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Abstract—Manual hand-held catheterization by clinicians un-
der Magnetic Resonance Imaging (MRI) has become popular
for the treatment of cardiovascular diseases such as pulmonary
edema and heart failure. However, the limited space of the MRI
bore makes it challenging for clinicians to access the opening, and
the prolonged operation can cause back injury. To implement
MRI-guided robot-assisted catheterization, this paper presents
an MR-conditional robotic system for right heart catheterization
(MR-RHC). Our 2-degree-of-freedom (DoF) robotic manipula-
tor is actuated by ultrasonic piezoelectric motors. The highly
compact design (D x W x L=1lcmx 8cmx 18cm) allows
the robot to be positioned in the MRI scanner bore, near the
patient’s femoral vein opening. The contribution of this paper
lies in the development of an MR-conditional robotic system that
clinically required Swan-Ganz catheter movements, including
(simultaneous) infinite continuous rotation and translation (i.e.,
the catheter can perform endless rotation and translation that
are not restricted by cable tangling or limited operational motion
of the actuators). The MR conditionality of the robotic system
is demonstrated in a clinical MR environment. Additionally, the
system has been characterized in terms of its force and torque
capabilities and verified 100% success rate of tele-intervention
within 7 patient specific phantoms. Lastly, the paper reports the
intervention of an MRI-guided robot-operated catheter within
the water-filled phantoms between the control room and MR
scanner.

Index Terms—MR-conditional robotics, cardiovascular disease,
flexible catheter, interventional robotics.

I. INTRODUCTION

ARDIOVASCULAR diseases (CVDs) are a leading

cause of human mortality. In 2021, CVDs were respon-
sible for 20.5 million deaths, accounting for approximately a
third of global fatalities and maintaining their position as the
primary cause of human mortality [1], [2]. One technique for
both diagnosis and interventions in CVDs is cardiac catheteri-
zation. Here, a catheter is inserted into the heart or vasculature,
which can be used to measure pressure, perform angiography,
or carry out interventions such as balloon angioplasty/stenting.
Cardiovascular catheterization is conventionally guided us-
ing X-ray fluoroscopy, providing clinicians with visualization
of both catheters and, to a limited extent, cardiovascular
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Fig. 1. Prototype of the MR-conditional robot and illustration of its ap-
plication for right heart catheterization (MR-RHC). (a) Side and top view
of the robot showing the dimensions of our MR-conditional robot that are
Dx Wx L=1lcmx 8cmx 18cm. Using two piezoelectric motors, the
teleoperated 2-DoF robot is capable to advance or pull back as well as rotate a
commercially available balloon catheter. (b) Illustration of the interventional
application of robotic right heart catheterization inside an MR scanner, in
which the catheter balloon is navigated from the inferior vena cava (IVC),
through the right atrium (RA), and right ventricle (RV), and finally arrives in
the pulmonary artery (PA).

soft tissues [3]. However, there are disadvantages of X-
ray fluoroscopy, including exposure to ionizing radiation and
poor soft tissue contrast. Magnetic Resonance Imaging (MRI)
has emerged as a promising modality for guiding cardiac
catheterization [4], offering distinct advantages beyond its non-
radiative nature. MRI provides high resolution of soft tissue,
enabling detailed visualization of cardiac/vascular structures,
without the need for contrast agents [5]. These capabilities
make MRI well-suited for cardiac intervention procedures,
enhancing anatomical assessment and procedural precision.

A. State-of-Art of MR-conditional catheter/needle robotics

MR-conditional robotic intervention systems have been
successfully employed in various interventional procedures.
Table I summarizes related MRI-guided robotic-assisted
catheter/needle intervention systems. Notable examples in-
clude neurosurgery, prostate, breast biopsy, endovascu-
lar/cardiovascular and orthopedic intervention [6], [7]. For
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TABLE I
SUMMARY OF MR-CONDITIONAL INTERVENTIONAL ROBOTS

Ref. and Key authors Procedures DoF Robot  Actuation Validation Inf cont translation Inf cont rotation Concurrent
[8] G. Li.et al. (2015) Neurosurgery 3 Needle Piezoelectric In-vitro phantom v N/A N/A
[14] Y. Kim.et al. (2017) Neurosurgery 2 Catheter SMA actuator Gelatin test (4 N/A N/A
[9] N. Patel.et al. (2020) Neurosurgery 3  Needle Piezoelectric In-porcine trial v N/A N/A
[10] Z. He et al. (2024) Neurosurgery 3  Needle  Pneumatic In-cadaver v N/A N/A
[11] H. Su et al. (2015) Prostate 6  Needle Piezoelectric In-vitro phantom v X (4
[12] H. Liang et al. (2024) Prostate 3 Needle Pneumatic  In-vitro phantom v N/A v
[13] B. Yang et al. (2014) Breast biopsy 5 Needle  Pneumatic In-vivo v N/A N/A
[15] V. Groenhuis et al. (2017) Breast biopsy 3  Needle  Pneumatic  In-vitro phantom v N/A N/A
[16] G. Li et al. (2020) Orthopaedic 6 Needle Pneumatic In-vitro phantom v X (4
[17] T. Liu et al. (2017) Cardiovascular 3  Catheter ~ Magnetic  In-vitro phantom N/A N/A N/A
[18] Lee et al. (2018) Cardiovascular 2  Catheter  Hydraulic  In-vitro phantom v X v
[19] Tavallaei et al. (2016) Endovascular 2  Catheter Piezoelectric In-vitro phantom (4 v (4
[20] D. Kundrat et al. (2021) Endovascular 2 Catheter Pneumatic In-vitro phantom X ("4 X
[21] G. Dagnino et al. (2023)  Endovascular 2  Catheter  Pneumatic In-vivo animal X v X
[22] Z. Dong et al. (2022) Cardiovascular 2  Catheter  Hydraulic  In-vitro phantom v X (4
This Work Cardiovascular 2  Catheter Piezoelectric Patient phantom v 4 v

