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Abstract—Cardiovascular disease remains the primary
cause of death worldwide, necessitating the development
of advanced endovascular instruments and procedures.
These interventional procedures typically involve the use
of guide catheters and guidewires, which are navigated
through the vasculature under X-ray guidance. However,
these procedures expose clinicians to prolonged radiation,
posing potential health risks. Recent advances in endovas-
cular catheter robots can mitigate the aforementioned risks
by allowing teleoperation, but procedural efficacy has been
hindered by their bulky designs that require designated fa-
cilities. In addition, these robots have limited compatibility
with a wide range of instrument types and diameters, re-
stricting their applicability to specific clinical interventions.
To address these unmet needs, we have designed, fabri-
cated, and experimentally validated a portable and versa-
tile 4 degree-of-freedom catheter robot that can manipulate
commercially available cardiovascular instruments with di-
ameters ranging from 1 to 9 F. Furthermore, we analytically
modeled the drive mechanism of the catheter robot and
evaluated its tracking and insertion force and torque perfor-
mance through experiments. Our portable robot (250 mm ×
350 mm × 250 mm) is approximately 90% smaller than
most state-of-the-art systems, e.g., Siemens Corindus sys-
tem (1780 mm × 690 mm × 1170 mm), thanks to our
highly integrated direct drive motors, mechatronics design,
and modular instrument routing. Experimental evaluations
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confirm that the robot can actuate guidewires and guide
catheters at clinically relevant force and torque amplitudes,
speeds, and bandwidths without risking damage to delicate
vascular tissues. The clinical potential of our catheter robot
is demonstrated by performing a simulated percutaneous
coronary intervention using a 3-D-printed model of the hu-
man heart. The portability and versatility of this catheter
robot make it applicable to a wide range of cardiovascular
procedures to potentially facilitate effective treatments.

Index Terms—Cardiovascular intervention, catheter, en-
dovascular disease, friction wheel drive, portable, robotics,
versatile.

I. INTRODUCTION

CARDIOVASCULAR disease poses a significant global
health challenge, ranking as the leading cause of mortality

worldwide, with an estimated 19 million deaths annually [1]. En-
dovascular procedures, e.g., transcatheter aortic valve replace-
ment (TAVR), percutaneous coronary intervention (PCI), atrial
fibrillation ablation, and endovascular aneurysm repair (see
Fig. 1) require deployment and precise positioning of catheters
and guidewires. PCI treats diseased coronary arteries using a
balloon/stent catheter to expand narrowed arteries [2]. TAVR
involves utilizing a microcatheter to replace a damaged valve
with a prosthetic valve [3]. Atrial fibrillation ablation involves
heat (radiofrequency ablation) or cold (cryoablation) energy to
create scars on the heart chambers via ablation catheters, block-
ing abnormal electrical signals (arrhythmias) [4]. Endovascular
repair of aortic aneurysms involves inserting a stent graft through
a microcatheter to mitigate aneurysm rupture [5] .

These minimally invasive procedures are associated with
shorter recovery times, reduced risks of complications, and
improved patient outcomes as compared to conventional open
surgeries [6]. Despite these benefits, these procedures also
present notable challenges, including long procedure times, in-
creased radiation exposure for clinicians, and increased clinical
workloads and demands for healthcare facilities. The aforemen-
tioned challenges can lead to long-term health issues such as
cancer and ergonomic injuries [7], [8], [9].

To address the clinical challenges, researchers have made
significant advancements in minimally invasive robotics to
enable prostate percutaneous therapy and stereotactic neuro-
surgery [16], [17], [18], [19], [20]. The potential to improve
patient outcomes via robotics paved a path for future magnetic
resonance imaging (MRI)-guided robot-assisted surgeries [21],
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Fig. 1. Endovascular interventions for various cardiovascular dis-
eases. (a) Transcatheter aortic valve replacement (TAVR). (b) Percu-
taneous coronary intervention (PCI). (c) Atrial fibrillation ablation. (d)
Endovascular aneurysm repair. These procedures require 2-DoF ma-
nipulation of instruments (i.e., rotation and translation) and are typically
performed via femoral access and guided by X-ray imaging. Ensuring
safe and effective treatment requires employing instruments of varying
diameters (0.33–1.00 mm) and working length (100–1200 mm).

