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Abstract

Design, Development and Force estimation of a Tendon-driven Steerable Catheter based
on Image-processing and Learning Approaches

Pegah Yaftian

In this research, an image-based force estimation schema for tendon-driven steerable catheters
with the application in robot-assisted tissue ablation procedures was proposed and validated. To this
end, initially, an inverse kinematics solution for modeling the catheter deformation and alternatively
estimating the contact force between the catheter and cardiac tissue was proposed. Next, an in-
house tendon-driven radio-frequency ablation catheter was designed and developed. Afterwards, the
developed robotic catheter intervention system was equipped with a software-hardware-integrated
robotic system for controlling and recording the deformation of the catheter and other motor stimuli.
Furthermore, the performance of the developed model in contact force estimation was improved
by various learning approaches. Validation studies were performed on phantom tissue as well as
excised porcine tissue. The results of the validation studies showed that the proposed image-based
inverse kinematics solution model have the maximum root-mean-square error was 0.01, 0.009, and
0.012 N for the tests on the porcine atrial tissue. Furthermore, adopting a machine learning pipeline
stacked to the previously validated model exhibited an accuracy of 97.0%, 97.7%, 97.6%, and 97%
and 97.9%, 98.3%, 97.8%, and 98.8% for the Support vector machine, Random Forest, AdaBoost,
and Deep Neural Network, respectively (for three different movement manner). For yielding optimal
models, hyper-parameter search were performed for all proposed learning models. In summary,
the proposed force estimation system did not necessitate the utilization of force sensors and could
successfully contribute in operation rooms during cardiac manipulation for providing force feedback

to novices and expert surgeons.
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Chapter 1

Introduction

1.1 Background

1.1.1 Cardiac arrhythmia

Cardiovascular diseases (CVDs) have become predominant cause of death globally, with over

17.3 million deaths per year. By the year 2030, it is estimated that the CVD mortal rate reaches
23.6 million deaths which make up more than 30% of the worldwide moralities [2]. CVD could
catastrophically result in cardiac structural distortion associated with false electrical signals and
cardiac arrhythmia [3]. Arrhythmia may occur at any age and is characterised by a heartbeat that is
either too slow (< 60 beats per min) or too fast (> 100 beats per min). Moreover, arrhythmia is the
second most common CVD, i.e., uncoordinated contraction and relaxation of myocardium, and can
lead to blood clot, stroke and hear failure [4—6]. Fig.1.1 depicts the electrical conduction system of
the heart and an Electrocardiogram (ECG) of a normal heartbeat.
Atrial Fibrillation (AF) one of the most common arrhythmia in elderly people is a condition in
which the heart’s electrical signals are violated in pulmonary veins(PVs), this causes chaotic rhythm
in atria and hence, it won’t be able to contract and effectively direct the blood to the ventricle.
According to American Heart Association (AHA) statistics, AF prevalence is forecasted to increase
from 5.2 million in 2010 to 12.1 million cases in 2030 [7].

As shown in Fig. ??, ECG gives a detailed understanding of the patient cardiac health condition.
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Figure 1.1: Heart function [9]

For People who suffers from cardiac arrhythmia,the ECG depicts either no pattern of frequency

or eliminating P wave. Hence, in AF, the upper chamber of the heat (atria) quivers and beats in-

coordinately with the ventricles [8] (Fig. 1.2).

1.1.2 Treatment
The current treatment options for AF is listed below [11]:
* pace makers and defibrillators

¢ Catheter-based ablation



» Abnormal
electrical
pathways

Left
SA node

Right
atrium

electrical
system

Normal heart Heart with atrial fibrillation

Figure 1.2: Atrial Fibrillation [10]
* Antiarrytmatic drugs (AAD)

while the complications of implementing permanent pace makers and high recurrence rate and in-
applicability of AADs in severe ventricular arrhythmia cases has limited the use of these treatments,
catheter-based ablation is a promising treatment of choice with a success rate of 97% [11, 12]. Dur-
ing ablation procedure, the inserted catheter ablates the abnormal cells to block distributed signals
and restores normal heart function [13]. There are two energy source for catheter- based ablation in-
cluding: radio-frequency (RF) and cryothermal energy [14].The radio-frequency ablation(RFA) has
been considered to be the standard treatment and is opted more frequently than cryoablation [13,15].
Despite the clinical success of the RFA, the outcomes of the procedure is highly depended on durable
lesion formation(burnt area) within the atrial wall [16]. Creating a durable RF lesion is influenced
by RF current delivered to the tissue, the period of RF energy delivery and the amount of catheter-
tissue contact force; hence, achieving a desired contact force is of prime priority [17, 18].

During RF, a thin and hollow wire (catheter) is percutaneously inserted into the femoral veins and
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Figure 1.3: To access the ablation target areas (yellow), RFA catheter is passed through the atrial
septum, i.e. wall separating left and right atria. Catheter steerability plays a crucial role in both
reaching the target areas and maintaining the contact during the ablation procedure [1].

oriented within the heart chambers. Once the catheter tip (typically 7 French in size with a tip
electrode size of 4 mm) came in-contact with the site of origin of the arrhythmia, a lesion with 2
mm depth is created. [19,20]. Steerable catheters tip- embedded electrical electrodes facilitated the
accurate delivery of RF energy to the target regions. Such catheters are widely adopted in cardiol-
ogy, neurology, and endovascular minimally invasive surgery, diagnosis, and treatment [21]. Fig.1.3

depicts the configuration of a steerable catheter during RFA procedure inside the heart chamber.

