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Abstract

Purpose: Interventions targeting the heart allow for reducing trauma and hos-
pitalization stays. In case of mitral valve repair, the cardiologist delivers a clip
through the vessel into the heart chamber. However, precise manipulation of the
catheter from a long distance outside the body while moving in a constrained
space remains challenging.

Methods: We proposed a path tracking control framework that provides ade-
quate motion commands to the robotic steerable catheter for autonomous
navigation through vascular lumens. The proposed work implements a catheter
kinematic model featuring nonholonomic constraints. Relying on the real-time
measurements from an Electromagnetic sensor and a Fiber Bragg Grating sensor,
a two-level feedback controller was designed to control the catheter.



Results: The proposed method was tested in a patient-specific vessel phantom.
A median position error between the center line of the vessel and the catheter
tip trajectory was found to be below 2 mm, with a maximum error below 3 mm.
Conclusion: The preliminary in-vitro studies presented in this paper showed
promising accuracy in autonomously controlling a steerable catheter for tran-
scatheter cardiology interventions.

Keywords: Cardiac interventions, Catheter robot, Motion Control, EM sensor,
FBG-based sensors

1 Introduction

Mitral regurgitation (MR) is a type of heart valve disease in which the valve between
the Left Atrium (LA) and the left ventricle (LV) doesn’t completely close, allowing
blood to leak backward. MR increases the pressure in the pulmonary venous channel
and the left atrial chamber, weakening the heart walls, causing shortness of breath,
fatigue, and in chronic cases, heart failure. According to the report from WHO, 1.7
% of US adult population and 9.3 % of adults over the age of 75 suffer from MR.
Moreover, the annual mortality rate is about 34 %. Open-chest surgery can provide
immediate relief unlike medication, but 50 % of the MR patients are not recommended
open-heart surgery due to their age and possibilities of post-operative complications
[1].

Transcatheter mitral valve repair approaches are gaining popularity due to reduced
invasiveness and shorter recovery time. Moreover, transcatheter approaches offer an
alternative treatment for patients who cannot undergo open-chest surgery. With the
Food and Drug Administration (FDA) approved MitraClip™™ (MC) device (Abbott
Laboratories, IL), the cardiologist inserts a steerable catheter from the femoral vein,
passing a sequence of narrow and rugged vessels to reach the Right Atrium (RA).
From there, the LA is accessed through a puncture in the atrial septum (Fig. 1). After
successfully accessing the LA, the operator inserts the delivery catheter through the
sheath catheter to the mitral valve and implants the clip [2]. However, to visualize
the catheter during the procedure, both patients and operators would be exposed
to damaging radiation [3]. In addition, given the poor image quality and the lack of
depth, there would be a high risk of embolization or perforation [4].

To address these challenges in maneuvering MC catheter, we proposed a control
framework for a customized-built actuator to autonomously advance the steerable
catheter in a continuous fashion along the pre-planned path. By providing the appro-
priate steering commands based on the catheter kinematic model, the tip of the
catheter tracked the center line of the vessel to avoid intense contact between the
acute catheter tip and the fragile vessel wall. To ensure precise steering, a feedback
controller is implemented to control the tension on the tendon and reject the error of
the steering angle in the joint space. Experiments were carried out in a vessel phantom
to evaluate the performance of the system.
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Fig. 1 Path of the transcatheter mitral valve repair procedure: The catheter passes through the
femoral vein, right external iliac vein, common iliac vein, and inferior vena cava and arrives at the
right atrium. From there, the mitral valve is reached by a transseptal puncture.

2 Related Work

Robotic technology has emerged as an important tool for catheters deployment. In
2011, CorPath 200 (Corindus Inc., United States) was introduced as the first robot-
assisted system to control coronary guidewires and stents for coronary angioplasty
procedure [5]. Subsequently, the Sensei Robotic Navigation System (Hansen Medical
Inc., United States) was developed and evaluated for catheter ablation of atrial fibril-
lation [6] and ventricular arrhythmias [7]. The most recent Sensei X Robotic System
(Hansen Medical Inc., United States) expands its application on collecting electrophys-
iological data inside the heart chambers [8]. Furthermore, researchers have developed
catheter prototypes with haptic interfaces to enhance the safety of robot-assisted
percutaneous coronary interventions (PCI) [9-11]. Despite successful clinical studies,
robot-assisted PCI is only limited to a few clinics with skilled surgeons because of the
steep learning curve and expensive hardware [12].