[22], [23], [24], [25]. Similarly, for catheter-based endocardial
interventions, investigators explored the design optimization of
shape memory alloy actuated robotic radiofrequency ablation
catheters to augment their performance to address convoluted
interventional tasks [26]. Subsequent research focused on path-
optimized and closed-loop control of the robotic catheter tip
during endocardial ablation [27].

Endovascular catheter robots have been developed and intro-
duced to safeguard clinicians from radiation exposure and mus-
culoskeletal injuries by enabling teleoperated interventions [28],
[29], [30], [31], where clinicians use a remote console with
improved ergonomic postures. However, the intricate complexi-
ties of endovascular interventions pose challenges to the design
of catheter robots, which requires enabling a specific range of
motion (RoM) for a variety of intervention instruments while
maintaining a compact form for minimizing surgical interfer-
ence. The commercial Amigo Remote Catheter System, for
example, uses a 2-degrees-of-freedom (DoF) actuation module
to control steerable catheters [10], but its docking-enabled linear
stage and constrained RoM limits its clinical adaptability to only
a few procedures.

Most prior art catheter robots utilize two types of gross motion
to drive instruments: clamping-based axial motion (constrained
RoM) and friction wheel drive-based axial motion (unlimited
RoM) [31], [32]. These are further divided into the following
four actuation combinations [33], [34] that allow for instrument
insertion and rotation:

1) mechanisms that utilize linear stages for insertion and
clamp mechanisms;

2) inchworm-based linear actuators for instrument insertion
(intermittent feeder) and gear/belt mechanisms for rota-
tion;

3) friction-based instrument translation (continuous feeder)
and rotary motion via shear friction;

4) friction wheel driver (continuous feeder) for instrument
insertion with gear/belt trains for instrument rotation.

Clamping-based linear drive mechanisms were developed to
mimic the clinician’s delivery process and ensure an adequate
grip on the instruments. A 4-DoF, MRI-compatible robot that
pneumatically translates instruments via inchworm mechanisms
and rotates them via spur gear trains is presented in [11]. How-
ever, this inchworm mechanism restricts the device’s working
length and is subject to task-space backlash, posing challenges
for continuous actuation. Friction-drive linear actuation may
achieve unconstrained working length within a smaller footprint.
The Dual-finger Robotic Hand [13] enables the translation of
guidewires and balloon/stent catheters via friction rollers and
rotation through a shear friction mechanism, mimicking the
clinician’s thumb and forefinger movements. The Magellan
robotic system [12] utilizes a friction-belt drive mechanism to
translate and rotate a guidewire, which enables guide catheter
steering and translation through a linear stage. Nevertheless,
these robots may experience radial slip during instrument ro-
tation, resulting in inaccurate positioning [12], [13]. Siemens
Corindus Robotic System [15], [35] enables 3-DoF instrument
translation and rotation through motorized roller pairs and a
spur gear train. However, this robot is constrained in its instru-
ment working length and can only actuate a limited range of
instruments, restricting its adaptation to specific cardiovascular
procedures. Furthermore, the Siemens system suffers from a
complex intervention workflow that restricts its ability to treat
multiple diseased vessels in a single insertion and requires a
significant amount of preprocedural planning due to its closed
architecture [8], [9], [36] .

As shown in Table I, state-of-the-art robot systems tend to be
bulky (typically larger than 500 mm), which may cause physical
interference with physicians in robot-assisted interventions. The
Corindus Robotic System, for example, suffers from limited
adoption due to its large footprint (1780 mm × 690 mm ×
1170 mm) [15]. Existing robotic systems may also exhibit
limitations in the instrument RoM and compatibility with a
range of catheters and guidewires [15], hindering their clinical
applicability and widespread adoption; these systems are used
in only 1% of endovascular interventions due to their adapta-
tion barriers [37]. Attaining high compatibility and versatility
with off-the-shelf interventional instruments while maintaining
a compact structure requires an innovative mechatronics design
strategy.