instance, G. Li et al. developed a 3-DoF MR-conditional
neurosurgical intervention robot, which uses piezoelectric ac-
tuators to achieve improved accuracy and enhanced safety
compared to manual manipulation under MRI guidance [8].
They demonstrated a 15% signal-to-noise ratio (SNR) varia-
tion and confirmed the absence of image artifacts in a clinical
MRI device. Building on this, N. Patel et al. conducted a
preclinical evaluation of robotic interventions for neurosurgery,
reporting translational and rotational errors of 3.13mm and
5.58 mm, respectively, in repetitive procedures using a porcine
model [9]. Furthermore, Z. He et al. developed a soft actua-
tor designed for neurosurgery, integrated with a multi-stage
stereoscopic robotic positioner [10]. This ensured sufficient
working space for soft robotic interventions and was validated
in cadaveric studies with an aiming accuracy of less than
3.0mm. MRI-guided prostate puncture interventions have also
gained popularity as clinical techniques. For example, H. Su
et al. developed a 6-DoF robot for prostate interventions
using piezoelectric motors [11]. Phantom-based interventional
experiments showed a 3D operation error of only 0.87mm,
with an SNR loss within 15%. Similarly, H. Liang et al.
designed an MR-safe pneumatic robot for prostate biopsies,
achieving a target position accuracy of 1.3mm and an SNR
variation of less than 5% in a 3T MRI environment [12].
In addition, B. Yang et al. designed an MR-conditional
leader-follower robotic system for MRI-guided breast biopsy,
which uses a parallel mechanism with pneumatic actuation
for needle insertion and steering. Targeted experiments were
implemented in vivo in anesthetized pigs without artifacts [13].

For MRI-guided interventional endovascular/cardiovascular
robotics, Lee et al. proposed an MR-safe, hydraulically driven
intracardiac catheterization robot for remote operation of
electrophysiological (EP) interventions. This system has 2-
DOF (translation and rotation) [18], [23] and enabled real-
time catheter tip tracking in the MRI environment with no

issues regarding MRI conditionality [22]. However, its struc-
ture makes it challenging to be used in MRI bore for MR-
RHC. Kundrat et al. designed an MR-conditional pneumatic
endovascular robotic manipulation platform that mimics the
clinicians’ movements for translation and rotation of EP
catheters and provides intravascular haptic feedback, which
is highly efficient and has a success rate of 90% [20], [24].
This is a ground-breaking design for the development of an EP
intervention robot using space-consuming pneumatics as the
actuation [25]. Although hydraulic and pneumatic actuation
are prevalent methods for developing robots that are MR-
conditional, piezoelectric ultrasound motors (USMs) are also
suitable. USMs are compact and highly accurate, making them
well suited to catheter manipulation in MRI environments.
USMs have been increasingly used in cardio interventions,
breast interventions and MR-safe robotic systems for neuro-
surgery [9], [26]-[29]. Tavallaei et al. proposed a 3-DOF MR-
conditional catheter navigation system for cardiac catheteri-
zation based on USMs [19], [30]. The design of the leader-
follower structure allows for accurate catheter navigation and
the addition of plunger manipulation for catheterization.

B. Clinical requirement

MRI-guided Right Heart Catheterization (RHC), also known
as Pulmonary Artery Catheterization (PAC), involves navigat-
ing the catheter through the inferior vena cava (IVC), right
atrium (RA), and right ventricle (RV), reaching the pulmonary
artery (PA). Distinct from other catheter types, PA catheters
inherently possess a curved section, eliminating the need for
an active steering device for orientation adjustments. Nonethe-
less, conducting MR-RHC presents notable challenges, among
which restricted access to the patient within the scanner bore
stands out. This limitation complicates clinicians’ ability to
reach vascular access sheaths at critical points such as the
groin or neck, a difficulty further exacerbated in pediatric

Authorized licensed use limited to: University College London. Downloaded on June 02,2025 at 15:07:12 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. 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 Transactions on Medical Robotics and Bionics. 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/TMRB.2025.3573387

IEEE TRANSACTIONS ON MEDICAL ROBOTICS AND BIONICS

patients, including children and infants. A promising solu-
tion to this accessibility issue in MR-RHC is the adoption
of a robotic catheterization system positioned proximately
to the patient. Existing robotic systems like Magellan and
Sensei X (Hansen Medical, USA), designed for X-ray guided
cardiac catheterization, already demonstrate the feasibility of
minimizing clinician radiation exposure. Developing a similar
system tailored for MR-RHC appears viable. Such a system
would need to replicate clinician maneuvers, including catheter
advancement, pullback, and rotation [31].

Table I [18]-[22] gives an overview of MR-conditional
robotic platforms developed for endovascular/cardiovascular
interventions. The table compares key specifications of sys-
tems including the actuation type, DoFs, and infinite con-
tinuous rotational/translational and concurrent motion (Inf
con translation/rotation). The dimensions of existing follower
robotic systems ( [18]: 780mm x 105mm x 210mm, [20]:
520mm x 140mm x 120mm) require their positioning outside
the MRI scanner due to space limitations. Furthermore, few
current platforms are capable to provide (simultaneous) infinite
continuous rotation/translation. However, for RHC procedures,
a robotic MR-conditional robotic platform should offer afore-
mentioned motion capabilities (evident from empirical data in
Section II-A), and should be compact to be placed within the
MRI scanner bore, allowing PA access through any vein (e.g.,
femoral, jugular, antecubital, or brachial).

