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Abstract: Atrial fibrillation, the most prevalent cardiac arrhythmia, is treated by catheter ablation to
isolate electrical triggers. Clinical trials on robotic catheter systems hold promise for improving the
safety and efficacy of the procedure. However, expense and proprietary designs hinder accessibility
to such systems. This paper details an open-source, modular, three-degree-of-freedom robotic
platform for teleoperating commercial ablation catheters through joystick navigation. We also
demonstrate a catheter-agnostic handle interface permitting customization with commercial catheters.
Collaborating clinicians performed benchtop targeting trials, comparing manual and robotic catheter
navigation performance. The robot reduced task duration by 1.59 s across participants and five
trials. Validation through mean motion jerk analysis revealed 35.2% smoother robotic navigation
for experts (≥10 years experience) compared to the intermediate group. Yet, both groups achieved
smoother robot motion relative to the manual approach, with the experts and intermediates exhibiting
42.2% and 13.6% improvements, respectively. These results highlight the potential of this system
for enhancing catheter-based procedures. The source code and designs of CardioXplorer have been
made publicly available to lower boundaries and drive innovations that enhance procedure efficacy
beyond human capabilities.

Keywords: surgical robotics; open-source robotics; medical robots and systems

1. Introduction

Atrial fibrillation (AF) is caused by irregular electrical signals that induce an irregular
cardiac rhythm. Yet, the pathophysiology of AF is complex, and the underlying mechanisms
of advanced/persistent AF remain incompletely understood. Consequently, it is associated
with considerable patient morbidity and mortality, disabling symptoms, and stroke risk [1].
Catheter ablation is now considered a first-line treatment for paroxysmal AF. However, it
faces challenges in consistency and efficacy, contributing to significant re-occurrence rates
of up to 50% [1]. The rising incidence of 30 million people diagnosed with AF worldwide,
coupled with the need for repeat catheterization, has set off a healthcare problem of
epidemic proportions and significant economic costs [1–3]. The alarming prevalence of
this condition calls for imminent collaborative efforts toward the clinical translation of
effective solutions.
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Robotic catheter ablation systems hold promise for enhancing precision, catheter
stability, and patient outcomes and reducing total radiation exposure to the patient and
operator [4]. An extensive review of the successes and challenges of clinical trials for these
systems is detailed in [5]. These commercial systems, including Niobe® (Stereotaxis Inc., St.
Louis, MO, USA) [6] and Sensei® X (Hansen Medical, Inc., Mountain View, CA, USA) [7],
require access to proprietary systems costing over USD 100,000, limiting their widespread
adoption due to expense and lack of versatility [5,8]. As such, the goal of Amigo™ RCS
(Catheter Precision, Inc., Mount Olive, NJ, USA) was to address these challenges and
provide a more practical and lower-profile remote catheter-manipulation solution [9].
However, these remain closed systems of mechanical designs and algorithms, limiting
community contributions due to constrained accessibility. As a result, systems continue to
feature non-automated teleoperation [4,5]. Automated navigation systems have only been
explored in prototype catheters in research [10], yet have remained constrained to benchtop
environments for over a decade and overlook clinical workflow challenges. Compounding
this issue is the insight gained from [11], which illustrates that even well-integrated systems
face such challenges, contributing to adverse patient outcomes.

Prior works have explored catheter modifications, such as soft artificial actuators [12].
Moreover, four main types of transmission systems for actuator-driven catheters have been
investigated: cable-driven actuators [13], shape memory alloys (SMA) [14], soft fluidic
actuators (SFAs) [15], and magnetic actuators [16]. However, their high-cost, closed-source
solutions restrict transparency as well as research and clinical adoption [8]. Actuating
commercial tools through robotic manipulation can preserve clinical workflows while
enabling sensing and control refinements, similar to the approach taken by the Amigo
system [9] and leveraged in related work [17,18].

Open-source projects, such as the open-source hardware platform for soft robotics (Soft
Robotics Toolkit, Paradox Robotics, New York City, NY, USA) [19], the Open Framework
Architecture (SOFA Framework) [20], and SoftRobot [21], collectively foster collaboration
across groups to solve obstacles restricting clinical translation [22].