In this study, we present a novel, actively adjustable clamp-
ing mechanism capable of precisely manipulating off-the-shelf
instruments across broad diameter ranges. Our friction roller-
drive module enables unlimited guidewire insertion/retraction
RoM, and this module provides enhanced insertion force
via a direct drive motor and a linear actuator to minimize
slippage. In addition, our friction roller-drive model consid-
ers both roller–instrument interactions and boundary condi-
tions of the actuation module to mitigate instrument slip-
page. This portable catheter robot is based on a novel actua-
tion mechanism, customized compact motors and electronics
(see Fig. 2).

The contributions of this study are as follows. First, we created
a novel 4-DoF portable and versatile catheter robot that enables
precise translation and rotation of off-the-shelf guide catheters
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TABLE I
COMPARATIVE OVERVIEW OF STATE-OF-THE-ART ENDOVASCULAR ROBOTIC SYSTEMS AND OUR PROPOSED ROBOT

Fig. 2. Mechatronics design of our portable and versatile catheter robot. (a) Overview of the 4-DoF robotic system CAD the enclosing top, middle,
and bottom modules designed for the actuation of all instruments. (b) 2-DoF guide catheter module: features a lead screw for catheter axial trans-
lation and a versatile rotation mechanism, including an adjustable clipping-enabled clamping mechanism to incorporate off-the-shelf Y-connectors
to adapt to versatile guide catheters. (c) 2-DoF guidewire module: utilizes a friction roller drive for unconstrained guidewire advancement/retraction
range and a medical torquer incorporated into spur gear train for guidewire rotation.

and guidewires within a compact size (250 mm × 350 mm ×
250 mm) that is approximately one-tenth the size of the state-of-
the-art catheter robots. Second, our actively adjustable clamping
mechanism enables the robot to actuate off-the-shelf instru-
ments with diameters ranging from ∅ 0.33 to ∅ 3 mm with
precise instrument advancement/retraction, ± 0.05 mm with an
unlimited RoM and rotation (± 0.3◦). The portable and versa-
tile capabilities of the robot enhance its practicality in clinical
interventions. Benchtop testing results show that our design is
a compact robot capable of actuating intervention instruments
with the required ranges of motion (linear:± 1200 mm, rotation:
± 180◦). This highlights the proposed design’s potential for ef-
fective endovascular intervention through simultaneous control
of commercially available instruments, which facilitates easy
adoption by clinicians.

II. DESIGN REQUIREMENTS

Our design focuses on creating a compact, portable 4-DoF
robot capable of precisely actuating a wide range of commer-
cially available endovascular instruments, which vary consider-
ably in diameter. Considering the diversity of cardiovascular
interventions and instruments in use, it must independently
actuate the rotation and translation of guidewires with diameters
ranging from∅ 0.33 to∅ 1 mm and catheters ranging from 5 and
9 F with a minimal footprint to prevent physical interference with
clinician’s operations. The drive mechanisms should provide a
minimal force and torque resolution of 20.0 mN and 0.04 mNm,
respectively, which are considered thresholds for safe and effec-
tive manipulation of instruments within delicate vascular tissues.
At the higher end, instrument actuation forces and torques in the
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Fig. 3. 4-DoF endovascular robot is compact and versatile, accommodating instruments of different diameters. All actuating modules are
independently controllable, allowing synchronous translation and rotation of the guide catheter and guidewire without constraints. This feature
mimics the clinician’s hand cues, improving robot adaptability and enhancing procedural efficiency.

range of ± 2N and ± 4.5 mNm are necessary for advancing,
retracting, or steering catheters safely [38]. The standard femoral
entry point in cardiovascular procedures demands instrument
translation of at least 1200 mm to reach the heart chambers,
with a desired resolution of ± 1 mm to facilitate effective
treatments [15], [39].

III. MECHATRONICS DESIGN

This section details the mechatronics development of our
teleoperable robot, detailing its compact architecture, its 2-DoF
guide catheter actuation module and 2-DoF guidewire actuation
module, and its electronics module.

A. Portable and Compact Architecture

As illustrated in Fig. 2, the robot’s design comprises a three-
layered architecture including top, middle, and bottom modules
to actuate endovascular instruments. The hallmark of this design
lies in the S-shaped curving and threading of instruments across
these actuation layers, without kinking, based on the stiffness
and geometric features [40], [41], [42], [43] to significantly
reduce the system’s footprint. As shown in Fig. 3, the robot’s top
layer comprises the guide catheter rotation (DoF #1) and trans-
lation (DoF #2) actuation modules. The middle layer incorpo-
rates the guidewire rotation and translation modules (DoFs #3
and #4), and provides space to accommodate a microcatheter
insertion module. The bottom layer houses a custom printed
circuit board (PCB) and portable battery.