1.1.3 State-of-the-art for treatment

Historically, cardiovascular diseases (CVDs) have been treated using open-surgery techniques.

However, by emergence of intervention radiology in 1960, minimally invasive surgery is currently
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Figure 1.4: A schematic positioning during a robot-assisted cardiac surgery is shown, heart surgery
is being done through very small cuts in the chest. The surgeons are doing the manipulations using
tiny instruments and robot-controlled tools to do heart surgery [22].

a commonplace and continuing its development. For diagnose and treatment of cardiac elec-
trophisological diseases, catheters were developed. Since mid-2000s by developing a number of
commercial robotic systems, robot-assisted catheterization have been the current state-of-the-art
technology to perform cardiac interventions and alleviate the shortcomings of conventional inter-
ventions [23,24]. Robotic- assisted cardiovascular intervention are mostly deployed in percutaneous
coronary intervention (PCI), percutaneous peripheral intervention (PPI), electrophysiological inter-

vention (EPI) [24]. A schematic robotic-assisted surgery is depicted in Fig. 1.4.

1.1.4 Limitations of the state-of-the-art

Robot-assisted catheter interventions (RCIs) as a subset of robot-assisted minimally invasive
surgery (RMIS), promise improved precision and stability in catheter navigation, enhanced oper-
ator comfort, dexterity, visualization, and reduced radiation exposure. Despite the advantages of
RCI systems, some studies escalate serious doubt about its efficiency as the commercially available
systems do not provide haptic, force, and tactile feedback to the operator [23,25-27]. These con-

straints are considered as the predominant factors avoiding RCI technology to be widely expanded



in minimally- invasive surgery (MIS).

During manual catheterization, the operator navigates the catheter through manipulating the proxi-
mal handle outside the patient’s body, hence he/she can relies on haptic cues result from sensing triv-
ial forces/torques at the fingerprint. However, in the case of RCI systems, the tool-tissue force feed-
back is required to be compensated [28]. Moreover, the steep learning curves for training novices
associated with endovascular catheterization is considered as another limitation. The training of
endovascular skills has relied on various modalities including synthetic models, animals, cadavers,
and virtual reality (VR) simulators [28, 29].Despite this conflict of opinion, a recent study reported
that using RCI systems has been increasing in number and variation of procedures [30].Neverthe-
less, the common ground between the critical and complementary opinion is the recognition of the
force feedback loss [30,31].

According to literature, the efficiency of RFA procedure is highly dependent on maintaining contact
force in the rang of 0.2 £ 0.1N between catheter tip and atrial wall [32-34]. Applying a contact
force below the desired range will lead to an unsuccessful treatment, on the other hand, preserving
a force contact exceeding 0.3 N can cause catheter over-steering, vessel rapture and atrial punc-
ture [35,36].

Teleoperation has so far been equipped with haptic feedback using two main approaches: sensor-
based a.k.a direct feedback; and model-based a.k.a sensorless feedback. In the sensor-based ap-
proach, the force feedbacks (force cues) are realized through installing a sensor or array sensors
at the catheter tip [37-39]. In sensor-based approach several factors are need to be considered in
designing a force sensor including: sensor thickness, flexibility, magneto-electric effect and mass-
fabrication capabilities [40,41]. On the other hand, the model- based approach utilized compu-
tational estimation of the force based on mechanistic or heuristic models to predict the contact
force [42].The computational models mostly consist of mechanical model of the catheter, image

analysis technique, force estimation module and learning algorithms [24].



1.2 Problem definition

Robot-assisted cardiovascular intervention (RCI) potentials for providing an accurate and safe
dynamics for both surgeon and patient have been vividly validated. However, clinical studies have
declared that the prime technical limitation has been the loss of interoperative force estimation for
surgeons. According to studies [28], the most considerable haptic feedback interoperatively is the
insertion force noticed by surgeons.

A steerable catheter shall be flexible enough to be adopted through the complicated and tortuous
cardiovascular structure. Also, the catheter control algorithm shall be precise enough to navigate
the catheter toward the target location and perceive the tip-tissue contact force during ablation in
the effective range. Hence, a method to measure and estimate the force at a catheter tip is an unmet

clinical need.

1.3 Objectives

To overcome the gap of interoperative force estimation and control for RFA catheters, a force
estimation schema based on curvature deformation of catheter inside the heart chamber (image pro-
cessing), motor stimuli incorporated with learning techniques was investigated. More specifically,

the following objectives were defined and followed:

(1) to propose and validate a planar mechanical model of the catheter with an unknown tip-tissue

contact force

(2) to propose and validate an inverse-kinematic solution for solving catheter real-time contact

force estimation through utilizing an image- based method
(3) to propose a new learning- based force estimation framework for steerable catheters

(4) to develop, implement, and validate force estimation methods through the mechanistic model

combined with learning approaches which are:

(a) image- based and compatible with 2D fluoroscopy images available at catheterization

labs,



(b) independent of a-priori knowledge of the patient’s anatomy,

(c) accurate with less than 10% error within the desired range of catheter tip.

1.4 Literature review

1.4.1 Steerable Catheters: Taxonomy

Continuum robots have been widely adopted in medical field due to their unique privileges such
as high flexibility, high dexterity, promising safety, miniaturization capability and ability to work
in limited and constrained environments, e.g. close human-robot interactions [43—46]. Catheter
and catheter-like manipulators, as fine examples of continuum robot structures, are currently receiv-
ing high attention due to rising research interest in MIS and natural orifice translumenal endoscopic
surgery [45,47]. Transcatehter- based procedures have been a standard of care in cardiology by emer-
gence of percutaneous coronary intervention for diagnosis and treatment applications [48]. With
current advancements, catheters are capable of performing numerous operations including coronary
stenting, repair of congenital heart defects, heart valve repair or replacement, and ablation of atrial
fibrillation (AF) or ventricular tachycardia [48-50].

