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The CathPilot: A Novel Approach for Accurate
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Abstract—Accurate device navigation and control are
significant challenges in various minimally invasive car-
diovascular interventions. The long length of the devices
used (e.g., catheters and guidewires), their high flexibility,
and their engagement with the tortuous anatomy limit the
accurate and reliable control and navigation of the device’s
tip. This article aims to design, develop, and assess a
novel alternative solution that promises to overcome the
major limitations of conventional devices. By utilizing an
expandable cable-driven mechanism and a corresponding
3-D cam surface for cable length adjustment, we propose
a fully manually operated system that can be navigated
through the tortuous anatomy and then teleoperated to
allow for accurate, reliable, and localized position control
and tracking of the device. In this article, the methods of
design, development, and verifications of this system are
presented. The system’s performance is assessed under
different path tortuosity conditions and different opening
diameters of the expandable frame. Our results indicate
that the proposed system provides complete teleoperation
of the device within the full reachable workspace of the
mechanism and allows for positioning and tracking of the
device with submillimeter accuracy irrespective of the tor-
tuosity of the path and expansion size of the frame. Ex-vivo
phantom model experiments also show the device signifi-
cantly outperforms conventional devices in terms of navi-
gation time and success rate. The CathPilot allows for di-
rect manipulation, accurate positioning, and tracking of the
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device tip relative to the anatomy, promising to overcome
some of the major limitations of conventional interventional
devices.

Index Terms—Cable-driven parallel manipula-
tor/mechanism, cable-driven robotics, cardiovascular
interventions, minimally invasive interventions, steerable
catheter.

I. INTRODUCTION

CARDIOVASCULAR diseases continue to be the leading
cause of death and short- and long-term disability [1],

[2]. The primary surgical interventions for diagnosis, manage-
ment, and treatment of cardiovascular disease are minimally
invasive catheter-based procedures, which have been rapidly
adopted globally. Today, more than ten million catheter-based
cardiovascular interventions are performed worldwide each year
[3]. However, despite their many benefits, many such catheter-
based procedures continue to suffer from extremely high failure
rates—above 20% for some procedures [4]–[6], long procedure
times, and alarming complication rates (up to 30% for many
commonly performed procedures) [7]–[9]. These factors ulti-
mately risk patient lives and create significant undesired social
and economic burdens.

Conventional catheter-based cardiovascular interventions
typically use nonsteerable or cable-actuated steerable catheters.
These long and flexible devices are passive and manually manip-
ulated from outside the patient body. In such procedures, accu-
rate and reliable navigation and control of the device tip relative
to the anatomy is extremely challenging [10], [11]. Two con-
tributors to this limitation include: First, the devices are soft and
compliant and have unpredictable interactions with the cardio-
vascular anatomy along their path; and second, the procedures
are typically guided with 2-D projection X-ray imaging that fails
to provide 3-D anatomical information and depth perception.
Both Awaz et al. and Hu et al. provide detailed literature surveys
of steerable catheters and highlight their limitations in precise
device positioning and navigation [11], [12]. In [13], the effects
of such constraints on the reachable workspace and deliverable
forces for conventional devices have been characterized. We
believe these limitations—that have not been fully addressed by
conventional steerable catheters—ultimately contribute to long
procedure times and extended radiation exposure to the patient
and health care team, as well as high failure and complication
rates.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0001-8037-5184
https://orcid.org/0000-0002-2146-9575
https://orcid.org/0000-0002-1777-7217
https://orcid.org/0000-0002-8057-8536
mailto:ali.tavallaei@ryerson.ca
mailto:alykhan.sewani@ryerson.ca
mailto:yara.alawneh@ryerson.ca
mailto:rene.gillilanpenalty -@M drocque@ryerson.ca
mailto:rene.gillilanpenalty -@M drocque@ryerson.ca
mailto:atavallaei@gmail.com
mailto:aquadri@uwaterloo.ca
mailto:christopher.magnin@gmail.com
mailto:andrew.dueck@sunnybrook.ca
mailto:andrew.dueck@sunnybrook.ca
mailto:graham.wright@sunnybrook.ca
https://doi.org/10.1109/TMECH.2022.3188955


ZHOU et al.: CATHPILOT: A NOVEL APPROACH FOR ACCURATE INTERVENTIONAL DEVICE STEERING AND TRACKING 5813

There are many cardiovascular interventions that could benefit
from more accurate and reliable device navigation and tracking.
Examples include gate cannulation in endovascular aneurysm
repair procedures that suffer from very long procedure times (up
to 8 h) [14], [15]; coronary sinus cannulation in cardiac resyn-
chronization therapy; accurate needle positioning and steering
for procedures, such as transseptal puncture [16] or cardiac
drug delivery and regenerative therapy [17], [18]. However, in
this article, we will primarily focus on an example application
of the proposed technology in arterial revascularization in pa-
tients with peripheral arterial disease (PAD) and critical limb
ischemia. PAD affects 12–14% of the general population in
North America alone [19], [20]. Unfortunately, PAD is associ-
ated with significant morbidity and mortality. The prime surgical
approach for the management of PAD is through endovascular
revascularization. However, many such procedures immediately
fail (up to 30%), merely for technical reasons and the inabil-
ity of the interventionalist to “cross” the occlusion with the
guidewire [4], [21], [22]. These failures are despite the presence
of microchannels as well as soft penetrable segments within the
arterial occlusions [23]–[25] and, hence, calling for improved
methods and solutions.