C. Contribution

This paper introduces a 2-DOF MR-conditional catheter-
ization robotic system that enables (simultaneous) infinite
continuous movement (i.e., rotation and translation) of an
inserted catheter (i.e., the catheter can perform endless rotation
and translation that are not restricted by cable tangling or lim-
ited operational motion of the actuators). Two USMs supply
rotational and translations motion to the catheter. An MR-
conditional slip ring ensures that wires of the rotational part
will spin with the slip ring. A compact design of the robotic
manipulator ensures the flexibility of positioning the device
outside or inside the MR scanner bore. We have experimentally
verified the MR conditionality of the robot when working
inside the MR scanner. In addition, robotic teleoperation in
the MRI settings for intra-phantom interventions has been
implemented and analyzed. Our contribution are:

+ An MR-conditional robotic manipulator for flexible, pre-
curved catheter was designed and fabricated, enabling
(simultaneous) infinite continuous translational and ro-
tational movement of inserted Swan-Ganz catheter. The
robot is validated in clinical MRI settings as being MR-
conditional (< 3.5% SNR variation) (see Section II and
Section III-B).

+ MRI-guided robotic teleoperation was successfully imple-
mented for patient-specific phantom’s interventions (see
Section III-C). Robotic teleoperation of RHCs demon-
strate enhanced robustness and consistency over clinical
expert’s manual operation (see Section III-D).

Section II sets out with an analysis of manual RHC result-

ing in a list of design requirements, together with material

constraints and based on MRI scanner bore measurements,
including a detailed design description of our MR-conditional
interventional robot. The results of a number of experi-
ments, partially for the MRI-guided robotic tele-intervention in
patient-specific water-filled phantoms, are reported on in Sec-
tion III. Section IV discusses the experiments and Section V
is the conclusion and future work.

II. DESIGN OF THE MR-CONDITIONAL CATHETERIZATION
ROBOTIC SYSTEM

A. Analysis of manual RHC by clinical expert

To understand the catheter translational and rotational move-
ments during a manual RHC procedure, a number of ex-
periments were conducted, involving an expert with over 20
years of experience in cardiovascular interventions. This study
was approved by the Humanities, Arts and Sciences Research
Ethics Committee under Project ID 0387.

The clinical expert was asked to navigate a Swan-Ganz
catheter, that has an embedded balloon at its pre-bent tip,
within 7 patient-specific phantoms, targeting the PA as il-
lustrated in Fig. 2(a) and repeating the procedure 10 times
for each phantom. To monitor the input (i.e. translational and
rotational motion) from the clinician to the catheter, an NDI
Aurora tracking system (Aurora, NDI, Canada) was placed
beneath the setup and a 6-DoF tracker was mounted along the
catheter. It is worth mentioning that we also explored force and
torque values exerted throughout RHC. The experimental setup
is shown in Fig. 2(b). We incorporated an IIT-FT17 6-DoF
Force/Torque (F/T, Force accuracy: +0.1% of 50N, Torque
accuracy: +0.1% of £0.5N-m) sensor to record force and
torque. During manual operation, the catheter is first inserted
into a clinical catheter sheath, which is mounted on the F/T
sensor and connected to the phantom environment via a soft
silicone tube. This setup ensures that the forces and torques
applied to the catheter are transmitted through the sheath to
the F/T sensor. A total of 10 RHC procedures were manually
performed for each patient-specific phantom. The results of
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iManual catheterization | Catheter sheath ~ Catheter path RV~
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Fig. 2. Experimental setup (a) to analyze manual RHC performed by clinical
expert, (b) measures the driving force and rotation torque on the catheter
during expert manual RHC procedure in patient-specific phantoms.
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Fig. 3. Results for manual RHC inside 7 phantoms (A-G), repeated 10 times: (a) Accumulated angular range of catheter. (b) Distribution of translational
motion for each step when continuously advancing. (c) Total time for decoupled (purely rotation/translation) and simultaneous translation and rotation.

the manual RHC analysis conducted by the clinical expert
in this section will be compared with the robotic operation
in Experiment 4 (Section III-D: Comparison of Manual and
Robotic Operation)

Fig. 3 reports on the results of the translational and rota-
tional inputs by the expert during manual intervention. Results
are presented for each of the 7 phantoms (i.e. A-G). Fig. 3(a)
specifies the angular range of the catheter, showing that for
RHC procedures, the required unidirectional rotation angle
falls within the range of 525° - 1105°. This underscores
the necessity for the catheter to achieve a multiple turns of
rotation. Fig. 3(b) illustrates the distribution of translational
distances for each step of the expert manual operation, with
results indicating variations between 37 —96mm. Fig. 3(c)
accumulates the time that the clinician either rotates or
translates the catheter or inputs simultaneous rotation and
translation during a single procedure. The results indicate that
the clinical exert inputs decoupled and simultaneous rotational
and translational movement to the Swan-Ganz catheter.

B. Requirements for MR-RHC and the robot design

The design of the catheterization robot involves taking
into account material constraints, dimensional specifications
of MRI scanners as well as the results presented in Section II-
A. These overall requirements can be summarized as follows:

1) MR conditionality: In order to ensure the avoidance of
image artifacts and interference during MR-RHC, the
robotic system should be made of non-ferromagnetic
components to prevent substantial RF artifacts.