A catheter is a long, thin, hollow and flexible tube that is inserted through small incisions to the body
cavities and allow for drainage, administration of fluids and access the targeted diagnosis/treatment
spot by surgical devices [51]. A typical cardiovascular catheter is shown in Fig.1.5. One of the main
challenges in catheter- based interventional cardiology and electrophysiology is to precisely posi-
tion and navigate the catheter tip inside the heart chamber. This limitation is mainly a result of heart
motion during heart beat and respiration. Other factors including tortuous vessel structure, complex
anatomy of cardiovascular system, and and the lack of heart wall support further limit the possibil-
ity of accurate steering [53]. To overcome the catheter navigation problem, steerable catheters were
emerged during past decades [54,55]. Steerable catheters have been proven to have improvements
in procedural time and safety compared to conventional catheters [23,55]. Steerable catheters also
offer out-weighted safety and effectiveness due to higher contact force control [56,57]. A variaty of
actuations methods for soft continuum robots have been proposed to enhance the capability of steer-

ing and positioning in cardiac applications, safety, and miniaturization. Depending on the actuation
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Figure 1.5: A cardiovascular flexible catheter providing a path for fluids and the surgical devices to
go through it and reach the under surgery part of the heart [52].

system, steerable catheters are generally divided into two main categories: (1) force generation in
the tip which includes subcategories: 1)electric actuation,2)thermal actuation,or3)magnetic actua-
tion, (2) force transmission to the tip which comprises of 4)hydraulic chamber or 5)mechanic cable,
actuation modes. Awaz et al. have been suggested a structured review a structured classification of

steerable catheters, their actuation mode and methods used in medical applications [53].

1.4.2 Steerable Catheters: Driving Modalities

Tendon-driven steerable catheters

Tendon-driven mechanism allows for easy miniaturization in soft continuum manipulators from

10



medical applications to aerospace industry; hence, it is contemplated as a favorable choice in con-
trolling the continuum robots [58,59]. Currently, the largest and most commercially available tech-
nology for catheters is based on cable or tendon actuated steering. For instance, ”Tendril” as first
catheter- like continuum robot of its kind, was developed by NASA which was intended for in-space
inspection applications. The actuation method was based on sets of antagonistic tendons which were
run through the entire length of robot body, and terminated at pulleys inside the manipulator struc-
ture [60]. Fig. 1.6 depicts the steerable tendon- driven catheter used in used in Sensei X®. The
catheter is navigated remotely through a system of pulleys which allows for a large maneuverable
space inside the atria [61]. For determining the force at the catheter tip several models have been
suggested.Ganji et al. [62] and Camarillo et al. [63] have postulated mechanical models based on
multi-body dynamics for estimating the contact force at the tip of the a tendon- driven catheters. .
In this model, a single section of the manipulator is considered as a cantilever beam which demon-
strates large deformation as a result of tendon actuation.

Another principal feature in designing tendon- based soft robots is the backbone design.Researchers
[64] describes and discusses the history and state of the art of continuous backbone soft robot ma-
nipulators.In this review, design of continuum robots have been categorized in 5 groups including:
concentric tube designs, locally actuated backbone design, variable backbone stiffness. In tendon-
driven robots, tension forces at the base of tendons, produce torques at the distal points, and cause
bending. One widely- adopted choice for the core backbone element is a compressible mechan-
ical spring. In an early effort, Hirose et al. [66] produced a mechanical spring- based design of
continuum robots. Using compressible spring may lead to bending control complexities; hence, a
flexible incompressible rod could be an alliterative for the backbone element [67]. This course has
been successfully implemented in various soft robots [68—70]; however incorporation of backbone
extension is a shortcoming of this approach. Moreover, spring based designs can easily retrieve its
original shape, at the resting point, and navigate with smaller tendon tensions. For accurately guide
tendon- driven catheters and control force at the target position, slack [71] and backlash [72] are
need to be prevented. In this respect, most implementations simultaneously actuate all tendons [73]
or sets of agonist- antagonist tendons with a single actuator [74], with a spring mechanism to com-

pensate the backlash and slack. A compressible spring-based tendon-driven backbone soft robot

11



Figure 1.6: Steerable tendon-driven catheter used in Sensei X® [65]

was developed for sinus-surgical [75], ACL-surgical [76], and laryngeal- surgical applications [77].
Having mentioned undeniable advantages of tendon-driven catheters, there are drawbacks such as
nonlinear friction, hysteresis, sterilization difficulty, fatigue, force transmission hurdles and control
problems [78,79].
Pneumatic-driven steerable catheters

Pneumatic(hydraulic)- driven soft robots made up of chambers from fibre- reinforced stretchable
rubbers. The pressure inside the chambers is controlled by flexible tunes connected to electro-
hydraulic valve. the tubes are being pressurized by fluid and gas during cardiovascular and bronchial
surgery, respectively. As the pressure inside the tubes increases, the flexible tip of the catheter
deforms in a direction opposing the position of pressurized tube [80]. Locating a flexible and in-
extnensible strain limiting layer at the base of soft robots with pneumatic actuation, is a key factor

to generate a bending motion [81, 82]. In an effort Miles et al. [83] designed a pneumatic- driven

12



catheter in which tubes are located on both sides of catheter and reached to an elastomeric catheter
tip; the tip was equipped with some steering lumens which are offset from the catheter . In such
catheter designs, the bending behaviour is controlled through a pneumatic or hydraulic pressure
source or by heating a thermally expandable material filling the lumens [83].Francois et al. also
designed a hydraulically-driven catheter utilizing three elastic nickel bellows and selected physio-
logical to increase the catheter safety [84]. In another effort [85], a Ti—Ni super-elastic alloy tube
was hollowed out and covered with a silicon rubber to fabricate a pneumatic catheter having one
degree of freedom. Currently, the MEMS techniques are employed in developing the miniaturized
pneumatic- driven catheters [86].