To address some of the limitations of conventional catheter
navigation, active electromechanical telerobotic catheter naviga-
tion platforms have also been developed [26]. These solutions
primarily allow the user to perform the procedure remotely, far
from the ionizing radiation of the X-ray source. The prime tech-
nology that is used in such systems is cable-actuated backbone-
based structures. Alternatively, there is also extensive research
activity on concentric tubes, as well as soft, hydraulic-based
robotic systems [27], [28]. A major common challenge to all
such designs can be attributed to limitations imposed by the
system and vessel interactions and the long, tortuous navigation
path and remote mechanical manipulation from outside the body
that ultimately affect the device’s performance and limit its
reachable workspace, accuracy, and force delivery [10], [13].
These technologies do not address the lack of 3-D visualization
that exists with conventional image-guidance techniques, such
as projection X-ray fluoroscopy.

Electromagnetic catheter navigation systems are also com-
mercially available that address this problem directly, a com-
mercial example being the Stereotaxis Niobe system [29]. They
allow for direct magnetic manipulation of custom devices with
integrated magnets at their tip. This method allows for direct ma-
nipulation of the device tip, mostly independent of the mechan-
ical engagements between the catheter shaft and the tortuous
anatomy along its length. Therefore, it allows for more accurate
and direct device steering and navigation [29]. However, these
systems are relatively expensive to purchase, install, and oper-
ate, as they require expensive custom devices, large adjustable
magnetic field sources, and a dedicated room. In addition, these
systems manipulate and track the device relative to the geometric
coordinates of the electromagnetic source outside of the patient
body. Therefore, manipulation and tracking are not relative to
the anatomy but rather to the source of manipulation outside the
patient body [11], [30].

To address the challenges associated with device visu-
alization and tracking, various sensing techniques, such as

Fig. 1. Representative CAD model of the CathPilot is shown with
its three main subcomponents: the manipulator unit, the multilumen
catheter, and the user input handle unit.

electromagnetic-based tracking and fiber optic sensing (e.g.,
fiber Bragg grating) have been used [31], [32]. One of the
limitations of such sensing technologies is that they require
costly custom devices with integrated sensors (e.g., electromag-
netic coils). Also, the tracking of such devices is also performed
relative to the tracking system’s coordinates rather than the
moving anatomy itself, which is what is of interest.

It is our goal to develop a comprehensive solution that ad-
dresses the fundamental limitations in steering, tracking, and
navigation of conventional steerable catheters. Our proposed so-
lution draws inspiration from cable-driven parallel mechanisms
(CADPAM; also referred to as CDPMs).

Unlike conventional robots with rigid links, CADPAMs uti-
lize cables attached to the end-effector to create motion. They
provide many advantages over rigid-link mechanisms, such as a
larger workspace, a higher payload-weight ratio, and low manu-
facturing and assembly costs. Given these advantages, there have
been great achievements in the design, modeling, and control of
cable-driven robots [33]–[36]. Conventional CADPAMs require
a rigid frame or structure to provide leverage points for the cables
and to act as a geometric reference for the system. However, the
large size of these frames hinders their use for applications where
region access is limited due to size constraints.

We propose to use an expandable-CADPAM (X-CADPAM),
which utilizes a self-expandable frame that can be contracted
(e.g., within a constraining outer sheath) or deployed as needed.
As has been described in [37]–[39], an expandable frame ap-
proach permits travel through a narrow passageway to reach
the target area. Once at the desired location, the frame is then
expanded (e.g., by retracting the outer sheath). This approach
allows us to take advantage of the specific benefits of CADPAMs
while overcoming their challenges due to their frame size, which
limits their mobility and applications for use in constrained
environments. This article describes the design, development,
verification, and ex-vivo validation of a purely passive teleoper-
ated version of a self-deployed X-CADPAM system for potential
applications in minimally invasive interventions. We call this
system the CathPilot.

II. DESIGN AND MODELING

The CathPilot (see Fig. 1) consists of two main system com-
ponents: the manipulator unit; and a user input handle unit. The
handle allows for remote manual actuation of the manipulator.
The design and development of each of these system components
are described in detail in this section.
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Fig. 2. Key component layers of the multilumen catheter. (a) Cross
section of the catheter indicating the cable routing with respect to the
catheter lumen. (b) Each individual layer in the catheter’s construction.

A. Manipulator Unit

The manipulator, as shown in Fig. 1, is comprised of an
expandable frame, four cables, and an end-effector (i.e., an
internal catheter). A 70-cm multilumen catheter is used to con-
nect the input handle to the manipulator. This catheter has five
polytetrafluoroethylene (PTFE) coated channels that are covered
with PEBAX. Four of these channels each support one of four
PTFE cables (O.D. 0.012”) that pass from the handle to the
manipulator, whereas the fifth larger lumen, with a PTFE liner,
is reserved for the main interventional device, which the user
intends to steer and track and continues throughout the device
and exits at the rear end of the handle. A cross section of the
multilumen catheter design is shown in Fig. 2. We quantified
the elasticity of the PTFE braided cables used. The Young’s
modulus was found to be 120 GPa. Based on our experiments, the
maximum force required to overcome the friction in the system
and move the end-effector to the extremity of the frame is 1.2 N
for all three tested configurations. Assuming a conservative cable
length of 1 m, the amount of strain for this tension level would
be less than 1.5 × 10−8 m, hence the elasticity effects have been
ignored.