B. Design of the 2-DoF Guide Catheter Module

This module was developed to address the critical barrier
of state-of-the-art robotic procedures, where clinicians need

frequent robotic-to-manual procedural conversions due to the
robot’s limited adaptability to different guide catheter diameters.
As illustrated in Fig. 2, the 2-DoF guide catheter actuation
capabilities (rotation—DoF #1 and translation—DoF #2) imi-
tates manual procedure capabilities via a rotatable Y-connector
(80395, Qosina, USA) to facilitate dye and drug delivery through
a wide range of guide catheter diameters. The direct drive,
brushless dc (BLDC) motor (RMD-L-4010, MyActuator) and
1.5-mm pitch lead screw translation platform enables precise
motion control with a range of 300 mm (± 0.5 mm). The
relationship between the motor angle and the axial translation is
shown as follows:

Xc(t) = β · θm(t) (1)

=
l

2π
· θm(t) (2)

where β represents the lead screw angle (◦), l denotes the thread
lead (in millimeter), θm is the motor angle input (±0.3◦) for plat-
form translation (in millimeter), and Xc (in millimeter) denotes
the advancement/retraction of the catheter as a function of time
t (seconds). The guide catheter rotation module incorporates a
second BLDC motor with a spur gear train (2:1 gear ratio) to
achieve 360◦ RoM (± 0.3◦).

C. Design of 2-DoF Guidewire Module

The roller-drive module design facilitates the 2-DoF manipu-
lation of guidewires (i.e., rotation DoF #3 and translation DoF
# 4) of varying diameters and lengths. As shown in Fig. 2, it
incorporates an adjustable friction wheel mechanism to facilitate
guidewire insertion and retraction. The instrument translation
mechanism consists of an active roller coupled with a motor
to feed the guidewire continuously in the axial direction, with
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Fig. 4. Prototype of a 4-DoF catheter robot that incorporates a 2-DoF guide catheter module and 2-DoF guidewire module, along with compact
electronics. (a) Our customized PCB enables communication with integrated smart motors (with fully integrated motor drivers and encoders) via
CAN bus protocol. (b) Guide catheter actuation module (DoFs # 1 and # 2) is stacked on the top layer. (c) Guidewire actuation module (DoFs # 3
and # 4) is stacked on the middle layer.

an ROM of more than 1200 mm (± 0.5 mm). A linear actuator
(L12-10-50-6-P, Actuonix Motion Devices) provides pretension
on the guidewire by manipulating the passive roller base through
a spring connection to adapt to different guidewire diameters.
The instrument rotation platform uses a COTS torquer device
(97327/97360, Qosina, USA) and spur gear train to facilitate
360◦ (±0.3◦) of guidewire rotation. The axial displacement is
calculated as follows:

Xg(t) =
1
2
·Dr · θm(t) (3)

where Xg represents the axial motion of the guidewire (in
millimeter),Dr denotes the diameter of the roller (in millimeter),
and θm is motor rotation angle input (◦).

D. Electronics Design

Customized electronics enable high-fidelity, high-bandwidth
communication between the controller and actuation units. The
five direct-drive BLDC motors facilitate high-resolution, high-
bandwidth control of the instrument outputs (e.g., positional
accuracy and insertion force). Furthermore, customized PCBs
incorporate a Teensy 4.1 microcontroller (PJRC, USA) and
controller area network (CAN) transceivers that enable low-level
control at high bandwidths.

1) Direct Drive Motors: The direct drive motors are efficient
and compact (40 mm in diameter, 28 mm in height, and 92 g
in weight), as illustrated in Fig 4(a). These compact gearless
motors feature built-in drivers and incremental optical encoders
to provide a nominal torque output of 0.15 Nm (peak torque:
0.33 Nm, speed: 1120 r/min) with an input voltage range of
8–24 V. The motor drivers enable torque loop, speed loop, and
position loop control. Each motor unit includes an electronic

control unit to establish and maintain real-time communication
with the microcontroller via the CAN bus protocol. Adopting
this CAN bus protocol enables simultaneous real-time control
of multiple motors at varying operating frequencies. The in-
tegrated encoder delivers 14 bits of rotor resolution, ensuring
high-fidelity position feedback for the precise placement of
instruments within the vasculature.