We hypothesize that an open-source modular robot actuating existing clinical catheters
would provide enhanced motion smoothness and accuracy to meet clinical needs. Proposed
in this paper is CardioXplorer, which validates this through motion jerk analysis, phantom
studies, and comprehensive clinician feedback. Thus, innovation can be centered on
sensing, navigation, and safety.

The contributions of this article are as follows:

1. The entire mechanical and software architecture is fully open-source (CC0-1.0 li-
cense) to reduce the focus on mechanical design and encourage community-driven
advancement of the platform to address higher-level challenges, especially clinical
translation [23].

2. A modularized architecture, where the isolated actuator modules for each degree
of freedom (DoF) facilitate seamless reconfiguration for similar tasks beyond the
initial targeted application of AF ablation; this versatility can boost adoption across
domains and integration of the solution with existing software. It overcomes the
limitations set by systems designed for specific procedures and those constrained to
single-catheter models.

3. A catheter-agnostic design to accommodate a variety of commercial catheters, promot-
ing interoperability and accessibility—this is a highlighted limitation of most vascular
robots [24]. While the CathROB system is an open platform, it is only compatible
with commercially available standard electrophysiology catheters and is limited by its
lack of customization and adaptability with various endoscopic catheters for remote
navigation outside the scope of standard arrhythmias [18]. Therefore, our goal was
to address the shortcomings in prior works that suffer from poor compatibility with
interventional devices, either relying on modified research catheters or being limited
to specific commercial models [24].
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4. We demonstrate the system’s capabilities through extensive multi-user clinical evalua-
tion, emphasizing a human-centered design approach to account for clinical needs,
practices, and the importance of its integration with the catheterization lab and usabil-
ity assessments from clinical experts. We capture the system’s performance through
benchtop phantom experiments and direct assessment by experienced clinicians
with 0–25 years of experience. In conjunction with this article, we have released the
presented work in [23].

2. System Description

CardioXplorer is designed for teleoperated catheter control within the left atrium (LA)
via a joystick interface. The system provides three DoFs: axial insertion/retraction, catheter
handle rotation, and catheter tip. The robot platform is divided into three main parts: a
peripheral unit, a controller unit, and an operator workstation.

Section 2.1 introduces the peripheral unit, including the robot manipulator and its
mechanical design. Section 2.2 reviews the overarching software architecture tying the
motion control (velocity open-loop) and data pipelines. Finally, Section 3 describes the
real-time visual feedback presented to the operator.

2.1. Peripheral Unit: Robot

The modular mechanical design (Figure 1) comprises three key modules: a linear
module to advance/retract the catheter, a rotation module for axial and knob rotation,
and a catheter module housing the handle. The purpose of modularity is to create a set of
modules capable of accommodating a variety of common catheters to facilitate reusability.

Figure 1. Schematic of the modular robot design, composed of three modules: linear module, rotation
module, and agnostic catheter mount module.

The robot architecture (Figure 2) was designed using computer-aided design (CAD)
software (Fusion 360 (2.0.18961), Autodesk, San Francisco, CA, USA). Its components were
then fabricated via fused deposition modeling (FDM) (Prusa i3 MK3S, Prusa Research,
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Prague, Czech Republic) and stereolithography (SLA) (Form 3+, Formlabs, Somerville,
MA, USA) using Tough 2000 Resin (Formlabs, Somerville, MA, US). The off-the-shelf
components used in the robot assembly resulted in an estimated manufacturing cost of
USD 700 [23], easing accessibility over proprietary solutions [5–7,9].

Catheter
Rotation Module

Linear Module

Catheter

Rotation Module

Catheter-
Agnostic Caddy

Knob Holder

(a) (b)

Figure 2. Comparison of (a) manufactured robot and (b) 3D CAD rendering.

2.1.1. Catheter-Agnostic Handle Gripper

The catheter gripper in Figure 3a was molded to match the catheter handle geome-
tries using medical-grade, two-part platinum silicone (Smooth-Sil™ 936, Smooth-On
Inc., Macungie, PA, USA). The modeled catheter here a the bi-directional, tendon-driven
Thermocool® SmartTouch™ SF Ablation Catheter (Biosense Webster Inc., Irvine, CA, USA).
The silicone inserts are fitted on the inside of the gripping mechanism to conform to varying
catheter handles (illustrated in Figure 3b), contributing to a universal, adaptable catheter
interface, as demonstrated in Figure 4. Thumbscrews permit straightforward mounting
and detachment of the disposable, single-use catheter from the rotation module. Anti-
abrasion couplings made from the combination of thermoplastic polyurethane (TPU) and
screws prevent damage during attachment to the servo, yet offer the required rigidity for
stable manipulation.