The expandable frame is a critical component of our proposed
system. We set following four main design requirements for this
frame.

1) The frame must be deliverable through a 12Fr sheath
(inside diameter) with an outer diameter of 5.3 mm.

2) The frame must be able to expand to a maximum diameter
of 20 mm when the outer constraining sheath is removed.

3) The frame must be able to maintain its shape and relative
rigidity when under stress due to the tension of the cables
as the manipulator is operated.

4) It must provide four anchor points for the four cables used.
Given the multiple potentially conflicting design require-

ments, we used an iterative design approach to achieve a work-
ing solution. We leveraged finite element analysis in Ansys
2021(Ansys, Canonsburg, PA, USA) to analyze the maximum
loading condition of collapsing the frame under the sheath—
with various frame shapes and thicknesses—using the Von Mises
yield criterion. After multiple design iterations, implementa-
tions, and testing, we achieved the design shown in Fig. 3 that

Fig. 3. (a) Expandable frame of the CathPilot fully contained within the
delivery sheath. (b) and (c) Expandable frame being gradually extracted
and expanded toward full expansion. (d) Frame fully expanded and
identifies the various components of the manipulator.

met the specified design requirements. This design consists of
eight different segments made of Ni–Ti wires of 0.010–0.015”
diameter, which was shape-set using custom-designed steel die.
The segments were heat-treated at 475 °C for 15 min and then
quenched immediately in room temperature water. Ultimately,
the NiTi segments were welded using a laser welder (Select, Co-
herent Rofin) onto a 304 stainless steel hypotube of 0.12” O.D.
and 0.0035” wall thickness. The hypotube was then adhered to
the multilumen catheter.

As described, our proposed X-CADPAM supports four cables
to actuate the end-effector. Therefore, the system is redundantly
constrained for motion in 2-D. While the minimum number of
required cables is three, the use of only three cables leads to
a much smaller triangular workspace compared to the square
workspace achievable with four cables. Further addition of
cables will further increase the workspace area, however, at the
cost of the increased complexity of the device.

B. User Input Handle Unit (Master)

The handle unit is designed to permit remote operation of the
device with a purely passive design, actuated with the user’s
manual input energy. This approach allows us to avoid the
safety concerns associated with active and motorized designs,
which add to the challenge of achieving regulatory approval.
Furthermore, this permits cost reduction by eliminating the need
for motors, sensors (e.g., position, tension), and corresponding
drivers and control units.

As the CathPilot has 2 DOF and utilizes four cables in a
redundantly constrained configuration, all four cables must be
manipulated simultaneously to eliminate their slack and adjust
their tension. In the proposed passive mechanism, all four cables
require simultaneous adjustment by the user. For an ergonomic
solution, the user/interventionalist must operate the CathPilot
with one hand, as they need the other hand to be free for ma-
nipulation of the primary interventional device (e.g., guidewire
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Fig. 4. User input handle unit is shown. (a) Left-handed handle unit and the user thumbstick interface. (b) Handle with a semitransparent shell.
(c) Internal mechanisms of the handle and various subsystems. (d) Steering module consisting of the 3-D cam surface (with a cross-sectional cut),
pistons as cam-followers, and corresponding cables and their location within the pistons.

or catheter) that is inserted and steered, and tracked by the
CathPilot. The requirement for simultaneous adjustment of the
four cables to achieve position control in a 2-DOF space with an
ergonomic yet manually operated user interface creates specific
engineering challenges that require a novel solution.

We propose the design of a 3-D cam and cam follower system
to map the manipulator workspace to that of the master input
unit through adjustments of cable lengths. This approach permits
simultaneous adjustment of the four cable lengths to maintain
their desired set tension. In other words, the steering of the
manipulator is achieved by using a 3-D cam surface [see Fig. 4(c)
and (d)] acting as the master input unit that can be translated with
2 DOF in a planar fashion. The motion of the cam surface in the
2-D plane is scaled and mapped directly to the motion of the
manipulator unit.

In our proposed 3-D cam system, the cables are mechanically
coupled to the cam-followers, which are spring-loaded pistons.
This ensures that cam followers continue to maintain contact
with the cam profile [see Fig. 4(d)]. As the cam surface translates
in 2-D, the variation in the height of the profile at each piston
location limits the height of each piston and, therefore, the
displacement of the corresponding cable connected to it [see
Fig. 4(c) and (d)]. By proper calculation of the shape of the cam
surface profile, we can adjust the lengths of all the cables in
proportion and achieve a linear mapping between the position
of the cam surface and the end-effector of the manipulator unit,
allowing us to attain manual teleoperation of the system.