2) Grip Actuator: This small-footprint linear actuator (L12-
10-50-6-P, Actuonix Motion Devices) maintains a robust grip on
the instruments. This actuator incorporates a micro BLDC motor
into a lead screw mechanism, enabling the effective conversion
of rotational motion into linear translation with minimal back
drivability. Its 50:1 gear ratio provides a repeatability of 0.1 mm
via potentiometer position feedback, a maximum stroke length
of 10 mm, and a maximum force of 22 N, with a back drive force
of 12 N. The low back-drivability of these actuators enhances
mechanism robustness and mitigates radial/tangential slip of
instruments. As illustrated in Fig. 5, the passive roller incorpo-
rates a biasing spring to adapt to various guidewire diameters.
As the extended length of the linear actuator can be tailored
in real-time (via commands from the microcontroller) and the
distance between the rollers and the diameter of guidewires
are known, the spring assists in establishing adequate force for
the friction roller to actuate these thin guidewires and ensure
adequate grip.

3) CAN Bus Communication Electronics: Our customized
two-layer PCB design establishes high-fidelity, high-bandwidth
communication between the microcontroller and all five actu-
ators, as illustrated in Fig. 4(a), and is expandable up to nine
actuators. Its compact geometry (100 mm length by 85 mm
width) greatly assists in reducing the footprint of the robot.
The system microcontroller (a Teensy 4.1) regulates five direct
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Fig. 5. Clamping feature of the versatile guide catheter module in-
corporates off-the-shelf rotatable y-connectors into the driven gear to
actuate catheters. (a) Module’s compatibility with a 5-Fr guide catheter.
(b) Module with the 8-Fr guide catheter; see Fig. 2. Pretension guidewire
module facilitates accurate grip by tailoring the linear actuator shaft to
accommodate versatile guidewire diameters. (c) Accurate retention on
the 1 Fr (∅ 0.36 mm) guidewire. (d) 3 Fr (∅ 0.89 mm).

drive motors via CAN bus protocol and two linear actuators via
pulsewidth modulation output and analog input. Furthermore,
the PCB design can also accommodate different communication
protocol electronic units (such as I2C, SPI, UART, USB) and
holds a battery port to power all electronic units by reducing
the necessity for numerous channels. Finally, the 22-V battery
powers the PCB (including the microcontroller and all the ac-
tuators) for nearly 5 h, promoting the robot’s accessibility for
telemanipulation.

IV. EXPERIMENTS AND RESULTS

We conducted a variety of benchtop experiments to character-
ize the performance and versatility of instrument manipulation,
specifically the following:

1) the mechanical versatility to drive guide catheters and
guidewires with different and clinically relevant diame-
ters;

2) the precise control of tip translation and rotation, and
actuation force and torque, to meet clinical requirements
without damaging delicate tissues.

Position tracking experiments evaluated the system’s tracking
accuracy and repeatability, while insertion force characterization
tests were conducted to ensure the robot could actuate a range
of instruments and achieve the desired insertion forces required
for cardiovascular interventions.

A. Position Tracking Experiments

1) Task-Space Tracking: Because simultaneous manipula-
tion (i.e., rotation and linear translation) of the guidewire and
guide catheter is critical for most cardiovascular procedures, we
conducted a series of simultaneous task-space position tracking
experiments. We employed commercial guide catheters (a 5-F
H74939228090 CONVEY FL5 and an 8-F M001198660 MACH
1 19866, Boston Scientific, USA) and guidewires (a 0.36 mm ×
300 cm CHOICE PT floppy with straight tip and a 0.89 mm ×

Fig. 6. Simultaneous swept sine position tracking of the guidewire and
guide catheter. The first two plots illustrate the guide catheter position
tracking with sine sweep input, rotation (DoF # 1): 0.02–0.2 Hz and
180◦ amplitude and linear translation (DoF # 2): 0.01–0.1 and 20-mm
amplitude. The bottom two plots demonstrate the guidewire rotation
(DoF # 3): 0.02–0.2 Hz and 180◦ amplitude and linear translation (DoF
# 4): 0.002–0.2 Hz and 60-mm amplitude.

