilize the catheter tip at the 3D targets
is 32.6 s. This is comparable to [18], who reported median
durations of 34.5 s using electromagnetic guidance, and 41.5 s
using fluoroscopy images of an identic iliac vascular phantom.
The manipulators are both able to reach their prescribed poses at
each via-point during the insertion. Consequently, autonomous
insertion was achieved from the insertion point to the final target
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at a 100% success rate, while full control of the catheter tip
was implemented at the final target. The hybrid force-position
controller implemented on RobUltra resulted in a mean position
error of the transducer of 1.48 ± 0.65 mm and can move at a
maximum speed of 12 mm/s. We noticed that the accuracy in
the positioning was directly coupled to robustness in the tracking
algorithm, which is limited to the imaging depth (90 mm) of the
L14-5 transducer.

V. CONCLUSIONS & FUTURE WORK

This study investigates the benefits of a model-free catheter-
ization approach for a novel magnetic actuation system. In this
approach, a magnetic endovascular catheter is guided towards
and positioned at user-defined targets inside an arterial phantom,
while relying on US images. The methods presented in this
study could allow clinicians with limited experience to insert
and position endovascular catheters within the human body at
average positioning errors of 2.09 ± 0.49 mm.

In our future work, we plan to reduce positioning errors that
may result from angular displacements within pulsating fluid
flow. This can be accounted for either by employing adaptive
control methods or by means of independent magnetic field
and gradient control, as discussed in [13]. Next, we plan to
demonstrate the ARMM actuation strategy in a tele-operative
manner which, in practice, would further reduce the risks im-
posed by both intermittent X-ray scans during an intervention
and prolonged catheterization durations. A real-time vessel
tracking method of the target arteries, while compensating for
breathing-induced motions should be incorporated. Finally, we
will develop improved catheter detection and tracking algo-
rithms by reducing acoustic clutter and improving the resolution
of the US images. Consequently, it could aid with reconstructing
arteries within non-homogeneous environments and allow for
improved control over both insertion and positioning.
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