To calculate the required shape of the cam, we assume that
after full expansion, the frame maintains its rigidity during
device operation. We also assume that the four anchor points

Fig. 5. (a) Schematic showing the position of the end-effector and
cable lengths in the manipulator coordinate frame (catheter unit). (b)
Schematic showing the corresponding position of the cam surface unit
in the user input (master) coordinate frame.

on the frame, as well as the positions of the four pistons in
the master unit, each correspondingly form a square shape (see
Fig. 5). We assume the origin of the coordinate system of both
the input unit and the manipulator unit to be at the center of the
square workspace. Let (xm

a , yma ) define the coordinates of one
of the anchor points in the manipulator coordinate system, as
shown in Fig. 5(a), where the subscript “a” refers to the anchor
point, and superscript “m” refers to the corresponding frame of
reference, in this case being the manipulator coordinate system.
Let (xh

p ,yhp ) define the coordinates of one of the pistons in the
input handle unit coordinate system, as shown Fig. 5(b), where
superscript “h” refers to the handle and the “subscript “p” refers
to the piston. Both of these positions are constants. The two
moving components are the manipulator end-effector position
(xm

e , yme )and the displacement of the handle cam surface (xh
c
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,yhc ). Note that subscripts “e” and “c” refer to end-effector and
cam surface correspondingly.

As the end-effector moves, the change in length of one of
the cables on the manipulator side that is anchored to the point
(xm

a , yma ) is the length of the vector from that anchor point
(xm

a , yma ) to the end-effector position (xm
e , yme ). To simplify

the calculations, we assume a 2-D workspace for the end-effector
with a starting initial condition of ( xm

e = 0, yme = 0) and a
final point at (xm

e , yme ). The change in length of the ith cable
can be calculated as follows:

ΔLm
i = Lm

i2
− Lm

i1
=

√
(xm

a − xm
e )2 + (yma − yme )2

−
√

xm
a

2 + yma
2. (1)

On the input handle side, the cables are individually con-
strained to the cam surface at fixed positions. Based on our
assumption, these four positions resemble the same square shape
formed by the anchor point positions in the manipulator. The
cam surface is constrained to move in a plane with 2 DOF. The
cables are passed through pistons that can move linearly and
perpendicular to the xh − yh plane at the input handle side [see
Fig. 4(d)]. Springs within each piston ensure that the pistons are
always pushing against the cam surface. Therefore, the length
of the cables within the pistons are constrained by the cam
surface height at the corresponding piston location. Therefore,
the variable length of each cable is determined by the variation
in the height of the cam surface at the corresponding piston
position. The variation in the length of the ith cable can be
calculated by finding the difference between the initial height
of the cam surface at that particular coordinate of the ith piston
(xh

pi
, yhpi

) as the cam surface is shifted on the xh − yh plane or,
in other words, the variations of zhi .

The cam surface at the input handle is described as a function
of (xh, yh). We assume that the cam surface is restricted to move
only in the 2-D xh − yh plane. We also assume that the user
actuates this surface by moving the center of the cam surface to
a particular point on the control handle (xh

u, y
h
u) with an initial

starting point of ( xh
u = 0, yhu = 0). Starting from the origin (at

the center of the square formed by the pistons) to a new position
in the plane, the change in the height of the cam surface—and
therefore the change in the length of the corresponding ith cable
at the master side or ΔLh

i — at the ith piston position is

Δ Lh
i = z

(
xh
pi

− xh
u, y

h
pi

− yhu
)− z

(
xh
pi
, yhpi

)
(2)

where (xh
pi
, yhpi

) is the position of the ith piston, in the handle
coordinates and z(xh, yh) is the height of the cam surface as
a function of the coordinates (xh, yh). We define a ratio factor
r ≡ ratio to represent the ratio between the dimension of the
expandable frame anchor coordinates and the four pistons in the
master unit. In other words

(
r
∣∣xh

pi

∣∣ , r ∣∣yhpi

∣∣) = (|xm
a | , |yma |) . (3)

We wish to solve for the cam surface z(xh, yh) such that
the input motion on the cam surface is a proportionally scaled
replica of the end-effector motion with a ratio of r. In other
words, we would like to find the solution for the surface z such

that the vector (rxh
u, ry

h
u) is a replica of (xm

e , yme ). We assume
negligible cable elasticity and that the actuation of the surface
z leads to a direct linear relationship between the change in the
cable lengths occurring at the handle input and manipulator

αΔ Lh
i = −ΔLm

i orΔ Lh
i = − 1

α
ΔLm

i (4)

whereα is a constant reflecting the ratio of the corresponding ca-
ble length changes between the hand input and the manipulator.
We can now rewrite (2) as

z
(
xh
pi

− xh
u, y

h
pi

− yhu
)− z(xh

pi
, yhpi

= − 1
α

√
(xm

a − xm
e )2 + (yma − yme )2 +

1
α

√
xm
a

2 + yma
2.