The shortcoming in use of hydraulic- driven soft robots is the complexity in modeling and con-
trolling arises from deformation exhibited by the nonlinear elastomer materials [87].To address this
challenge several solutions have been proposed including experimental characterization of bending
geometry [88] and FEA analysis [89].

The primary difference of typical pneumatic actuators (such as the McKibben-type actuators) to
pneumatic soft robots is that the latter group are developed entirely using soft elastomers. Thus,
soft pneumatic actuator are a desire alternative for certain applications; but unknown character-
istic of them due to softness and customizability has been necessitated strict functional require-
ment [90]. In an effort [91], a soft penumatic- driven actuators were designed with a combination
of elastomeric (hyperelastic silicones) and inextensible materials (fabrics and fibers). The proposed
fiber-reinforced bending actuators compared to existing soft pneumatic- driven actuators [90,92,93]
have a much simpler tubular geometry that offers ease of manufacture, and allows for nontrivial de-
formations.

Having all being said, pneumatic- driven catheters is not considered a desirable option to be used
in RFA applications. The high risk of air/fluid leakage throughout the cardiovascular structure may
lead to mortal complications. Moreover, the hydraulic resistance is inversely proportional to the
square of catheter diameter, hence the customary RFA catheter diameter with 18 Fr of length man-
dates high pressure for deformation; consequently, the risk of leakage and bursting escalates. The
bulky design of pneumatic- driven catheter modality is another shortcomings prevent the efficient

use of them in cardiovascular applications.
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Magnetic-driven steerable catheters
In the magnetic modality navigation, a catheter with a magnetic tip is steered throughout the vas-
culature. The magnetic field is provided by the means of large magnets places on the patient’s
sides [21]. The commercially available products for magnetic navigation catheters include Niobe®
ES magnetic navigation system (Stereotaxis, St. Louis, MO, USA) (Stereotaxis 2016) and Catheter
Guidance, Control and Imaging-Maxwell (CGCI) (Magnetecs, Inglewood, CA, USA) (Magnetecs
2016). The magnetic field can also be a result of the electromagnets [94-96].For instance, Stereo-
taxia Inc. introduced a magnetic navigation system called Telstar [95] operate based on three or-
thogonal electromagnets. In another studies, the feasibility of a magnetic-assisted navigation sys-
tem during percutaneous coronary intervention (PCI) [97] and pulmonary vein ablation (CPVA),was
evaluated [98]. Even though the results proved the magnetic- driven modality to be a safe treatment
option with a short learning curve method, however the compatibility of magnetic field with medical
devices e.g. MRI and electrical activity of the heart have not been investigated.
Smart material-driven steerable catheters

Shape memory materials (SMMs) are capable of retaining a predetermined geometrical shape with
heating following a plastic deformation. Based on mechanical properties of SMMs, they are not only
applicable in traditional endoscopic or surgical procedures but also for catheter- like procedures that
require miniaturization. For instance, shape memory alloys (SMAs) have been widely adopted due
to their biocompatibility, corrosion resistance, non- magnetic behaviour, high energy density to ap-
ply concentric contact force and fabricability in various shapes and dimensions.Accordingly, SMM-
driven catheter systems are proposed to address drawbacks of cable- driven approaches [99]. Ther-
mally active materials actuated by an electrical current can be stimulated using two main thermal
actuation: 1) isolated thermal actuation, and 2) integrated thermal actuation [53]. The isolated ther-
mal actuation relies on the application of an electric current to isolated thermal elements (SMAS).
SMAs positioned inside or on the catheter tip and isolated from the rest of catheter body.A number
of different element types are available in the structure including: SMA wires, micro-coils, and
plate actuators. As an example , a prototyped catheter [100] having three straight stainless steel tip
segments connected to each other by SMA wire actuators, was developed. The developed SMA-

based catheter was intended to be used as a steerable delivery tube for percutaneous needle- based
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diagnostic applications, e.g. prostate and breast biopsy. The latter group which is integrated ther-
mal actuators provide both the catheter actuation and catheter tip. Due to less interconectivity and
structure complexity of the integrated thermal actuators compared to isolated thermal actuation, it
has certain advantages. In addition, it equipped catheter with a proper axial stiffness and less energy
loss in its bending mechanism [53]. In an effort Langelaar and van Keulen [101] presented a SMA
thermal actuator in the form of a laser-machined SMA tube. NiTi alloy were used to fabricate the
structure and actuation of the tube. local change in SMA bending behaviour was opt through gen-
erating heat by applying voltage in electrodes embedded in the catheter structure.