The adoption of task autonomy, where the surgeon supervises the procedure
while the robot performs the task autonomously, could address this challenge [13—
16]. Although robotic catheters are considered ideal for medical applications due to
their particular structure, their compliance can pose difficulties in modeling and con-
trol. The robotic controller plays an important role in precisely navigating robots to
complete the surgical procedure and avoid damaging surrounding tissues.

Open-loop control relies on model inversion to determine the appropriate actua-
tion values for achieving the desired robot state. In the context of controlling robotic
catheters, some researchers have proposed approaches based on specific kinematic
models. [17-19]. Greigarn et al. introduce the pseudo-rigid-body (PRB) model on a
robotic catheter by approximating the catheter as rigid links connected by flexible
joints [20]. Bailly et al. proposed a differential model-based control scheme for a con-
tinuum robot [21]. Although these methods could control catheters in free space, it
is still difficult to reach precise motion in realistic scenarios where catheters move



in a constrained environment (i.e. the vessels) where contact with the vessel wall is
inevitable with open-loop approaches [22].

The data-driven approaches were investigated to overcome the challenges posed by
the high complexity of continuum robot kinematics, Michael et al. proposed a model-
less control method for controlling a tendon-driven continuum manipulator [23]. In
addition, Di et al. introduced a deep-learning-based compliant motion controller for a
robotic catheter [24]. However, the low compatibility rate of change in the environment
and disturbances, as well as the complexity of learning approaches, may limit their
application in medical scenarios where surgical instruments are single-use and patients
have different anatomies [25].
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Fig. 2 Schematic of the catheter actuation system: (A) Top view of the steerable catheter shows
a 310 mm long catheter body and a 47 mm long steerable segment with a maximum steering angle
of 60°; (B) Cross-section view of the steerable catheter indicates the outer diameter of the catheter
and the position of the steering wires; (C) The robotic system has three actuated DOF's in total,
including the rotational motion, the translational motion, and the steering motion.

The development of pose-tracking techniques and shape sensors have demonstrated
great potential to close the control loop of robotic catheters and compensate for the
model inaccuracy. In particular, electromagnetic (EM) tracking techniques have been
widely applied to track the robotic catheter within the human body [26, 27]. Loschak
et al. developed a robotic ultrasound imaging catheter to control the position and
orientation based on EM [28]. Omisore et al. proposed a robotic catheter with adaptive
compensation of backlash with an EM sensor fixed at the tip of the catheter [29].



In addition, relying on the shape reconstruction from Fiber Bragg Grating (FBG)
sensor, Sefati et al. designed an optimization-based control algorithm to position the
continuum manipulators interacting with unknown obstacles [30].

3 Method

3.1 Steerable Catheter Kinematics

The tendon-driven steerable catheter is composed by a 310 mm long catheter body
and a 47 mm long steerable segment at the distal tip side space(Fig. 2 (A)). The
steerable segment is able to generate a 60 steering angle from the straight position.
Two antagonistic steering wires travel along the length of the catheter body up to the
tip of the 25 Fr steerable catheter to actuate the steerable segment (Fig. 2 (B)). Expect
for the tendon-driven steering motion, based on our previous work [31], a catheter
driver system with the sleeve-based grippers and the spur gear is used to generate
decoupled 2 degrees of freedom (DOFs) (i.e., translation and rotation) (Fig. 2 (C)).
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Fig. 3 Non-holonomic motion of the catheter modeled with a so-called “bicycle” model showing the
steerable segment of the catheter showing the front and rear “wheels” at frame A and frame B of a
bicycle model, including three DOF's: rotation angle ”, insertion speed U, and in-plane steering angle

Assuming that the translational motion and the rotational motion propagate ide-
ally from the base through the catheter body to the tip. The distal steerable segment
of the catheter can be modeled as a kinematic nonholonomic system [32], including
all the three actuated DOFs. As shown in Fig. 3, the front wheel (A) of the bicycle
is attached to the tip of the catheter, and the rear wheel (B) is located on the proxi-
mal end of the steerable segment. Generally speaking, advancing the catheter can be
approximated as “cycling” forward at a speed, U, and bending the catheter with an
angle, | is like steering the front wheel of the bicycle. The combination of these two
motions will generate a circular trajectory with a constant curvature radius, r, and a
rotation center at point C. Furthermore, by rotating the catheter about its longitudinal
axis with a rotation angle, ”, one can control the angle of the planar trajectory.



3.2 Control Strategy

This work combines two control strategies: 1) path tracking control, a high-level con-
troller, is used to correct the motion of the steerable catheter when it deviates from
the path; 2) feedback control, a low-level controller that drives the actuation system
to reach a desired steering angle (Fig. 4).