(5)

In our application, the location of the ith piston at the handle
input (xh

pi
, yhpi

) and the position of the anchors at the manipulator
(xm

a , yma ) are arbitrary. Therefore, we can assume a common
virtual coordinate for both the handle input and the manipulator
where both x− y coordinates are aligned and overlap. With the
assumption given by (3), and assuming the goal of (rxh

u, ry
h
u)=

(xm
e , yme ) , we can rewrite (5) within this common coordinate

z (xi − xu, yi − yu)− z (xi, yi)

= − 1
α

√
(rxi − rxu)

2 + (ryi − ryu)
2 +

1
α

√
r2x2

i + r2y2
i .

(6)

We see that a unique solution to (6) is

z (x, y) = H0 − r

α

√
x2 + y2 (7)

whereH0 is a constant that can be arbitrarily selected as required
(e.g., based on the ergonomic requirements for the input handle).
For the sake of simplicity, we can assume that α = r. This
results in a cone with a slope of 1

z (x, y) = H0 −
√

x2 + y2. (8)

In the case where r �= 1, if we desire to use the same cone with
a slope of 1, we can still obtain the desired one-to-one motion
by utilizing a gear ratio on the corresponding cables such that
Δ Lm

i = rΔLh
i .

Utilizing the proposed calculated cam surface, we can achieve
a purely passive teleoperated system that allows remote control-
ling of the end-effector by manipulating the user handle input
cam surface with 2 DOF. This approach will enable us to adjust
the length of all cables simultaneously without needing an active
control loop with sensors and actuators to sense the master input
and control the position of the manipulator unit.

C. Tensioner

The proposed system is designed to operate up to a maximum
frame expansion size of 20 mm. While each cable length can
be adjusted for perfect operation with the 3-D cam surface as
the system is manipulated, at smaller expansion sizes of the
frame, there would be cable sagging, and all cable lengths need
to be shortened proportional to the frame size reduction. To
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Fig. 6. Top view of the tensioner showing the spring-loaded pulley
movement that accounts for cable-sagging and overtensioning. Red
arrows indicate direction of motion of moving pulleys (tensioners).

Fig. 7. CathPilot handle prototype coupled to a conventional 12 Fr
delivery sheath is shown. The delivery sheath is free to move axially or
radially relative to the CathPilot. See supplemental media file for more
information.

accommodate various sizes of the expandable frame, we propose
the use of a tensioner that can passively release and withdraw
all cables simultaneously depending on the opening size.

The tensioner mechanism is used only when the expansion
size of the manipulator frame changes to adjust all cable lengths
by the same amount simultaneously and absorb cable sagging.
Four spring-loaded pulleys accommodate any required change
in the cable lengths (see Fig. 6); they are then locked in place with
a self-locking brake to avoid affecting the device’s performance
during steering and tracking. When unlocked, the tensioner
springs merely absorb the cable sagging. The tensioner lock
is then applied during runtime. Therefore, a minimum spring
constant is needed for the tensioner springs. We used off-the-
shelf springs that could accommodate 6.5 mm of motion and
had an unloaded length of 0.938” (23.8 mm) and a spring con-
stant of 0.24 lb/in (0.042 N/mm). The corresponding CathPilot
handle prototype, which contains all the previously described
subcomponents, is shown in Fig. 7.

D. Real-Time Position Tracking

By using the X-CADPAM concept in our proposed CathPilot
system, we can track the position of the manipulator’s end-
effector relative to the frame in real time. This can be achieved by
using the observable variations of the four cables within the de-
vice handle to estimate the end-effector position in the expanded
frame. The expandable frame anchors onto the local anatomy
(similar to a stent) and provides both a mechanical reference for
manipulation and a geometrical reference for measurement of

the device’s position relative to the tissue to which it is anchored.
This is particularly valuable in minimally invasive interventions,
as it allows the user to see where they are or have been relative
to the anatomy of interest. While X-ray fluoroscopy provides
projection images that provide 2-D information of the device
position without depth information, the CathPilot frame can be
easily deployed such that its workspace is perpendicular to the
X-ray plane, or the X-ray beam can be oriented to achieve the
same. Therefore, the CathPilot tracking within its plane provides
the missing depth information allowing the user to have full 3-D
visualization of the device and, most importantly, relative to
the anatomy of interest to which the frame is anchored. The
potential advantage to the end-user is seeing where they are and
recording where they have been to help reduce the random trial
and error approach and to help reduce procedure time and failure
rates.

For measurement, we coupled a 14-b magnetic rotary position
sensor (AS5048B, AMS AG, Premstätten, Austria) to each of
the four cables, as is shown in Fig. 4(c). In this arrangement,
the displacement of each cable leads to the rotation of a cor-
responding shaft that is then measured with the rotary position
sensor.

Under ideal circumstances, the calculations for position es-
timation would have been straightforward. Assuming a perfect
planar workspace, one can calculate the position of the end-
effector by calculating the intersection of the two circles with
centers about the two anchor positions with radii equal to the ca-
ble lengths, which is obtainable from the cable position sensors.
However, our initial assessments revealed that this approach
yields poor tracking performance, possibly due to multiple
model uncertainties including: the deflection of the expandable
frame and uncertainty in the anchor positions; nonlinear friction
between the cable and the system; nonlinear friction between the
cam and the pistons; nonlinearity of the springs; and a nonplanar
workspace of the manipulator.