(a) (b)

Figure 3. Schematic of gripper mechanism. (a) Development of silicone mold based on catheter
handle geometry. (b) Adaptive gripper assembly.
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SmartTouch SF (Biosense Webster) SmartTouch CS (Biosense Webster)

Figure 4. Illustration of two different commercial ablation catheters in the catheter-agnostic grip-
ping interface.

Part of the open-source designs contributed to the community is a set of two other
catheters (Figure 5): an 8 mm nonirrigated catheter (Blazer™ II XP, Boston Scientific,
Marlborough, MN) and a Webster™ CS Bi-Directional Catheter with EZ Steer™ (Biosense
Webster, Inc., Irvine, CA, USA).

SmartTouch SF (Biosense Webster) SmartTouch CS (Biosense Webster) Blazer II XP (Boston Scientific)

Figure 5. Open-source CAD models of clinical catheters available at [23].

An ATI Nano17 force transducer (ATI Industrial Automation, Apex, NC, USA) was
used to measure the necessary torque for knob actuation, which translates to bi-directional
tip movement (Figure 6a). Using the turning handle, the knob was rotated 60° clockwise,
briefly held in the neutral position, and then rotated 60° anti-clockwise. Figure 6b defines
the maximum knob torque to be approximately 6 kg·cm; therefore, a servo with a holding
torque of 12 kg·cm was secured to the catheter knob. The servo holds its position using
8-bit depth pulse-width modulation (PWM) .

Figure 3.3 - Relation of catheter knob turning 
torque over time with steady rotation

Work done up to date

• Identify DOF required for each 
catheter (Cylindrical Coordinates) 

• Biosense Webster ThermalCool Smart 
Touch SF: r, z, steering knob. 

• Boston Scientific INTELLMAP 
ORION: r, z, steering knob, deploy 
slider.  

• Rig to measure turning torque of 
BW ThermalCool. 

• Maximum knob turning torque 
measured to be approximately 6kg.cm

Preliminary work

Figure 3.2 - Knob turning toque 
measuring rig

Turning  
Handle

ATI 
Nano17

Steering Knob 
Adaptor

Catheter

(a) (b)

Figure 6. Measurement of required torque to actuate knob. (a) Securement to knob. (b) Turning
torque over time for ±60° knob rotation.

2.1.2. Range-of-Motion Characterization

The system affords a 220 mm insertion depth with unlimited axial rotation via a slip
ring. The NEMA-8 bipolar (19:1 gearbox reduction) stepper motor (OMC Corporation
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Limited, Nanjing, China) driving the axial rotation of the catheter handle achieves 0.5°
incremental rotations up to 9.375 rps. The servo provides ±60° knob actuation, which
corresponds to bi-directional tip articulation with 0.5° precision. The 80 N axial driving force
is supplied by the 4418M NEMA-17 bipolar stepper motor (Lin Engineering Inc., Morgan
Hill, CA, USA) (0.415 Nm at 4.8 mm) in the linear module, and translates to velocities up to
±25 mm/s (20T GT2 gear at ±0.625 rps)—suited for cardiac navigation [25].

2.2. Software Architecture for Telerobotic Control

Figure 7 depicts the three abstraction levels—hardware, application, and control.

Linear Base Module

Agonostic Rotation ModuleRobot Controller

CANBus Recorder

User Input

Arduino MKR 
1010

PS5 Controller

Blender

Arduino MKR 
Zero

Arduino MKR 
Zero

Arduino MKR 
Zero

Arduino MKR 
Zero SD Card

Bluetooth

Serial

RS485 CANBus

TMC5160

Hall Effect 
Sensor

PWM Servo

NEMA 8 w/ 
Gearbox

LED Strip

Limit Switches

TMC5160
NEMA 17

LED Strip

Master Switch

CANBus

CANBus

Components

MCU

Visual Aids

Actuators

Input 

Motion Controller

Recording Media

Figure 7. Software architecture depicting the five phases of control: user input, robot controller,
CANBus recorder, rotation module, and linear module. The communication protocols are identified
with the arrows.