For measuring the contact force in SMA- driven catheters piezoresistive and strain- gauge sensors
were employed [102,103]. The mentioned sensors are at high risk to have undesirable interfere with
electrical devices; additionally, the accuracy of the sensors can hugely be affected by electrolytic na-
ture of blood flows around the sensor locations in the body [104]. The challenges arise from optical
sensor- embedded surgical tools is widely elaborated [40,41].Therefore, the SMA- based navigation
system is yet to be fully adopted in cardiovascular systems [105]. Noteworthy, the SMAs exhibit
several limitations including low strain, limited speed (low bandwidth which significantly relies on
mechanothermal characteristics) and providing high current to fulfill sufficient activation tempera-
ture [79].

Comparison of driving modalities

Steering performance is the preliminary factor in evaluating the various driving modalities in remote
catheters. A desired drive system should steer and navigate catheter accurately to the target posi-
tion and maintain the sufficient tip-tissue contact force. Increasing the degree of freedom (DOF)
of catheters will expand the working environment of the device. Different components are adopted
in various driven modalities are adopted to expand the working environment of systems; e.g. in
tendon- driven actuation, increasing the number of tendons will result in number of DOF expan-
sion. As the number of DOF, the system gets more complex. As a result, in tendon- driven catheters
higher DOF leads to friction, buckling and cable wedging.

On the other hand,SMMs are not practically considered super- elastic materials and analysing their
partially plastic effect demands meticulous analysis such as finit-element modeling (FEM). In pneu-

matic and hydraulic actuators, precision and force control can possibly cause problem since slight
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differences in gas compressibility, flow characteristic at the entrance valve, and friction can easily
cause nonlinearities. Furthermore,parameters of these systems are affected by temperature, shape
and friction [106]. Having all being said, Tendon- driven modality has been proved to be a desirable
choice to be used as actuation systems in RFA RCI catheters. Tendon- driven catheters comparatively

offers less complexity, cost- effective and more applicable solutions.

1.4.3 Steerable Catheters: Modeling as Soft Robots

As depicted in Fig. 1.7, in model- based force estimation system a computational approach is
used via adoption of boundary conditions from sensors, live imaging, and a mechanical model of
the catheter. Due to the high risk of inaccuracy of force feedback during remote cathterization;
the solution model is required to be precise, real- time and stable [105, 107]. As a result of high
ratio of length to diameter of the catheter, the are frequently modeled as a one-dimensional beam-
like structures, from the kinematic point of view, 4 main approaches have been opted: continuum
mechanics-, multibody dynamics-, differential geometry-, and particle-based models.

Continuum Mechanics Models
Continuum models are categorized as model-based haptic feedback [24], in which the force is es-
timated through computation, live imaging, boundary conditions of sensors and mechanical model
of the catheter. In an early study [109], a continuous modeling for catheter deflection in cardiac in-
tervention was proposed. In another effort Camarillo ef al. [58] proposed a continuum explanation
for predicting the deformation of the tendon-driven catheter in quasi-static manipulation. Though,
the mentioned models required detailed information, e.g. tool-tissue contact force at the tip of the
catheter and non-linear material compliance. Furthermore, both models were not applicable for
real-time applications [110].Khoshnam ef al. [111] utilized Euler- Bernoulli assumption for model-
ing the large deflection of a conventional steerable catheter. Due to high slenderness of the catheters,
the author neglect the shear effects and out-of-plane warping of the catheter cross-section. As ex-
tension of the study mentioned above, In [112,113], large deflection analysis method was employed
to estimate the contact force at the tip of the catheter; however the error reported to be relatively

high.
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In another effort [114], a linear finite element model combined with Euler- Bernoulli theory yo esti-
mate the tool- tissue contact forces between a cardiac catheter and the vessels in a vascular phantom.
Nonetheless, the results shown an underestimation in comparison with clinical studies.Despite the
high precision of finite element analysis (FEA) method, it can be a source of erroneous results in
the absence of precise constraint definition and treatment; esp. in the case of contact force esti-
mation [111]. Jones et al. [115] proposed a kinematic method for multisecion continuum robots.
The kinematic method allows for real-time deflection control through mapping inputs, e.g. tendon
lengths or hydraulic pressures with robot configuration.

Multi-body dynamics models

Owning the simplicity and computational efficiency of multi-body dynamics framework in model-
ing catheters and guidwires, it has been widely adopted in literature [24]. In multi-body systems,
to derive the kinematics, the structure is approximated as a set of rigid links connected by flexi-
ble joints. Due to discrete segmentation of robot in multi-body dynamics method, it is a desirable
approach to be used in robot control applications. A comprehensive review of flexible multi-body
dynamics was presented in [116]. The multi- body dynamics is considered as a field which com-
bines rigid body dynamics, continuum mechanics, finite element method, numerical, and tonsorial
analysis. In an early study, Alderliesten [117] et al., suggested a two- dimensional multibody system
for a typical catheter. The experiment was done under assumption of constant and relatively slow
speed (quasi-static) maneuver of the catheter. Ganji et al. [62] also offered a model for predicting
the position of the catheter tip based on constant curvature assumption using multi-body dynamics
framework.

Since the multi-body dynamic models reduce the degree of freedom of the system, the are computa-
tionally efficient but the accuracy is highly dependant on the resolution of the geometric discretiza-
tion [118].

Particle Dynamics Models

Particle-based models (or mass-spring models) is mainly adopted for modeling the deformation
of vasculature, catheters and guidewires [119, 120]. In this method, the catheter deformation is

modeled through approximation of angular springs placed in between successive rigid links. In a
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study [121], the catheter was modeled using particle dynamics model; while the vessels were as-
sumed to be rigid and collision detection was assessed by gap volume technique [122]. Although the
particle dynamics model have shown promising results in simplifying the computational complexity
however it may lead to physically infeasible results [112]. As mentioned in [123], the undesirable
results can eventually end up in violation of the constant length assumption for guide wire- like
structures.