450 cm Hydra Jagwire stiff with straight tip, Boston Scientific,
USA) to evaluate tracking performance. As shown in Fig. 6,
The position-tracking experiments utilized the smallest diameter
instruments (i.e., the 5-F guide catheter and 0.36-mm guidewire)
and included simultaneous rotation and translation of both the
guide catheter and guidewire. Specifically, the guide catheter
tracking utilized a swept sine rotation reference of 0.02–0.2 Hz
with an amplitude of 180◦), while its linear translation tracked
a swept sine wave reference of 0.01–0.1 Hz with an ampli-
tude of 20 mm. Similarly, simultaneous guidewire rotation and
translation experiments involved swept sine rotation references
(0.02–0.2 Hz with an amplitude of 180◦) and translation refer-
ences (0.002–0.2 Hz with an amplitude of 60 mm). These swept
sine experiments facilitated the examination of the controllable
bandwidths of all actuation modules. The guide catheter and
guidewire rotation modules were studied by operating the ro-
tatory modules between 7.2◦/s and 72◦/s. In contrast, the guide
catheter linear translation module was commanded between 0.4
and 4 mm/s, and the guidewire linear translation module was
commanded between 0.24 and 24 mm/s.

Four motion capture cameras (Qualisys Miqus M5, Sweden)
were employed to precisely monitor the instrument position
in the benchtop setting. Four reflective markers were attached
around the instrument to quantify the real-time linear and ro-
tational motion of both the guidewire and guide catheter. The
reflective marker data was acquired at 100 Hz to track the instru-
ment movements with high fidelity. Because the endovascular
instruments were subjected to axial and torsional mechanics,
task-space measurements (angular and linear positions of the
instrument tip) exhibited low-amplitude oscillations and de-
viations with respect to the joint-space actuator commands.
These differences were quantified via root-mean-squared-error

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: N.C. State University Libraries - Acquisitions & Discovery  S. Downloaded on May 02,2025 at 03:30:42 UTC from IEEE Xplore.  Restrictions apply. 



KANTU et al.: PORTABLE AND VERSATILE CATHETER ROBOT FOR IMAGE-GUIDED CARDIOVASCULAR INTERVENTIONS 7

Fig. 7. Measured actuation force and torque profiles for different diameter instruments. (a) Experimental setup for guide catheter force and
torque measurements. (b) Experimental setup for guidewire force and torque measurements. (c) Measured force profiles, where orange indicates
commanded motor current, and blue represents measured forces. Input current amplitudes of 0.65, 0.80, and 1.05 A were used for the guide
catheter drive motors, with step periods of 2.5 s. For the guidewires, motor current step amplitudes of 0.50, 0.65, and 0.80 A were used with step
periods of 0.75 s. Peak guide catheter force measurements were 5.49 N (for 8 F) and 3.44 N (5 F), peak guidewire force measurements were
0.38 N (for ∅ 0.89 mm) and 0.35 N (for ∅ 0.36 mm). (d) Measured torque profiles, where orange indicates commanded position setpoint and blue
represents measured torques. Peak guide catheter torque measurements were 10.61 mNm (for 8 F) and 6.55 mNm (5 F), and peak guidewire
torque measurements were 0.42 mNm (for ∅ 0.89 mm) and 0.22 mNm (for ∅ 0.36 mm).

(RMSE) analysis to be 10.3◦ and 0.31 mm, respectively. Fur-
thermore, guidewire rotation and linear translation data reveal
differences of approximately 6.9◦ and 0.9 mm, respectively.
These results demonstrate the robot’s ability to enable coupled
manipulation of commercially available instruments with the
intuitiveness of instrument control via joint-space commands.