The hardware layer interfaces the components detailed in [23]. Motor controllers
(Trinamic TMC5160) and a digital Hall effect sensor were leveraged to initialize the robot
homing routine and determine the catheter configurations from the motor positions. A light-
emitting diode (LED) strip in the carriage provides visual status indicators about the robot’s
homing state. The robot was designed with wide operating voltage margins (12–36 V) to
improve accessibility, but was only tested up to 20 V in this work. The typical voltage used
in this work was 12 V.

The application layer consists of a graphical user interface (GUI), which runs on a host
PC (AMD Ryzen 9 6900HX processor with 16 GB RAM) (Razer Inc., Irvine, CA, USA), on the
open-source Blender 4.0 (Blender Foundation, Amsterdam, The Netherlands). The multi-
threaded software renders a simulation of the robot hardware at 10 Hz by combining
velocity commands from the joystick and module states. We describe the joystick controls
in [23].

The communication layer was based on the Controller Area Network (CAN) Bus
protocol, offering parallel processing in distributed controllers while connecting subsys-
tems [26]. The protocol facilitates modular low-level communication (capable of running
each of the robot’s onboard modules) with 10 Hz open-loop velocity control for smooth tele-
operation (setup displayed in Figure 8). Its priority-based attribution ensures the avoidance
of collisions while maintaining real-time, deterministic messaging.

Long-range data transmission occurs between the controller (located in the control
room) and peripheral unit (located in the catheterization lab) through a full duplex RS-
485 connection at 25 m and 115,200 cps (baud rate) over a standard CAT 6E Ethernet
cable. The CANBus messages contain device-specific messages alongside the higher-level
data aggregation managed by the RS-485 bus. To facilitate inter-module communication,
the robot controller distributes the aggregated data from the RS-485 bus to subsets of
device-specific commands over the CANBus, depending on module-specific messaging IDs.
This hierarchy of the two buses ensures synchronized operations across various distributed
modules without any disruption in the physical layer of information exchange between
the buses.



Robotics 2024, 13, 80 7 of 16

Figure 8. Overview of clinician workstation for teleoperated catheter navigation from the control
room of the catheterization lab.

An onboard datalogger was developed alongside the robot CANBus structure to
facilitate post-processing of the three DoFs [27]. The positions recorded by the motor
controllers were logged by the datalogger in real-time through a dedicated Arduino MKR
Zero (Arduino LLC, Turin, Italy) connected to a CANBus transceiver, which saved the data
to an SD card.

3. Operator’s Workstation: Visual Feedback and Catheter Modeling

The operator workstation, isolated from X-ray exposure (Figure 8), provides intuitive
control and monitoring beyond the guidance of mapping and X-ray fluoroscopy imaging
(Artis Q biplane, Siemens Healthcare GmbH, Forchheim, Germany) in the catheterization
lab. The workstation consists of additional display screens streaming the robot/setup
camera feed, a real-time robot state simulator (illustrated in Figure 9), and status indicators
on the controllers for improved situational awareness.

Figure 9. Series of configurations demonstrating actuation with resulting tip articulation via linear
translation, handle rotation, and knob rotation.
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3.1. Catheter Tip Modeling

Hardware simulation delivers the manipulator’s reachability and speed characteristics,
as well as its tip configuration, to the user. Visualization of the tip configuration is critical
for clinicians. For simplification, rather than modeling localized curvature configurations,
only the tip orientation was modeled, as the goal of this work was to introduce a foundation
for an integrated operator’s workstation. There has been extensive research on this topic,
including Fiber Bragg Grating (FBG)-based shape-sensing methods and their combination
with neural networks [28]. In our work, articulation of the flexible distal section of the
tendon-driven catheter was modeled by leveraging real-time PWM signals for servo con-
trol, translating them to a proportional tip-bending angle. Dead-zone effects, nonlinear
hysteresis, and compliance along the catheter shaft were neglected. Blender rendered the
tip articulation and robot state (illustrated in Figure 9) and Blender Python API was used
for control.

3.2. Model-Based State Estimation

A Kalman filter fused the raw coordinate data recorded from the motor controllers,
to reduce visualization jitter from encoder discretization and CANbus-induced time-
varying random delays [29], optimizing user experience.