Differential Geometric Models

Geometric modeling is a method in which the structure and its shape is defined by a set of spec-
ified number of points known as key points. The key points are not necessarily to be placed on
the structure and could be located anywhere on the space (merely a mathematical entity). For in-
stance a polynomial interpolation, piece-wise differentiable continuous (e.g., splines and B-splines)
are used to represent the shape of the curve structure. Through defining the kinetic, potential (e.g.
gravitational energy) and friction or viscoelastic energies combined with Lagrangian method, the
equations of motion can be derived [116, 124]. In this respect, the final position of a guide wire was
predicted by simulation the guide wire with a set of connected vertices [125]. The sets of vertices
undergoes equal forced to model the guide wire (catheter). The equilibrium can be achieved having
minimum energy constraint through iterating the solution. Recently, Hooshiar et al. [126] proposed
and validated a non linear inverse Cosserat rod model for tip force estimation of the catheter.
Comparison

Despite the advantage of sensor- based haptic feedback systems such as less computational cost
and shorter response time, current researches are mainly attracted to model- based haptic feed back.
This is vastly due to the features that model- based approach offers to the scientist including: (1) less
susceptibility to noise, (2) lower cost, (3) simple implementation,(4) easy plugging to the available
robotic PCI systems, and (5) feasible application in surgical simulators [24, 105].

In choosing the most desirable model- based approach, there is always a compromise between the
computational efficiency and accuracy [127]. Considering the vital role of continuity, conserva-
tion of momentum and conservation of energy in analysis catheter deformation [128], the contin-
uum mechanics models used for the catheters and guide wires are the most accurate approach to be

hired [111]. The most significant drawback of the model-based haptic feedback is the dependency of
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the results to the mechanical properties of the catheter and cardiovascular structure [107]. Catheters
are classified as hyper-redundant structures with respect to their deformations [129]. Hence, redun-
dancy treatment method is required to enforce the solution to be converged to a favorable deforma-
tion. The method which is currently employed to tackle the hyper-redundancy of continuum robots
is to impose geometric constraints regarding structure deflection [110], e.g. planar deflection [67],

piece-wise constant curvature [130, 131] and constant radius curvature [132].

1.5 Contributions

To the best of author’s knowledge, this study was the first study to propose a sensor-free tip-
tissue contact force estimation schema for tendon-driven RFA catheter needless for tissue charac-
teristics. In this study, first a novel vision- based approach for predicting the tip-tissue force contact
was suggested. Afterwards, a new system design for incorporating the image-based force provision
in the RCI systems was proposed. Next, learning- based approaches were incorporated to excel
the performance of the force estimation system. Furthermore, each of the developed components
was integrated with the proposed system design and their performances were assessed at the system
level.In terms of knowledge dissemination, the following list summarizes the author’s contributions

during this master research:

(1) Pegah Yaftian, Naghmeh Bandari, Amir Hooshiar, and Javad Dargahi. "Image-based contact
detection and static force estimation on steerable rfa catheters.”, In 2020 International Con-

ference on Biomedical Innovations and Applications (BIA), pages 57-60. IEEE, 2020 [133],

(2) Pegah Yaftian, Naghmeh Bandari and Javad Dargahi. ” Comparison of Mechanistic and
Learning-based Tip Force Estimation on Tendon-driven Soft Robotic Catheters.”, In ACM/IEEE
International Conference on Human-Robot Interaction (HRI), (Under review). IEEE, 2022

[134],

(3) Pegah Yaftian, Naghmeh Bandari, Amir Hooshiar and Javad Dargahi. “Real-time Intrinsic

Tip Force Estimation on Tendon-driven Cathetersusing Tendon Tensions and Mechanistic
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Modelling.”, IEEE transactions on instrumentation and measurement, (Under review), 2021

[135].

1.6 dissertation layout

This thesis is prepared in manuscript-based style according to the “Thesis Preparation and The-
sis Examination Regulations (version-2021) for Manuscript-based Thesis” of the School of Gradu-
ate Studies of Concordia University. It includes five chapters:

Chapter 1 provides the introductory materials, i.e., background, problem definition, objectives, lit-
erature review, and contributions.

Chapter 2 presents the proposed image-based contact force estimation and inverse kinematic- based
model and the implemented solution schema as well as the validation studies.

Chapter 3 includes the system components, and the implementation methodology for force estima-
tion of tendon driven catheters in combination with experimental validation studies for assessing
the performance of the proposed and developed RCI system.

Chapter 4 is explored the alternatives for excelling the proposed method with learning algorithms.
Also, the results of the validation studies are presented.