Due to multiple contributing factors to the model uncertainty,
we chose to use a machine learning approach to establish a
relationship between the observed cable length variations as
input and the end-effector position as output. For obtaining our
training dataset, we developed the setup shown in Fig. 8(a). To
control the expansion sizes of the frame, we 3-D printed fixtures
[see Figs. 8(a) and 9(b)] for the frame at four different sizes of
10, 12.5, 15, and 17.5 mm.

To measure the actual position of the end-effector, we used
a calibrated camera. The camera was equipped with a variable
focal length (2–50 mm) and uses the IMX322 sensor (Sony,
Tokyo, Japan). Fiducial markers on the fixture with known
geometry and positions were used for camera calibration and
accurate measurement of the end-effector position relative to
the horizontal and vertical axes of the expandable frame, as is
shown in Fig. 9(b).

For the machine learning algorithm, we assumed four differ-
ent models to be trained, one for each of the chosen expansion
sizes. At each expansion size, we obtained 2000 points of
data with four features (one for each cable length) to train the
corresponding models. We selected a support vector regression
model, provided by scikit-learn [40], using the radial basis
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Fig. 8. Setup for accuracy assessment experiments is shown. (a)
Position of the manipulator relative to the camera for measurement of
the actual position. (b) Catheter in the straight configuration. (c) Catheter
in the S shape configuration. (d) Catheter in the 90° bend configuration.

Fig. 9. Estimated tracked position in the GUI and the ground reference
from the camera stream images are shown. (a) GUI with the device
workspace and real-time estimated position. (b) Camera stream images
used to measure the actual positions (the corresponding frame of refer-
ence for these measurements is also shown).

function kernel with a gamma of 0.25 and an L2 regularization
parameter coefficient, C, of 1.0.

To apply the trained models for estimation of the end-
effector position, initially, we need to determine which model, or
weighted combinations thereof should be used in the particular
arrangement based on the expanded size of the manipulator.
To determine this, the user was asked to move the input han-
dle thumbstick to the four extreme corners of the workspace
(up/down and left/right) to obtain the maximum variations on

each of the four cables. Based on the mean of the maximum
cable length variations, the closest corresponding model size
was identified. As the user moves the thumbstick within the
maximum range of the input, the cam follower piston has reached
the maximum retractable cable length, will no longer have
contact with the surface and, hence, will not vary anymore,
which is detected using the rotary position sensors.

III. VERIFICATION AND VALIDATION

A. Verification Experiments

With the coordinates output from the tracking algorithm, we
designed a graphical user interface (GUI), using Python’s Tkin-
ter library, to output the estimated position of the end-effector
with respect to the estimated size of the frame [see Fig. 9(a)].
Using the same camera arrangement for measurement of the
actual position of the end-effector, we compared the estimated
positions of the end-effector to the measured positions. As it is
essential to assess the effect of the passage path and shape of
the catheter on tracking, we tested the device in three different
configurations, including straight, S shaped, and 90° bend. For
each configuration, we assessed performance at the four different
expansion sizes. For each of the 12 experiments, we acquired
approximately 30 points in the workspace and calculated the
error between the estimated positions and the ground truth
obtained from the camera image stream. These errors at the
various locations were also interpolated and plotted to generate
corresponding error heatmaps for each catheter shape and frame
expansion size. While the training expansion sizes were sparse
and were merely for demonstration purposes, the set can be eas-
ily increased to include more training sets with finer increments
in sizes. However, to show the robustness of the system, we
also assessed the tracking algorithm with the frame expanded
to untrained intermediate sizes of 11.25, 13.75, and 16.25 mm
by averaging the position estimates from the nearest trained size
models. Furthermore, to demonstrate the robustness of tracking
algorithm to the various unseen configurations of the catheter
during training, we used a leave one out approach, where the
data from two configurations (i.e., selected from straight, S bend,
and 90◦ bend) were used for training and then assessments were
made of the tracking algorithm performance using the third left
out configuration. This was repeated for all three configurations,
each at sizes of 10, 12.5, 15, and 17.5 mm.

While the user would be relying on the estimated position
from the cable length variations (i.e., provided to them in the
graphic user interface shown in Fig. 9), which was assessed
as described, it is also of value to analyze the error between
the mapping from the thumbstick at the handle and the end-
effector. For this purpose, a camera was mounted on top of the
thumbstick such that the shaft was exposed to facilitate accurate
optical tracking of the thumbstick planar (x, y) position. The
corresponding position of the end-effector was measured with
the same method described previously, with more than 20 points
acquired in the workspace at each expansion size (10, 12.5, 15,
and 17.5 mm) in all three catheter configurations.
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Fig. 10. Phantom model and the corresponding validation experiment
setup are shown. (a) One of the four occlusions with a penetrable 1.25-
mm target hole within an array of dead-end dimples; the I.D. of the tube
artery model matches the dimpled area indicated with the red circle. (b)
Semitransparent fixture for holding the occlusion and shows a guidewire
that has passed through the target hole. (c) Setup, including the flexible
arterial phantom model connected to the occlusion fixture, as well as
the camera mimicking conventional X-ray fluoroscopy and providing top-
view image feedback. The CathPilot, its delivery sheath, and its GUI are
also shown.