Table 1 compares four filters on the logged robot data: moving average, moving
median, Kalman, and average-Kalman. The moving average calculates the mean over a
sliding window (N = 7). The moving median finds the median in a window (N = 7). The
Kalman filter estimates the forward state of a system by merging a motion model with
noisy observations by computing an updated state estimate (xk|k−1) at each timestep (k)
using past measurements only. The average-Kalman filter applies a moving average filter
(N = 7) the the Kalman output for additional smoothing.

Table 1. Performance comparison of four filters on joint positions logged by CANBus datalogger.

Filter
Moving Variance Average Absolute Error

Linear Axial Knob Linear (mm) Axial (°) Knob (°)

Kalman 13.9 21.6 32.1 1.85 1.59 1.83

Average 13.9 22.0 32.7 2.41 2.05 2.39

Median 15.4 23.4 36.1 2.41 2.01 2.39

Average-Kalman 13.7 21.3 31.7 2.45 2.10 2.42

The results presented in Figure 10 depict the instability of the positions of the linear,
axial, and knob actuators recorded by the datalogger (276 s of offline real data). A Kalman-
filtered signal is overlayed, illustrating significantly reduced jitter.

Figure 10. Performance of Kalman filter applied to sample position data. The legend includes the
filter results in the format ‘filter/moving variance/average absolute error’.
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Two metrics were used: the moving variance and average absolute error. The results
in Table 1 show that the Kalman filter had the lowest error across the three DoFs, with a
mean of 1.76 mm and degrees, compared to a mean of 2.32 for the average-Kalman filter,
and errors of over 2.0 mm and degrees for the average and median filters. This indicates
that the prediction of the next state bypasses the lag of windowed averaging. However,
the average-Kalman filter reduced the variance by a mean difference of 0.29 but was
susceptible to a marginal lag. The Kalman filter relies solely on past data, making it most
suitable for real-time usage. Additionally, the results from both metrics conclude that the
Kalman filter exhibited superior performance, achieving smooth signal tracking.

A threaded architecture was employed to isolate communication, filtering, and render-
ing for smooth visualization at a fixed 10 Hz frame rate unaffected by discontinuous data.

4. System Evaluation

A pilot study quantified the workspace and usability of the modular robotic platform
for manipulating an ablation catheter. Benchtop phantom trials served to objectively
validate motion smoothness in Section 4.2 and performance in Section 4.3 in reaching
target locations. Subjective clinical feedback is discussed in Section 4.4, capturing direct
clinician responses regarding workflow integration factors such as the learning curve
and visualization.

4.1. Experimental Setup

The robotic system was evaluated in a clinical environment using a cardiac phan-
tom (Figure 11), manipulating the catheter using real-time X-ray fluoroscopy guidance
(Artis Q biplane, Siemens Healthcare GmbH, Forchheim, Germany). The phantom was
manufactured in Clear Resin (Formlabs Photopolymer Clear Resin) based on a magnetic
resonance imaging (MRI) scan (1.5T, Philips Achieva, v3.2.2, Philips Healthcare, Best,
The Netherlands) of an AF patient, modeling the left atrium (LA), right atrium (RA),
and inlet pulmonary veins (PVs). Given that the workspace of the catheter is constrained
within the LA, a trans-septal sheath was secured in the trans-septal puncture, providing
the catheter with access from the RA to the LA.

Transseptal 
Puncture LA

IVC

SVC LSPV
LIPV

RSPV

RIPV

(i)

(iii)

(ii)

Anterior-Inferior Anterior Posterior

Figure 11. Cardiac phantom of AF patient used in experimental evaluation, with Aurora sensors
placed between the (i) left PVs, (ii) right PVs, and (iii) posterior wall of the interatrial septum.

The Aurora™ electromagnetic (EM) tracking system (NDI, Waterloo, ON, Canada)
and four Micro 6-DoF sensors were used to localize the position of the catheter throughout
the trials. Three reference sensors were secured to the phantom in the following places to
locate the heart in the coordinate system of the Aurora: (i) on the left PVs fixture (orange
clip attached to left superior (LSPV) and left inferior (LIPV)), (ii) on the right PVs fixture
(clip attached to right superior (RSPV) and right inferior (RIPV)), and (iii) on the posterior
wall of the biatrial structure along the interatrial septum (refer to Figure 11). A fourth
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sensor was placed on the catheter, which was fixed 3 mm from the tip. The EM system was
interfaced to a PC (Core i9, 64GB RAM), capturing the position data at 25 Hz.