Chapter 5 summarizes the main contributions and achievements of this research. Moreover, the

research limitations are acknowledged and potential future directions are provided.
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Chapter 2

Image-based Contact Detection and
Static Force Estimation on Steerable

RFA Catheters

2.1 Abstract

Real-time force estimation is crucial for robot-assisted radio frequency ablation procedures to
perform safe and effective treatment. This study proposes an image-based method real-time force
estimation on steerable catheters. To this end, first a planar mechanical model of the catheter with
an unknown contact force with the endocardium was developed. Afterward, an inverse solution
schema based on the deformed shape of the catheter was proposed and verified. To validate the
proposed method, finite element simulation was used to obtain deformed shape of a typical catheter
with 0.5-5 N contact force. The results of the proposed image-based force estimation were in fair
agreement with reference force used in finite element simulation. The relative estimation error was
less than 5% for all forces and the goodness-of-fit between estimation and reference was R? = 0.97.
The proposed method was in compliance with the acceptable accuracy and speed required for robot-

assisted cardiac ablation procedures.
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2.2 Introduction

trial fibrillation (AFib) is the most common arrhythmia in the elderly population in which the
pulsation of cardiac electrical activity within the atria becomes chaotic. Consequently, the chaotic
contraction of the atrium may result in blood clot and stroke [136]. Radio frequency ablation (RFA)
is a minimally invasive surgical (MIS) approach to decrease the undesired pulsation within the
cardiac tissue through partial burning of the arrhythmogenic sites.
To perform accurate and dexterous RFA, robot-assisted systems have been developed [24]. Studies
have shown that maintaining a certain level of contact force between the tip of RFA catheters and the
cardiac wall is necessary to obtain favorable clinical results [1,32,137]. Whereas, excessive contact
force (>0.40N) increases the risk of tissue perforation and inadequate force (<0.1N) results in
ineffective ablation. Fig. 2.1 shows a cardiac RFA catheter used for AFib treatment, schematically.
Therefore, force control systems are an integral part of robot-assisted RFA procedures [138].

Researchers have proposed sensor-based [37] and model-based [24] contact force estimation
schema for RFA catheters. Although the sensor-based studies have shown favorable accuracy, the
main limitations of sensor-embedded catheters are size, weight, compromised flexibility, and high
cost [139]. To avoid these limitations, model-based approach has recently gained momentum in the
literature [24].

In an early effort, Khoshnam et al. [112],used a Pseudo Rigid-body (PRB) model for model-
based force control of RFA catheters via the inverse solution of the catheter dynamics and image-
based curvature analysis. However, this approach showed a low accuracy of 80%. Hasanzade et
al. [107] used the piecewise circular arc for modeling the catheter. An iterative inverse solution
was proposed in their study to estimate the contact force for the given shape of the catheter. Luo et
al. [140] modeled the catheter as Kirchhoff elastic rod with contact detection between the catheter
body and vascular anatomy obtained from a preoperative 3D reconstructed CT scan. Recently,
Jolaei et al. [137] modeled the RFA catheters as spatial curves with constant bending curvature and
successfully controlled the force at its tip using an artificial neural network (ANN)-based method
for real-time force estimation [141]. However, the later approach requires an online detection of

tissue characteristics through a generalized Kelvin-Voigt viscoelasticity modeling [1].
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Normal

Figure 2.1: The schematic comparison of normal and chaotic pulsation with an RFA catheter

In this study, a force estimation framework based on real-time shape sensing of the RFA catheters
was proposed and validated. The main contributions of this study are proposing a shape-based force
estimation and semi-analytical solution of the inverse problem. Given the availability of real-time
X-ray images during RFA procedures (fluoroscopy), the shape of the RFA catheter is available intra-
operatively. The proposed force estimation is based on analytical shape reconstruction and inverse

solution based on the catheter mechanics.

2.3 Material and Methods

2.3.1 Mechanical Model

Fig. 4.2 shows the free-body diagram (FBD) of a typical steerable catheter in contact with
atrial tissue. The catheter is assumed of a straight initial shape. Typically, steerable RFA catheters
are steered by a couple of agonist—antagonist cables which apply tensile force 77 and 75 to its
tip. The cables are tangent to the body of the catheter along its length and are anchored to its tip
with a separation of § and apply a bending moment of my;, = (() 0 o(Ty — T2)> ! to the tip

of the catheter. Also, the contact force between the catheter tip and atrial tissue is of the form

T
ftip:(fm fy 0) :
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Figure 2.2: Free-body diagram of a deformed steerable catheter with contact force applied at its tip.

Kinematics

In this study the catheter is modeled as a curved line object with a length L. = 40 mm and
a diameter D = 3 mm (Fig. 4.2). These are typical catheter dimensions used in the literature,
e.g. [137]. The length-to-diameter ratio of the catheter was larger than 10, thus, satisfied the small
strain condition. Therefore, the catheter was modeled as an Euler—Bernoulli beam. The curve is
parameterized with a continuous curve parameter s € [0, 1], where s = 0 and s = 1 correspond to
the base and tip of the catheter, respectively.
Fig 4.2 shows the initial and deformed shape of the catheter. The deformed shape of the catheter
was extracted from image-processing (Sec. 3.4.2) revealing x = z(s) and y = y(s) as continuous
functions describing the shape of the catheter with respect to s. As stated in Sec. 3.4.2, the shape

interpolation functions of x(s) and y(s) were polynomials of degree m and n, respectively:

2(s) =D ais's yls) =D bs, (M
i=0 J=0

which resulted in radius of curvature of the form:

3
2

(7 dais™ )2 + (7] jbis’~1)?)
S i (G — 1)bjsi—2

p(s) = (2)

25



Static Equilibrium
The force and moment equilibrium equations at any arbitrary point along of the catheter deter-

mined by s are:

ro +f(s) =0, 3)

T
m, +m(s) + (x(s) y(s) 0> x f(s) = 0. 4)

where, r, and m, are constant reaction force and moment vectors at base, m is the internal bending
moment, and f is the internal force vector. By applying the boundary condition at s = 1, where

m(s)|s=1 = my;, and f(s)|s=1 = fy;;,, the base reactions were determined as:

T
o = (—fx —fy 0> ; (5)
T
me=(0 0 8Ty~ ~=(0f, + (1)) ©

Therefore, at any s, the z-component of m(s) is:

mz(s) = 0(Th — Tz) + (m(l) —x(s) y(1)— y(s)) _f; (7

On the other hand, Euler—Bernoulli beam theory shows that for planar slender beams:
’I?’LZ(S ) = 7 3
where, F1 is the flexural rigidity of the beam.