2) Compact design: The approximate dimensions of an
MRI scanner (e.g., a 1.5T, Siemens MAGNETOM Aera,
Siemens Healthineers, Germany) bore are & x L =
70cm x 137cm. The available space for the placement
and operation of the robotic manipulator is significantly
limited once the patient is positioned inside the MRI
scanner bore. To address space challenges enabling the
robot to be operated within the MRI bore, a compact
design of the robot is required as it enables seamless entry
into the MRI bore and allows for close operation near the
patient’s vascular access sheath.

3) (Simultaneous) infinite continuous movements: Navigat-
ing a catheter along a complex path to the pulmonary

artery requires decoupled and simultaneous rotational and
translational movement, i.e., multi-turn rotation and a
continuous translation of up to 96mm (see Section II-A).

C. Design of the MR-conditional robotic manipulator

Considering dimensional requirements for RHC and latency
challenges of hydraulic and pneumatic actuation systems when
connecting long tubes between the MRI and control room, we
employed ultrasonic piezoelectric motors (USMs) for robotic
actuation. USMs ensure instantaneous and precise actuation
and are MR-conditional. Prominent examples include MR-
guided interventions in prostate, neurosurgery and brain pro-
cedures [11], [13], [32]-[34].

To enable advancement and pullback motion, the WLG-
30 non-magnetic motor (Tekceleo, France. Holding torque,
125mN - m) was integrated. For catheter rotational movement,
the WLG-75 (Tekceleo, France. Holding torque, 1500 mN - m)
non-magnetic motor was incorporated. These motors have
been integrated into a compact structure with an overall
dimension of Dx W x L=11.5cmx 9cm X 13cm. An
integrated CAD model of an MR-conditional 2-DoF robot is
presented in Fig. 4(a). The robot includes a 3D printed main
support structure (Draft Resin, Formlabs, USA), two ultrasonic
piezoelectric motors, MR-safe plastic bearings, 3D printed
gears, active-passive rollers and an 8-circuits slip ring.

Fig. 4(b) shows a close-up view of the rotational part. In
PAC procedures, there is a need for robotic systems capable of
replicating the rotational movements performed by clinicians
while manipulating the handheld catheter. Though there is
no active steering mechanism, a CE-marked, commercially
available PA catheter comprises a curved section with a
balloon at its tip. Rotating this curved section influences the
direction of the advancement of the catheter tip during a
procedure. In order to facilitate simultaneous advancement
and rotation of the catheter, the rotational part is integrated
with the translational component. The rotational part of the
robot is executed by the WLG-75 motor transfers the rotational
motion to the translating part utilizing two gears. To address
the challenge of wire entanglement when unlimited rotation
is being achieved between the motor wires and the catheter,
an 8-circuits MR-conditional slip ring (JINPAT Electronics
CO.LTD, China) has been incorporated into the design. The
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Fig. 4. CAD model of 2-DOF MR-conditional interventional robot. (a)
Overall 2-degree-of-freedom MR-conditional interventional robots, including
the (b) MR-conditional 8-circuits slip ring connecting the translational part
for catheter unlimited rotation. (c) rotational part (made of ultrasonic motor,
miter gear group, active-passive balancing gears) and translational part (made
of an ultrasonic motor, active-passive rollers and MR-Safe bearings etc.).

slip ring is composed of plastic and aluminum alloy materials.
During integration into the robot and connection to the motor
wire, the motor wires and the catheter are positioned within
the central and outer channels, respectively. This configuration
will eliminate the issue of the interference between motor wire
and catheter during concurrent operation, providing infinite
catheter rotation.

Fig. 4(c) and (d) show the CAD models of the translational
and rotational robotic parts, delivering simultaneous translation
(advancement/pullback motion) and rotation. The robot joy-
stick console were designed to connect the robot manipulator
via MR-conditional extension cables (length, 10m), allowing
clinicians to navigate the MR-conditional robotic manipulator
remotely from the main control room. For the translational part

in Fig. 4(d), the WLG-30 non-magnetic motor was integrated
(maximum rotational speed of 250rev/min). To facilitate the
transfer of rotational motion to catheter advancement, an
active-passive roller system has been created comprised of
four rollers (1 active roller and 3 passive rollers) that clamp the
catheter in place. The incorporation of a 1 mm diameter groove
between the four rollers ensures a predetermined path for
the catheter, effectively preventing any misalignment during
operation. Furthermore, a soft layer covers the roller surfaces,
enhancing drive friction and preventing the catheter against
any compression caused by the rigid rollers. The active-
passive roller set of the translational part remains continuously
clamped to the catheter and is actuated by Ultrasonic Motor 1,
which is connected to the MR-conditional slip ring. The trans-
lational part is mechanically coupled to to the rotational part
by the Ultrasonic Motor 2 (See Fig.4(c)). As a result, when
the rotational part manipulates the catheter, the translational
part follows its motion. Concurrent translation and rotation of
the catheter can be performed when both parts are working
simultaneously.

III. EXPERIMENTAL SETUPS AND RESULTS

This section presents the validation of the robotic oper-
ation for patient-specific phantoms. Experiment 1 evaluates
the force and torque performance of the robot manipulator.
Experiment 2 assesses the MR conditionality. Experiment 3
validates the MRI-guided robotic teleoperation. Experiment 4
compares the manual operation with robotic operation.

A. Experiment 1- Force and torque evaluation

1) Experimental protocol: Fig. 5(a) presents the experi-
mental setup used to measure the driving force generated by

2-DoF MR-conditional
robot

7 FT-17 Force/torque sensor

Sheath |
e

Patient-specific
cardiac ph_z;mtom
T

?