Three cardiologists and two cardiology trainees were enrolled in the study, with expe-
rience levels ranging from 0 to 25 years. Clinician experience levels defined the participants’
procedural skill levels: participants with under 10 years of experience were assigned to the
intermediate group; otherwise, they were placed in the expert group. The participants had
no prior experience with CardioXplorer and received basic standardized instructions.

Pulmonary vein isolation (PVI) forms the cornerstone of AF ablation to isolate PV
triggers [2]; therefore, both left PVs were targeted for comparative navigation tests between
manual and robotic trials. The targets reflect standard practice to objectively benchmark
CardioXplorer in rendering manual expertise and accounting for clinical needs. Figure 12b
depicts the confirmation of target achievement, which defined trial success. The starting
position was the interatrial septum, with the participant moving the catheter to the LSPV,
then moving back to the edge of the interatrial septum, and then moving to the LIPV,
with the trajectory depicted in Figure 13.

X-ray DetectorRig securing Transseptal Sheath

Manual Setup LSPV Confirmation

Aurora Field GeneratorCatheter Ablation Simulator

Robot Setup LIPV Confirmation
(a) (b)

Figure 12. Overview of experimental setup for (a) manual and robot trials. (b) Confirmation of target
achievement in the LSPV and LIPV.
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Figure 13. Example trajectory (from the final robot trial of the cardiologist with 13 years of experience)
of the catheter from the interatrial septum (starting position) to the LSPV (first target), back to the
starting position, and then to the LIPV (second target).

4.2. Assessment of Motion Smoothness

PVI may involve methodical point-by-point ablation, warranting consistent, stable,
and reliable catheter manipulation [2]. Therefore, the smoothness of the catheter trajectory
within the LA offers an objective metric for skill assessment, comparing motion consistency.
For this, we leveraged the mean tooltip motion jerk (J) [30,31], which can be obtained
as follows:

J =
1
T

∫ T

t=0

∣∣∣∣d3⃗r
dt3

∣∣∣∣dt. (1)

The jerk was computed over the last 20 s (T) of the final attempts for manual and
robot trials. Before jerk computation, a Gaussian filter (σ = 0.25 samples) was applied to
the noise from the recorded position data (the filtered trajectory is illustrated in Figure 13).
Velocities between 0.5 and 10 mm/s were analyzed after excluding jitter and inactivity.

Table 2 summarizes the mean jerk for manual versus robotic ablation attempts, seg-
mented by clinician experience, where lower jerk correlates to smoother catheter tip motion.
An unpaired t-test assessed the differences between the two experience groups (using the
last 250 frames from each participant) across the mean jerk metric—the null hypothesis
assumes no difference between the two groups.

The mean motion jerk analysis revealed 35.2% (p = 4.50 × 10−9) smoother robotic
navigation for experts (≥10 years) compared to the intermediate group. Both groups
achieved smoother robot motion compared to manual, with 42.2% (p = 2.69 × 10−12)
achieved by the experts and 13.6% (p = 1.77 × 10−2) by the intermediate group (<10 years),
indicating superior tip stability with the robot.

Table 2. Summary of mean motion jerk of the last navigation attempt.

Clinical Group (Experience) Manual (mm/s3) Robotic (mm/s3) p-Value

Intermediate (<10 years) 3.61 3.12 1.77 × 10−2

Expert (≥10 years) 3.49 2.02 2.69 × 10−12

p-value 6.01 × 10−11 4.50 × 10−9 -

4.3. Assessment of Targeting Performance

An analysis of task duration (in Figure 14a) was conducted to evaluate targeting
performance to the relevant PVs. The catheter was navigated from an initial septal position
to the LSPV and LIPV sequentially, with the robot adding a mean overhead of 30.7 s for
the most experienced cardiologist, compared to the additional 43.3 s taken by the least
experienced participant in the manual approach relative to the robot, across the five trials.
The large standard deviations across the participants suggest an initial learning curve
(p = 0.005 (LS) and 0.003 (LI)).
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Figure 14. Comparison of clinician performance from manual versus robotic targeting trials, analyzing
metrics including individual achievement, time to target, and performance improvement over time.