B. Instrument Insertion Force and Torque
Characterization

We evaluated the robot’s force and torque capabilities using
the same commercial guide catheters and guidewires. Specifi-
cally, we quantified the actuation performance of both the guide
catheter and guidewire translation modules via a series of scaled
current step responses. Although peak insertion forces during
PCI vary significantly depending on catheter type, procedural
technique, and patient anatomy, published ranges of 0.1 N to
more than 1.5 N are common [15], [39]. To explore the high
end of this range, input current amplitudes of 0.65, 0.80, and
1.05 A were used for the guide catheter drive motors, with
step periods of 2.5 s. For the guidewires, motor current step
amplitudes of 0.50, 0.65, and 0.80 A were used with step periods
of 0.75 s. The experimental setup utilized a six-axis force and
torque transducer (Nano43 US-2-1, ATI Industrial Automation,
USA) to characterize insertion forces and torques at the device
tips. The force and torque sensor was situated at a distance of
700 mm from the robot, and the robot was commanded to drive
the instruments through 6-mm diameter clear plastic tubing (to
mimic endovascular support, Fig. 7).

As shown in Fig. 7, a peak insertion force of 5.49 N was
observed while actuating the 8-F guide catheter with a drive
motor current of 1.05 A. Peak force measurements for the
5-F guide catheter were 3.44 N. Roller drive-based guidewire
translation produced peak forces of 0.37 N for the ∅ 0.89-mm
guidewire and 0.35 N for the ∅ 0.36-mm guidewire, both at

drive motor currents of 0.80 A. The experiment conducted on
a ∅ 0.36-mm guidewire revealed that the quantified insertion
force decreased slightly over a period due to induced bending
of the instrument tip, as illustrated in Fig. 7. Also shown in
Fig. 7 are measured torque profiles for the 5- and 8-F guide
catheters and the ∅ 0.36-mm and ∅ 0.89-mm guidewires. Peak
guide catheter torque measurements were 10.61 mNm (8 F)
and 6.55 mNm (5 F), both for commanded position setpoints
of 225◦. Peak guidewire torque measurements were 0.42 mNm
(∅ 0.89 mm) and 0.22 mNm (∅ 0.36 mm), both for commanded
position setpoints of 360◦. These torque profiles were repeatable
and exhibited less relaxation than the force profiles.

Because large insertion force amplitudes could pose risks
to delicate tissues, additional experiments were conducted at
the low end of the controllable insertion force range. For these
experiments, the 8-F guide catheter was actuated using a setpoint
position input of 0.25 mm, resulting in very low but repeatable
insertion forces (peak: 42.2 mN, average: 22.5 mN) with an
average actuation current of 0.21 A. Similarly, a ∅ 0.89-mm
guidewire was commanded with a position setpoint of 3.78 mm,
again resulting in low but repeatable insertion forces (peak:
25.6 mN, average: 15.9 mN), with an average actuation current
of 0.19 A (see Fig. 8) .

C. Experimental PCI in a Human Heart Phantom

To demonstrate the clinical potential of our catheter robot,
we conducted experimental PCI using a transparent human
heart phantom. The heart phantom geometry was derived
from clinical scans and converted to solid model format (Tur-
boSquid.com, [44]) and 3-D printed in clear resin (FormLabs
Form 3, USA) . As shown in Fig. 9, a guidewire (0.89 mm ×
450 cm Hydra Jagwire stiff guidewire with straight tip, Boston
Scientific, USA) was robotically introduced via the left subcla-
vian artery into the aorta at a rate of approximately 1 mm/s
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Fig. 8. Minimum repeatable insertion forces for a 8-F guide catheter
and a 3F guidewire. The guide catheter results illustrate the forces
(peaking at 42.2 mN, average 22.5 mN) achieved by translating the
instrument with a position setpoint of 0.25-mm amplitude, drawing a
current of 0.21 A (root mean square). Similarly, the guidewire was com-
manded with a position setpoint of 3.78 mm; this resulted in quantifying
insertion forces (peak: 25.6 mN, average: 15.9 mN), drawing a current
of 0.19 A.