& =L

Swan-Gans catheter Catheter path

(a)
Linear rail  FT-17 Force/torque sensor  2-DoF MR-conditional robot
platform \

5x360°

(b)

Fig. 5. Experiment 1 setup: (a) The F/T sensor measures the driving force
applied by the robot during catheter manipulation. (b)The F/T sensor measures
the torque exerted by the robot for catheter rotation.
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the robot. The 6-DoF Force/Torque (F/T) sensor was aligned
with the robot and connected to the catheter sheath, which
was suspended and loosely coupled to the phantom via a
soft silicone tube. During robotic operation, the catheter was
inserted into the clinical sheath, and the robot - controlled
via a joystick console - advanced the catheter through the
sheath toward the pulmonary artery (PA) of the phantom. This
setup ensured that the driving force exerted by the robot was
transmitted through the sheath and captured by the F/T sensor.
The value of the radial force was then recorded by the F/T
sensor. To increase the actuation capability of the robot, this
study used Ecoflex-0050 (Silicone rubber, Smooth-On, USA)
soft material layers moulding with 3 thicknesses of 1.0mm,
1.5mm, and 2.0mm on the active-passive rollers. The test was
repeated 20 times for each thickness. The value of the driving
force of the catheter was recorded during 0 —600mm travel
with a constant motor speed of 20rev/min.

Fig. 5(b) shows the setup for testing the holding torque
generated by the robot. The catheter tip was connected to the
F/T sensor platform. The robot manipulates the catheter to
rotate 5-360 degrees, recording the torque generated by the
robot on the catheter. To investigate the effect of the thickness
of the soft material layers embedded in the active-passive
rollers on the holding torque, similarly to the evaluation test
of the driving force, the torque was then measured by varying
the thickness of the soft layers affixed to the robot’s active
- passive rollers. The speed of the WLG-75 ultrasonic motor
is set at 20rev/min. The holding torque is measured for each
thickness for 20 repetitions and then recorded by F/T sensor.

2) Results for Experiment I: Fig. 6(a) presents the mea-
surement of the driving force on the catheter caused by robotic
teleoperation and manual operation by the expert, as conducted
in Section II-A. The blue dotted line signifies the manual
driving force within the catheter’s 0 — 600mm travel range,
picking the maximum value of the driving force for each phase
at 100mm interval. The orange solid line represents the robot’s
driving force on the catheter with a soft layer thickness of
1.0mm. Similarly, the yellow and purple solid lines denote the
driving forces at soft layer thicknesses of 1.5mm and 2.0mm,
respectively. The experimental results indicate that the driving
force on the catheter increases with the travel distance before
plateauing, with the maximum driving force needed for manual
intervention completion being 3.9N. In robotic operation, the
driving force exerted by the robot on the catheter increases
with the thickness of the soft silicone layer at a given rotational
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Fig. 6. Experiment 1 results: (a) Evaluation of driving force generated by
rollers with an outer surface of soft material of a Imm, 1.5mm and 2mm
thickness. (b) Robot-operated catheter output torque.
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Fig. 7. Experiment 2 and 3 setup: MR conditionality test and robotic
teleoperation. (a) The water-filled phantoms and robot was placed in the MRI
scanner bore. MR-safe extension cables were connected to the console in
the control room. The clinician operates joysticks (bottom right) to perform
catheter intervention, guided by real-time balloon visual feedback displayed
on the monitor (top right). (b) Top view of the robot with patient-specific
phantom and catheter navigation.

speed. This force trend closely mirrors manual operations,
achieving maximum forces of 4.2N, 4.77N, and 5.35N at
thicknesses of 1.0mm, 1.5mm, and 2.0mm, respectively.

Fig. 6(b) shows the variation of the torque on the catheter
during robotic teleoperation and manual manipulation by the
expert (as described in Section II-A). The dotted blue line
shows that in expert manual operations, the catheter’s torque
increases with the rotation angle, reaching a maximum of
4.63N-mm over repeated procedures. For the same degree of
rotation the torque from robotic operation was 4.875N -mm,
53N-mm and 6.4N-mm respectively. The robot-operated
catheter exhibits a similar torque pattern in the three scenarios
with different thickness of soft layers, achieving maximum
torques of 5.8N-mm , 6.65N-mm and 7.77N-mm for soft
layer thicknesses of 1.0mm, 1.5mm, and 2.0mm over the
5 turns rotation. The experimental results demonstrate that
for all three thicknesses of soft layers, the driving force and
holding torque of generated by robotic operation can satisfy
the requirements of expert manual procedure. The Swan-Ganz
catheter has a very flexible pre-curved tip and balloon, which
have been demonstrated to be non-invasive to the patient’s
arteries through numerous clinical procedures. Therefore, the
assessment of proximal contact force exerted by the robotically
assisted catheter is not required for this study.
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Fig. 8. Experiment 2 results: (a) - (d) Selected MR images for the phantoms
in (a) Scenario A, (b) Scenario B, (c) Scenario C, (d) Scenario D.

B. Experiment 2- MR conditionality evaluation

1) Experimental protocol: One significant parameter used
to estimate MRI quality is the Signal-to-Noise Ratio (SNR).
In Experiment 2, a water-filled phantom and the robot were
placed in the bore of the MRI scanner (1.5T, Siemens MAG-
NETOM Aera, Siemens Healthineers, Germany). The setup
for this experiment is shown in Fig. 7(a). The SNR loss was
measured in the following four scenarios:

A) The PAC phantom is placed in the bore of MRI scanner.

B) The catheterization robot and phantom are positioned
inside the bore of MRI scanner.

C) The robotic system is powered and located inside the MRI
scanner, together with the phantom. The two motors of
the robot are stationary.