3.2.1 High-level (Path tracking) controller

The path tracking controller is a nonlinear feedback controller which reduces the
tracking error between the measured tip positionp,, and the closest pointpy on the
desired pathpi[xi;Vi; il.- The control law consists of two parts, which account for the
orientation error, e (t), and the distance o set error, e (t), as shown in eq. (1) eq. (2),
and eq. (3). These two terms are the steering control elements based on the \Stanly
method" [33]. Within the control loop, e (t) is intuitively aligning the orientation of
the tip, m (t), to match the orientation of the desired path,  (t), and the second
term adjusts the steering angle in (nonlinear) proportion to the distance errorey (t).
In other words, it controls the steering angle, 4(t), such that the intended trajectory
intersects the path at point py at the next time step t + 1 (Fig. 5). Additionally, the
contribution of e (t) and e (t) can be adjusted by tuning the orientation gain factor,
k , for adapting to di erent paths. The steering gain factor, kq, determines the rate
of convergence toward the path.

a®=ke () e() (1)
e(®= m(® (@) (2)

Kg€q (t)
ku (DK

e (t) = f (eq(t);u(t)) =arctan 3)

Fig. 4 Control framework: The high-level controller accepts the pre-operative desired path pi as
input and nds the closest point py with respect to the measured tip pose pm [X(t)m;y()m; (t)m]
from the pose sensor. Then it computes the distance error eq4(t) and the orientation error e (t)
between px and pm . Combining the insertion velocity u(t) in the non-linear part and the orientation
error e (t) with the orientation gain  k , the path tracking controller outputs the desired angle a(t)
to the steering controller. On the low-level side, the PID feedback controller obtains the measured
angle m (t) from the curvature sensor and outputs the tension on the tendont ¢(t) to the plant.



Fig. 5 Path tracking strategy: based on the current position pm and the desired path p;[xi;Vyi; il
the steering angle can be computed by considering the distance error eq and the orientation error
e with respect to the closed point pg on the desired path. At the next time step, the catheter will
intersect with the path on point pg4 with a steady speed u.

According to the bicycle model [34], the time derivative of the distance error,eq (t),
can be written as follows:

es(t)= k u(t)ksin arctan ::Se(‘f[gtlz) _ . Ke€a(®) 4

kaeq(t)
1+ kdu(dt)k

and hence, for a small distance erroey,

ea(t) eq(0)exp kgt ®)
Thus, the distance error converges exponentially to zero.

3.2.2 Low-level (feedback) controller

The desired steering angle is then sent to the low-level controller, which is a PID
feedback controller in the actuation space (eg. (6)).

X
tc(t) = Kp e(t)+ K; dt e(t) + de

i=0

(6)

wheretc (t) is the tension applied on the tendon,e(t) is the error between the desired
steering angle, 4(t), and the measured steering angle,  (t), and K,; Ki; K4 are the
proportional, integral and derivative gains, respectively.



4 Experimental Setup and Protocols

4.1 Experimental Setup

The experiment was performed by actuating and controlling a tendon-driven steer-

able catheter using a sleeve-based robotic catheter driver. Moreover, a 6-DOFs EM
sensor (NDI, Canada) was attached to the tip of the steerable catheter as the pose
sensor, and an FBG stylet (FBGS, Technologies GmbH. Germany) with 1 cm spac-
ing was placed in the channel of the catheter as the curvature sensor (Fig. 6). All the
data communication was conducted and synchronized on the ROS (Robot Operating
System).

Fig. 6 Experimental setup: A tendon-driven steerable catheter, equipped with an EM sensor and a
FBG style of 1 cm spacing. The catheter drive advances the steerable catheter into the vessel phantom,
which is placed on top of the EM generator. In addition, eight calibration pillars are used to nd the
transformation matrix T, between the EM reference frame fEM g, and the phantom reference frame
fPH g. A camera is mounted above to record the trajectory as the ground truth.

The EM generator was placed below the catheter to generate the magnetic eld for
tracking the EM sensor, which acquires the pose at 40 Hz with a standard deviation of
1:4 mm, A calibration procedure was implemented to compute the registration matrix
between the vessel phantom and the EM coordinate. The position of eight calibration
pillars was measured, which were pre-set on the phantom with a 6-DOFs EM probe
(NDI, Canada). Each position was acquired ten times to reduce the acquisition error
and reject the noise from the EM sensor. Then the transformation matrix, T, between
the pillar's positions in phantom spacef PH g and the pillar position in the EM space
fEM g was calculated based on the singular value decomposition approach [35].

The wavelengths from the FBG interrogator Were obtained (FBGS, Technologies
GmbH. Germany) and converted to a point cloud depicting the shape of the catheter
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