B. Application of CathPilot for Lesion Crossing: Phantom
Validation Experiments

We propose the first application example of the CathPilot for
endovascular revascularization. In such procedures, “crossing”
of the occlusion with a guidewire is an essential step of the
procedure as it would then be followed with a balloon catheter for
angioplasty and possibly a stent. Despite the literature strongly
suggesting that all peripheral arterial occlusions have either
microchannels or soft penetrable segments [24], [25], however,
it appears that conventional technologies fail in finding these
penetrable sections. To test this hypothesis, and to compare the
performance of the conventional technologies with the Cath-
Pilot, we created a phantom model that mimics the superior
femoral artery (SFA) and has an occlusion at the distal end, as
is shown in Fig. 10.

The SFA model was created from transparent and flexible
polyvinyl chloride with an I.D. of 10 mm. A top view camera
was used as image guidance to mimic X-ray fluoroscopy and to
provide the user with image feedback.

To mimic the occlusion, we 3-D printed four lesions with holes
of 1.25-mm diameter at distances of 0, 1.25, 3.75, and 5 mm from
the center [representative occlusion shown in Fig. 10(a)]. The

TABLE I
ERROR SUMMARY

penetrable holes were embedded within an array of impenetra-
ble dimples to better simulate a real heterogenous lesion. The
performance of three methods in crossing the occlusion were
compared: conventional nonsteerable catheter (GLIDECATH
4Fr, Terumois); steerable Catheter (DIREX 12Fr, Boston Sci-
entific); and the CathPilot. All catheters were used to support
and navigate a straight 0.035” or J-shaped guidewire (Glidewire,
Terumois); the user was free to interchange the guidewire type
as needed. Seven users (four novice users and three vascular
interventionalists with varying levels of experience ranging from
1 to 15 years) were randomly assigned a lesions (from the
batch of four printed lesions) and requested to perform five
iterations. The lesion was positioned within the fixture at a
random orientation. The users were blinded to the lesion type
(i.e., target hole location) and its orientation. Each user attempted
crossing the assigned lesion with each of the three methods; the
methods were assigned in random order. The measured criteria
were the success or failure rates in crossing the lesion and the
crossing time when the crossing was successful. The maximum
permitted time for crossing was 10 min. The navigation times
were statistically compared using a repeated measure two-way
analysis of variance (ANOVA) within PRISM (GraphPad).

IV. RESULTS

With different levels of expansion and different tortuous paths,
the steering mechanism functioned as expected, allowing for
remote teleoperation of the manipulator and steering of the
device to the entire reachable workspace at each expanded size.

The measured average errors in position estimation of the
end-effector, across all configurations (seen in training) and
normalized to the expansion diameter, were 2.09 ± 1.41%,
2.17 ± 1.37%, 2.52 ± 1.35%, and 1.99 ± 1.32% for the 10,
12.5, 15, and 17.5 mm expansions, correspondingly. A summary
of the actual positional errors can be found in Table I. The
worst-case error in position estimation was observed at the
15-mm expansion size; however, it was less than 7.23% of the
frame expansion. The average error in all configurations was
2.2 ±1.37%. At untrained intermediate frame expansion sizes
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Fig. 11. Error heat maps of the estimated position of the device ver-
sus the actual measured position are shown for the CathPilot in three
configurations: straight, S bend, and 90◦ bend.

Fig. 12. Representative error heat map for configurations not seen by
the trained position estimation method.

of 11.25, 13.75, and 16.25 mm, the tracking error was 5.01±
2.2%, 3.5 ± 2.00, and 3.34 ± 1.92%, correspondingly. It is
also important to understand the error at different locations
of the workspace. The error heatmaps are shown in Fig. 10
(configurations seen by training dataset) and Fig. 11 (unseen
configurations by training dataset). These heatmaps were created
by linear interpolation between neighboring points using the
∼30 discrete points acquired at each testing condition.

At unseen configurations, the system maintained relative
performance, as illustrated by Fig. 12, which shows the track-
ing performance for the various unseen configurations at a
given representative expansion size of 12.5 mm. The measured
average error in position estimation—for configurations not
seen in the training—across all configurations and normalized
to the expansion diameter were 2.77 ± 1.80%, 2.90 ± 1.49%,
3.33 ± 1.76%, and 2.55 ± 1.55% for the 10, 12.5, 15, and
17.5 mm expansions, correspondingly.

The CathPilot design assumes the user would rely on the pro-
vided GUI [see Fig. 9(a)] and its corresponding tracking data for
feedback and navigation, which utilize cable length variations
for position estimation, as previously described. However, to fur-
ther analyze the system, the mapping error between the thumb-
stick and the end-effector was also measured. The average errors
in the mapping between the thumbstick and the end-effector

Fig. 13. Results of crossing time of five random lesions by seven users
(blinded to lesion type) for each of the specified three methods are
shown. The CathPilot was significantly faster in crossing (p<0.0001;
two-way ANOVA). Note that User 4 failed with the steerable catheter
in all cases within the allocated time (600 s) and, hence, there is no
standard deviation for the corresponding bar.