D) A catheter is mounted on the robotic system navigated
within the phantom.

The National Electrical Manufacturers Association (NEMA)
provides an effective methodology for calculating the SNR of
MR images is the two-region method [35]: One region is the
signal intensity from an MR image targeting the Region-of-
Interest (ROI) (Syean(ROLjgna1)) and the other region is the
signal noise for the image background outside the phantom
(SD(ROlpycx)). Dividing Synean(ROIsignar) and SD(ROIpqcx) will
calculate the SNR for a given scenario. To assess the MR
conditionality of the robot, a set of MR images were acquired
for each of the four scenarios mentioned above. The SNR for
scenarios B, C, and D were compared to scenario A, and the
SNR of MRI images with the two-region method for each
scenario was calculated based on (1). The standard deviation
of the image background noise signal was then determined
using (3).

TABLE 11
MEASUREMENT OF SNR IN FOUR SCENARIOS.

Scenarios  Phantom Unpowered Powered Operation SNR variation
SNR Img_(1) 23.1799 22.7699  22.7002 22.6256 2.3913%
SNR Img_(2) 24.8200 24.1205 23.9874 23.9615 3.4589%
SNR Img_(3) 16.0311  15.7855 15.7298 15.6093 2.6362%
SNR Img_(4) 17.6241 17.3594 17.2750 17.2676 2.0536%

Smetm (ROIsignal)

SNR(ROI) =
( ) SD(ROIback)

(D
The average signal intensity Syueqn(ROIignar) in the region
of interest (ROI) can be calculated as:

i1 X V(i)

Simean (ROISignal ) = mn

2

Where the V (i, j) is the pixel value of the image, i is the
index across the read encoding direction, j is the index across
the phase encoding direction, and m and n are the number
of pixels in the column and row directions. The standard
deviation SD(ROlp,) of the image background noise signal
was then determined:

1

L (V@) -V)*]?
SD(ROILyyet) = 3
(RObct) T () 1 3
}"l_ rm V .’ .
V:ZI—IZ’{:I (l .]) (4)
21:1’”[

Where Sean(ROIsignar) is the average signal in the ROI
of the phantom, SD(ROI}) is the standard deviation of the
background image noise. V is the average noise value of an
ROI, 20 sets of 645 x 510 MRI images were collected for
each of scenarios (A-D).

2) Results for Experiment 2:Fig. 8(a)-(d) show a color maps
of selected 4 sets of MR images for the phantom under the
experimental scenarios of A-D. Using the MRIqual toolbox,
Region-of-Interest (ROILsgna and ROly,cx) were defined to
calculate the SNR using the two-region method described in
Equations (1)—(4). Table II presents the measured SNR values
for each scenario. Compared to Scenario A (phantom only),
Scenarios B, C, and D exhibited a slight decrease in SNR.
The maximum SNR variation occurred in SNR Image_(2) at
3.4589%, while the lowest variation was observed in SNR
Image_(4) at 2.0536%. Across all scenarios, the average SNR
variation remained below 3.5%, indicating acceptable impact
on MR images during robotic operation. Furthermore, no
image artifacts were observed during robot-operated patient-
specific RHC interventions.

C. Experiment 3- MRI-guided robotic teleoperation

1) Experimental protocol: In this experiment, the teleoper-
ation performance of the robot within an MRI environment
was assessed, as shown in Fig. 7. Similar to Experiment 2,
the setup included the interventional robot and patient-specific,
water-filled cardiac phantoms, positioned within the bore. The
console was positioned in the main control room, connected to
the MRI room via two 10-meter-long MR-conditional cables.
A 500mm long soft silicone tube connected the robot to the
cardiac phantom inlet, simulating a femoral vein vessel, with
a clinically utilized catheter sheath assembled in its end. After
the catheter was inserted through the sheath, the balloon at its
tip was inflated. The system was then scanned at 1.5 Tesla,
enabling the operator to switch views and visually track the
catheter balloon on the MRI monitor in the control room (see
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Fig. 9. Experiment 3 results: MRI-guided robotic teleoperation in water-filled patient-specific phantoms. (a) MRI-guided robotic teleoperation in phantom I.

(b) MRI-guided teleoperation in phantom II.

Fig. 6 top right). This real-time visual feedback allowed the
operator to remotely control the robot, adjusting the catheter’s
translational and rotational movements via joystick console
(see Fig. 7 bottom right). For these procedures, 2 patient-
specific cardiac phantoms (I and II) were utilized.

2) Results for Experiment 3: Fig. 9(a) and (b) illustrates
the MRI-guided robotic teleoperation of RHC in a water-
filled, patient-specific phantoms. The shaded points in the
figures are catheter balloon captured in the MRI monitor,
which required real-time adjustments of MRI view slices
to accurately track the balloon under the MRI environment.
The results demonstrate that the robotic system successfully
navigated the catheter balloon from the IVC to the RA,
maintaining smooth and continuous rotational and translational
motion through the RV and ultimately reaching the target
position in the pulmonary artery. The intervention times varied
across the patient-specific phantoms, for Phantom I, which
featured a stenotic pulmonary artery, the catheter balloon was
successfully navigated to the PA with real-time MRI view
adjustments, requiring 39s. For Phantom II, the navigation
time was reduced to 36s.