Accessing the LIPV was more challenging across all the participants for both the
manual and robot trials; however, the opposite is true for the manual trials conducted
by cardiologists with 13 and 25 years of experience. Figure 14b,e depicts a decrease in
inter-participant task duration between LIPV and LSPV of 19.21 s for manual and 8.65 s
with the robot; this 55% reduction indicates that the robot eases targeting of the LIPV
(p = 0.107 (LS) and 0.275 (LI)). The mean for the robot across the five trials from Figure 14c
was 26.42 s ± 5.02, and it was 28.01 s ± 5.11 for the manual trials, leading us to conclude that
the robotic approach was an average of 1.59 s faster than the manual approach (p = 0.902
(LS) and 0.69 (LI)). Moreover, the cardiac fellow (<1 year) performed fastest with the robot
and had the lowest mean performance improvement (Figure 14d)—suggesting a shorter
learning curve and lower cognitive load than for the less experienced participants (p = 0.05
(LS) and 0.02 (LI)).

4.4. Clinician Evaluation: Questionnaire

The questionnaire focused on evaluating the system’s usability and capabilities based
on direct clinician experience. The elected multifaceted statements were devised through
joint consultation with an experienced cardiologist (who did not partake in the experi-
ments) and surgical robotics expert to encapsulate critical factors from both clinical and
technological viewpoints, gathering quantitative and qualitative feedback. The quantitative
questions leveraged five-point Likert rating scales to assess the total score, maneuver speed,
maneuver sensitivity, and joystick control; these were used to stratify cases in the two
performance groups.

The clinician responses (on a five-point scale) are summarized in Figure 15. The
questionnaire and the responses can be found in our GitHub repository [23]. The mean
rating of 4.2/5 ± 0.8 suggests a short learning curve with the system (Figure 15a), indicating
ease of adoption following minimal training. The clinician’s experience with the joystick
was rated at 4.2/5 ± 0.44, concluding intuitive navigation. Figure 15c visualizes the rated
speed of critical maneuvers, with a mean overall rating of 3.9/5 ± 0.75 indicating efficient
procedural performance. The rated overall level of maneuver sensitivity of CardioXplorer
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compared to the conventional approach was 3.9/5 ± 0.75, demonstrating precision in
catheter manipulation.

(a) Experience with Robot (b) Experience with Joystick

(c) Speed of Maneuvers (d) Sensitivity of Maneuvers

Figure 15. Mean of clinician ratings on a 5-point Likert scale questionnaire. Response scales ranged
from 1 (strongly disagree/very poor) to 5 (strongly agree/excellent).

5. Conclusions and Future Work

This article presents CardioXplorer, an open-source modular robotic system for
catheter teleoperation. The robot inherits an advantage of the Amigo system in that
it accommodates commercial catheters [9]. Collaboration with cardiologists through bench-
top phantom experiments validated this method’s clinical usability (questionnaire analysis),
workspace (targeting analysis), and smooth manipulation (mean motion jerk analysis).
The latter was established from the robot results of the tooltip motion jerk and evaluation
of the learning curve, which indicated incremental improvements in catheter manipulation
by the intermediate group, approaching the performance of expert clinicians.

For most participants, the robot trials initially took longer than the manual ones;
however, the results from the participants’ final attempts and conclusions drawn from
other studies demonstrate an expectation that this difference will diminish with experience,
accompanied by additional user training [32]. The analysis of the mean robotic perfor-
mance improvement illustrated that the procedural times experienced in the robotic trials
approached parity within a few attempts as the participants became more adept at using
the joystick interface.

Nonetheless, these deductions are limited by the simplified physiology of the phantom,
overlooking in vivo difficulties such as cardiac motion, as well as simplified catheter
modeling. Future work on this modeling could incorporate image-based shape sensing
with this simulator to validate the tip-bending position. Additionally, real-time catheter
endpoint positioning can be used to provide closed-loop control.

Besides this, this study’s sample size limits the generalization of the results; however,
given that this work serves as a proof-of-concept, future work will focus on more extensive
evaluation over an extended period.
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This work aims to accelerate progress in robotic catheter systems by lowering bound-
aries through open-source platforms. Ultimately, through the provision of a validated
foundation for a catheter robot, the deliverables of this article will allow the community to
dedicate resources to higher-level challenges in sensing, autonomy, and planning.
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