Fig. 14. Success versus failure counts of the crossing of the occlusion
for the seven users using the three different navigation methods are
shown. The users were always successful in finding the target with the
CathPilot, whereas conventional methods sometimes failed.

across all configurations and normalized to the expansion di-
ameter were 7.02 ± 2.71%, 6.89 ± 3.47%, 7.78 ± 3.76%, and
6.11 ± 4.44% for 10, 12.5, 15, and 17.5 mm expansion sizes,
correspondingly.

The results of the phantom validation experiments show
that the CathPilot led to a significantly faster crossing time
(p<0.0001; two-way repeated measures ANOVA), as shown in
Fig. 13. Also, while the conventional nonsteerable and steerable
catheters sometimes failed in finding the penetrable segments
of the occlusion and crossing them, the CathPilot was always
successful in lesion crossing, as shown in Fig. 14.

V. DISCUSSION

By utilizing the X-CADPAM concept, our proposed CathPilot
system overcomes the limitations of conventional CADPAMs
while taking advantage of their many benefits. The proposed
approach allows us to reach target areas only accessible through
narrow passageways (such as the vessel lumen) and permits us
to accurately control the position of a device (e.g., a catheter or
guidewire) anywhere within the expandable frame workspace
while being able to track and visualize its position in real time
with submillimeter accuracy.
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Our experiments show that the CathPilot is capable of main-
taining accurate position control and tracking with a mean error
below 2.2% of the workspace size, which was 10–20 mm in
diameter in our prototype, regardless of the test path tortuosity
and catheter shape for all trained expansion sizes. For interme-
diate untrained expansion sizes, the worst-case error was below
5.01% of the expansion size. However, in future, this can be
mitigated by including training sets that include more expan-
sion sizes for training. We believe the current submillimeter
accuracy is sufficient for most potential clinical indications of
use, particularly in cardiovascular interventions. As a supporting
example, the reported positioning errors are on the same order
as that of a small-sized 0.014” (0.35 mm) guidewire that is
generally the smallest diameter device used by cardiovascular
interventionalists.

As previously mentioned, cardiovascular interventions are
also limited by conventional X-ray fluoroscopy guidance as it
only provides 2-D projection images and lack depth information.
The proposed CathPilot addresses this limitation by providing
the user with graphic visual feedback showing the relative posi-
tion of the end-effector in the axial plane, in real time. Combined
with the X-ray fluoroscopy (that provides 2-D information), we
can provide the user with complete 3-D feedback and image
guidance.

The CathPilot system presented in this article was designed
for a 12 Fr size delivery sheath. While this size is sufficiently
small for various indications of use in applications, such as in
electrophysiology, structural heart procedures, or aortic repair,
various other applications require smaller diameter devices. Our
current prototype was limited in miniaturization as we were
using NiTi wires and welding them to generate the desired frame
shape, however, for future work, we plan to further miniaturize
the size of the system by laser-cutting thin-walled NiTi tubes
and then forming them to shape to create the frame similar to
that of stent manufacturing.

While the proposed system provides a high level of accuracy
in device position estimation, however, several of the simplifying
assumptions may be further improved as part of future work.
Specifically, it was assumed that the expandable frame was
expanded symmetrically. While we believe in practice this will
be a reasonable assumption, the system must be tested within
various anatomical environments with asymmetric geometrical
constraints to further validate this assumption and to develop
corresponding position estimation methods if the current meth-
ods are insufficient. One approach could be to utilize the tension
of the cables, together with a quasi-static model of the frame to
predict the frame shape. Furthermore, at longer lengths of the
device, the friction of the cable/channel may accumulate and
also the vibration and elasticity of the cables may no longer be
negligible depending on the length of the system. Another sim-
plifying assumption was a 2-D workspace for the end-effector.
These challenges deserve further attention and analysis as part
of future studies.

We believe this novel technology will have a wide range of
applications where access to the site is limited to a narrow
and tortuous passageway. Our target initial indications of use
are for minimally invasive catheter-based procedures. For these

interventions, the proposed system does not disrupt the proce-
dure flow as it is designed and operated similar to a conventional
steerable catheter [12]. Furthermore, the direct mapping between
the user thumbstick (at the input handle) and the end-effector
motion at the manipulator promises an ergonomic and intu-
itive user interface, with intrinsic haptic feedback. As part of
future studies, we plan to explore the safety and efficacy of the
proposed system for multiple minimally invasive procedures.
Furthermore, we plan to explore other potential applications of
this technology in applications where access to the target site is
limited to a long, narrow, and tortuous path.

VI. CONCLUSION

The CathPilot system described in this article is capable of
navigating through a narrow, long, and tortuous passageway
and provides the user with full remote control over the device’s
position within the workspace of the CathPilot’s expanded frame
relative to the anatomy. The system provides real-time device
position tracking with a mean error below 2.2% of the workspace
size. When used in combination with conventional X-ray fluo-
roscopy, the system allows the user to accurately visualize the
device position in 3-D relative to the anatomy. The system is
fully passive, mechanically operated, allows for a direct mapping
between the user-operated input handle and the device position,
and provides haptic feedback. This device promises to overcome
many of the limitations and challenges associated with steering
and navigation of conventional interventional devices and can
potentially greatly improve the efficiency and outcome of the
corresponding procedures.
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