D. Experiment 4- Comparison of manual and robotic opera-
tion

1) Experimental protocol: This experiment involved a com-
parative analysis between expert manual operation (See Sec-
tion II-A) and robotic operation. Fig. 10 presents the setup,
which includes the interventional robot, water-filled patient-
specific phantom, camera, robot console (a), and real-time
balloon position feedback interface (b). The robot console
provides catheter control via four joysticks: Joystick A governs
translational motion (advancement and pull back), Joystick
B controls catheter rotation, Joystick C allows simultaneous
translational and rotational movements, and Joystick D man-
ages catheter balloon inflation and deflation. This configuration
enables the operator to remotely manipulate the catheter
through the joysticks, completing the intervention within the
phantoms using the real-time balloon tracking interface. Each
scenario consisted of 10 interventions per phantom, during

which the time taken and the real-time 3D position of the
catheter balloon were recorded. 7 patient-specific phantoms
were fabricated from VeroClear material using a PolyJet Objet
500 Connex printer (Stratasys Ltd., USA).

Providing real-time visual feedback of the catheter bal-
loon during manual and robotic teleoperation is essential. To
address this challenge, a deep learning (DL)-based convolu-
tional neural network (CNN) strategy employing the Residual
Networks (ResNet) architecture is proposed. As shown in
Fig. 8(11), the CNN processes pre-recorded 2D image dataset
of catheter interventions aligned with 3D balloon position
dataset captured by the NDI Aurora mini tracker. Image
augmentation techniques including the addition of random
noise, and variations in brightness, contrast, and saturation

Pulsatile blood pump

Swan-Ganz "
catheter

Pulmonary artery
phantom environment
: —"*—____ e

Catheter sheath

Interventional robot

v -

iy )

Catheter balloon

Side view

Top view

(a) Robot console (b) Real-time balloon feedback interface

Fig. 10. Experiment 4 setup: Robotic teleoperation setup, consisting of
robot, camera, patient-specific phantom, and joystick console (a). The robot is
controlled via joysticks to manipulate the catheter for intervention procedure
under real-time balloon position feedback interface (b).
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Fig. 11. DL-based balloon visual feedback. (a) Input images, CNN architec-
ture and output interface for the catheter balloon tracking. (b) A plot displaying
the trained results alongside the distribution of ground-truth errors. (c) Real-
time performance of the prediction model for balloon tracking.

were employed to improve robustness.

The CNN architecture is illustrated in Fig. 11(a). The
network was trained 800 epochs, though over-fitting occurred
beyond 700 epochs and the optimal performance was identified
at 670 epochs. Training and image segmentation were con-
ducted on an NVIDIA GeForce RTX 3080 Laptop GPU and
a 12th Gen Intel® Core™ 19-12900H CPU, within a software
environment comprising PyTorch 1.8, CUDA Toolkit 11.1,
cuDNN 8.1.1, and Python 3.9. Using the NDI Aurora tracker’s
data as ground truth, the prediction model demonstrated a
localization accuracy within a 3mm error margin (Fig. 11(b)),
with a mean prediction time of only 0.0036s per frame
(Fig. 11(c)).

2) Results for Experiment 4: Fig. 12(a) illustrates robot-
operated interventions for 7 patient-specific phantoms, and
the results show that the robot can successfully manipulate
the catheter to complete the task for phantoms with different
geometries, i.e., the catheter’s balloon travels from the IVC to
the target position of PA.

Fig. 12(b) shows the trajectories of the catheter balloon for
each phantom operated by the robot for 10 operations. To
assess the consistency of catheter trajectories, the Root Mean
Square Error (RMSE) is employed as a quantitative metric.
Since both manual and autonomous RHC procedures follow
a consistent anatomical path—IVC — RA — RV — PA—all
trajectories are uniformly resampled to enable direct compar-
ison. Each trajectory is resampled to K = 200 discrete points,
denoted by the index k, where k € {1,...,K}.

For each trajectory type, manual (m) and robotic (), the
mean trajectory is computed by averaging the spatial positions
across all trials at each resampled index k:

| A
TS(k) = ﬁ Z(xls,byls?kvzlsﬁk)v s € {m, r} (5)

s =1

where N; represents the number of trajectories in scenario
s, and (x},,Yi,2,,) denotes the 3D position of the catheter
at point k for trajectory i. In this study, N,, = N, = 10.

The RMSE is computed separately for manual and robotic
trajectories to quantify the deviation of each trajectory from
its corresponding mean trajectory:

1

RMSE; = NEK
N

Ns K . —
Y Y dp T2 se{mr}t  (©)

i=lk=1

Where pi, = (xl,,Y; .2 ,) represents the 3D coordinates
of the trajectory at index k, and the Euclidean distance to the
mean trajectory is given by:

d(ph s To(0) = (6 = B2+ (0 = 5ok + (2 — k2
(N

Where X, ¥sk,Zsx are the mean spatial positions of all
trajectories at each resampled point k.

Table III presents the RMSE of catheter trajectories for
both manual and robotic operations across different patient-
specific cases (A—G). The results demonstrate that robotic op-
eration consistently achieves lower RMSE values compared to
manual operation across all patient cases, indicating improved
trajectory consistency with robotic assistance. Specifically, the
mean RMSE for manual operation across all cases is 7.85mm,
whereas robotic operation achieves a mean RMSE of 5.19mm,
corresponding to a 33.9% reduction in trajectory deviation.
The most notable improvement is observed in Phantom C,
where RMSE is reduced from 9.86mm to 6.97mm, demon-
strating the system’s ability to enhance catheter navigation
consistency even in complex anatomical regions.

Fig. 13(a) records the time required for manual and robotic
operation by expert. The duration of expert manual procedures
varied significantly, with the most time-consuming for Phan-
tom C reaching 59.64s, and for Phantoms E and G, exceeding
40s. In contrast, all robotic procedures were completed within
40s, with the longest duration being 30.66s for Phantom C.
Fig. 13(b) provides an overall comparison, indicating that
the average duration for manual and robotic procedures was
7.74s and 11.58s, respectively. Notably, the robotic system
demonstrated efficiency, completing PA interventions within
a reduced time range of 3.66s to 20.40s compared the man-
ual operation (3.05s to 25.64s) across the 7 patient-specific
phantoms.