Fig. 9. Robotic guidewire deployment in a human heart phantom to
simulate PCI. (Top) Experimental setup showing catheter robot, heart
phantom, and transmitter for 3-D EM tracker system. (Bottom left) Trans-
parent 3-D-printed heart phantom, with guidewire robotically advanced
via the left subclavian artery into the aorta and advanced to the entrance
of the left coronary artery. (Bottom right) Measured 3-D position tracking
of guidewire tip (shown as blue sample points) overlaid on the solid
model of the heart phantom, showing instrument trajectory. Reversals
and rotations of the guidewire tip are visible: these enabled passage
through tortuous vessels and around vascular obstructions.

and advanced to the entrance of left coronary artery. Real-
time tracking of the guidewire tip was accomplished using an
attached 6-DOF electromagnetic tracking sensor (TrakSTAR
MRT, NDI, ON, Canada), which was sampled at 100 Hz to
acquire the task space position and orientation. The resulting
guidewire trajectory is presented in Fig. 9, showing accurate and
effective guidewire deployment throughout this simulated PCI
procedure.

V. CONCLUSION

In this article, we have presented the design, development,
and experimental characterization of a portable and versatile
robot with a compact footprint that can precisely manipulate
a range of off-the-shelf instruments to achieve desired motion
specifications. This work also introduced detailed modeling
of the friction roller drive actuation system to quantify the
nonlinear relationship between roller grip and instrument in-
sertion forces, which helps mitigate slippage. The joint-space
tracking results demonstrated the robot’s capability to actuate
all four modules simultaneously to achieve coupled instrument
manipulation (i.e., rotation and linear translation). Guidewire
and guide catheter modules reported low RMS error (linear
≤ 0.09 mm, rotation ≤ 0.014◦). Our task-space instrument
swept sine tracking results demonstrated the robot’s ability to
manipulate the guidewire and guide catheter at various inter-
vention speed ranges with an intuitive correspondence between
the joint-space commands and task-space movements. These
task-space position tracking experiments involve simultaneous
manipulation of the instruments in a benchtop setting. Coupled
guidewire rotation and translation were investigated by operat-
ing the rotational drive module between 7.2 and 72◦/s, and the
translational drive module between 0.24 and 24 mm/s. Similarly,
coupled guide catheter rotation and translation were studied by
commanding the actuation modules at rates between 7.2 and
72◦/s, and 0.4 and 4 mm/s, respectively. Due to the flexural
mechanics of the instruments, differences in rotation tracking
between the joint space and task space were observed, not
exceeding 10.3◦. Likewise, instrument linear translation results
exhibited submillimeter differences of≤0.9 mm. These minimal
disparities between joint-space commands and task-space move-
ments demonstrate our versatile mechanism’s ability to achieve
high accuracy and repeatability with a compact design.

Mechanical versatility experiments involved actuation of the
smallest and largest instrument diameters (i.e., guidewire and
guide catheter) to characterize the instrument’s insertion force
capabilities. These quantified force results demonstrated the
ability of the versatile translation modules (i.e., guidewire and
guide catheter insertion modules) to effectively drive a range of
instruments and achieve the requisite insertion forces of most
cardiovascular procedures [38]. The peak guide catheter driving
force was quantified to be 5.49 N, with a peak guidewire insertion
force of 0.37 N, with torque commands lower than the drive
motor’s peak capability (thus, our robot has the potential to
achieve even higher insertion forces). One limitation of the
current study is that we evaluated our robot only in bench-
top settings. Thus, extensive testing using vascular phantoms,
explanted vascular tissues, and in vivo procedures should be
conducted to fully investigate and characterize the robot’s full
potential in anatomical settings.

In conclusion, our robot design features a portable architecture
that is achieved by curving the instruments through multiple
actuation module layers, making it compact and accessible to
diverse clinical settings. Our robot’s versatile actuation modules
facilitate adaptation to diverse off-the-shelf instruments and
enable simultaneous manipulation of instruments with greater
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accuracy and repeatability. The versatility feature of our modules
can potentially empower the robot to execute diverse cardiovas-
cular procedures. While our current robot is not designed to fa-
cilitate standard instrument sterilization techniques (autoclaves,
ethylene oxide, etc.), future work will focus on a more modular
design, where the drive mechanisms that directly contact the
guide wires and guide catheters will be contained in a removable
cartridge suitable for sterilization. Furthermore, the modular
design of our catheter robot requires that a nominal length of
guidewire and catheter (approximately 50 cm) reside within the
drive modules so that even procedures requiring only 50 cm
of stroke will require instruments of approximately 100 cm in
length. A focus of future research will be to reduce this nominal
drive module length.
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