IV. DISCUSSION OF RESULTS

In Experiment 1, during the evaluation of driving force and
torque, the active-passive rollers generate higher friction and

TABLE III
RMSE OF TRAJECTORIES FOR MANUAL VS. ROBOTIC OPERATION (MM).

Patient-specific A B C D E F G

Manual operation 7.545 6.541 9.860 7.259 7.656 9.079 7.965
Robot operation 4.873 4.750 6.972 4.490 5.040 6.977 5.151
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Fig. 12. Experiment 3 results. (a) Robotic teleoperated interventions within 7 water-filled patient-specific phantoms. (b) Trajectories of catheter balloon for

repeated robotic interventions.

torque on the catheter when a soft material with more thickness
of the soft layer is applied. This can be attributed to the fact
that more thickness of soft material provides a larger contact
area for the catheter, resulting in a greater clamping force.
Additionally, for torque evaluation, increasing the degree of
rotation of the catheter while it is fixed to the force-torque
sensor will enhance the torque of the robotic operation on
the catheter eventually reach a constant value. By varying
the thickness of the soft layer, the robot demonstrated the
ability to achieve different levels of friction and torque. This
versatility significantly enhances its applicability to various
levels of complexity encountered phantom scenarios.
Experiment 2 evaluated the MR conditionality of the robotic
system during right heart catheterization procedures under
MRI guidance. A marginal reduction in SNR was observed
relative to the baseline (Scenario A), with the most pronounced
decrease occurring during robot operation. This reduction is
attributed to the electromagnetic interference generated by
the ultrasonic piezoelectric motors (USMs) and the current.
Notably, the lowest SNR values coincided with the robot’s
working state—when simultaneous translational and rotational
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Fig. 13. Experiment 3 results: (a) Distribution of time required for manual
and robotic manipulation within 7 patient-specific phantoms (b) Overall
comparison between manual and robotic operation from the clinical expert.

catheter movements were executed—suggesting that actuation-
related current fluctuations introduced disturbances to the MR
imaging. Nevertheless, the overall SNR variation remained
below 3.5%, which is well within the acceptable variation
for MR-conditional devices. No image artifacts or signal
distortions were observed in any of the MRI slices across all
test scenarios. These results validate the MR conditionality of
the proposed robotic system and demonstrate its feasibility for
safe integration into MRI-guided clinical workflows.

In Experiment 3, compared to robotic teleoperation of RHC
outside the MRI environment with real-time visual feedback,
MRI-guided robotic teleoperation required extended operation
time. This time-consumption was primarily due to the need
for continuous viewpoint adjustments during real-time MRI
tracking of the catheter balloon. Such adjustments are essential
to maintain accurate visualization and ensure reliable naviga-
tion feedback to the operator. This operation reflects one of
the inherent limitations of MRI for interventional procedures,
where imaging latency and the absence of continuous visu-
alization introduce operational delays. In addition to imaging
constraints, broader challenges limit the adoption of MRI in
cardiovascular interventions, including the limited availability
of MR-conditional instruments, the need for specialized MR-
conditional robotic components that can operate safely and
effectively within high magnetic field environments, as well as
the substantial cost and infrastructure demands associated with
MRI-based interventional settings. Despite these challenges
and limitations, the MR-conditional robotic system proposed
in this study shows strong potential to improve healthcare
workflow efficiency, MRI-guided robot-assisted RHC will
provide radiation-free, highly consistent catheter navigation
during interventional procedures on patients.

In Experiment 4, the performance of robotic operation
across 7 patient-specific intra-phantom interventions returned
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time consistency compared to manual operation. This en-
hanced performance is attributed to the robot’s ability to
execute (simultaneous) infinite continuous translational and
rotational movements. The coupled translational and rotational
motion will robustly navigate the catheter from the RA to
the RV during RHC surgery, which is challenging to achieve
with manual RHC. Table III summarizes the comparison of
the RMSE of manual and robotic RHC balloon trajectories,
showing that robotic interventions of patient-specific phantoms
have improved trajectory consistency performance.

V. CONCLUSIONS

This paper presents an MR-conditional robotic system that
enables (simultaneous) infinite continuous translational and
rotational movement of the inserted catheter during right heart
catheterization. The system successfully enabled MRI-guided,
robot-assisted patient-specific interventions in phantoms, pro-
viding enhanced maneuverability. Ultrasound piezoelectric
motors were employed for actuation, allowing the robot can be
flexibly positioned both at outside and inside of MRI scanner
bore and access to the entry point (jugular vein or femoral
vein). Comparing our robotic platform with the literature
highlights the contribution of our proposed system. Experi-
ments validated the low interference of our robot with MRI
and demonstrate the system’s capability to achieve a range
of force and torque values at the clinical catheter. Robotic
teleoperation demonstrated enhanced consistency compared
to manual operation by an expert clinician. Moreover, MRI-
guided robotic teleoperation enabled successful interventions
in patient-specific phantoms.

Future work will concentrate on the deployment of robot
sterilization and as well as on preclinical validation of MRI-
guided robotic operation in animal cardiovascular interven-
tions. Furthermore, to enhance the autonomy of robot-assisted
catheterization procedures, Reinforcement Learning (RL) al-
gorithms will be integrated, paving the way for autonomous
robot-assisted right heart interventions.
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