Inverse Solution

The coefficients a; and b; determine the shape of the deformed catheter and are obtained from
image-processing. By assuming 77 and 75 as a-priori knowledge, derived from input tensions by
the user, the right-hand-side of Eq. 7 and Eq. 8 shall necessarily be equal for any and all given

$ = So. Therefore, the force estimation problem is defined as a minimization problem to find f,
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and f, which minimizes the residual absolute error I' defined as:

ET

minimize I' = |m,(s) — ——
e

l, ©)

for any and all given s € [0,1]. In a special case that the catheter is not in contact with tissue,
fz = fy = 0, the residual function becomes constant and the minimization problem reveals a trivial
result of zero contact force. This is a physically plausible solution as it corresponds to a single
curvature deformation and is in compliance with Eq. 8 with constant p = const.

For numerical solution of deformation with non-zero contact force, the catheter was discretized in

9 sections and Eq. 9 was evaluated for s = 0.1,0.2, - - - ,0.9. Eventually Eq. 9 was re-ordered as:
NEQ o
fy
Where,
z(1) —x(0)  y(0) —y(1) 5(Thy — Tp) — L
A= 5 : B = E RNGR))
z(1) —2(0.9) 3(0.9) —y(1) §(Ty — Ty) — p(%lg)

It is noteworthy that the components of matrix A are merely obtained from the image-based shape
extraction and represent the deformation, while the components of vector B contain the steering
tensions 77 and 75 and local curvature of the catheter at equidistant sample locations.Based on
Moore-Penrose pseudo-inverse theorem, the solution to Eq. 10 which is unique and is necessarily

the solution to the proposed norm-minimization problem is:

T
<fz fy) = (ATA)7'ATB. (12)

This inverse solution reveals the external force f, and f, through knowledge of the deformation
(image-processing) and mechanical properties of the catheter. The flexural rigidity of the catheter

modeled in this study was setto £ = 723.7 MPa.mm?* [137].
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Figure 2.3: (a)Mesh quality and dimensions of the catheter distal shaft, (b)Finite Element
Model(FEM) of the catheter curvature upon the application of the external force.

2.4 Validation Study

In order to validate the proposed image-based method, the force estimation was performed on
the results of finite element (FE) analysis of a similar catheter under concentric horizontal force at
its tip. The image-processing and inverse solution was implemented in Matlab 2019b (Mathworks,

MA, USA) the FE simulations were run in Ansys Workbench v17 (Ansys Inc., PA, USA).

2.4.1 Finite Element Simulation

Fig. 2.3(a) shows the FE model solved in this study. The model was solved with nonlinear
geometry (large deformation) assumption and had 51 nodes and 50 linear bending elements. Ho-
mogeneous Dirichlet and Neumann boundary conditions were applied at the left-most node of the
model to simulate the cantilever condition. A vertical concentrated force of 0.5-5 N magnitude
was applied to the right-most node in separate simulations. Fig. 2.3(b) shows the representative

deformed shape of the catheter under 5 N.
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2.4.2 Image-based Deformation Extraction

To extract the shape of catheter, first each image was converted to gray-scale and thresholded
manually to obtain a binary map of the pixels belonging to the catheter. Afterward, the centerline
of the extracted shape (1-pixel width) was obtained through averaging the vertical white pixels, i.e.,
pixels with ’/’ value. Fig. 2.4(a) shows the binary map and the extracted centerline of Fig. 2.3(b).

The parameter s was defined for each individual pixel on the centerline as:

_ Ykt V@ = 2r1)® + (U — Yrr1)?
L

Si i=1--p—1, (13)

Where, p was the total number of pixels constructing the centerline, x and y were the horizontal and
vertical position of the pixel in the image in millimeters. Next, to obtain coefficients of the shape
interpolation functions introduced in Eq. 1, an iterative curve-fitting was performed on < s;, z; >
and < s;,y; > ordered 2-tuples. The curve-fitting was stopped once the goodness-of-fit would
surpass a minimum R? > 0.97. Fig. 2.4(b)—(c) show the x(s) and y(s) for the deformed shape of

catheter under 5 N load, respectively as a representation.

2.5 Result and Discussion

Fig. 2.5 depicts the deformed shape of catheter for tip forces of 0.5-5 N. The maximum dis-
placement was for 5 N force with 14.53 mm in y-direction. Since the maximum deflection is more
than 10% of the length of the beam (small deformation condition for Euler—Bernoulli beams), the
large deformation assumption is confirmed. The proposed force estimation method in Sec. 2.3.1
was applied on the results of FE simulations. Table 2.1 summarizes the force estimation results.

The maximum estimation error was 3.9% for 5 N force, while the maximum estimation error
for force below 2 N was 3.8%. In all the load cases the force estimation error was below 5%
(Fig. 2.6(a). Also, the results showed a strong correlation between the reference force (FE) and
the image-based estimations (R?=0.97). The trend of estimation error was decreasing for 0.5-2 N
and increasing afterward. The reason was related to the combination of the image resolution and

large-deformation effects. More specifically, at small forces (< 2 N) the deflection of parts of the
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Figure 2.5: Catheter deformation extracted from FE simulation for 0.5-5 N.

Table 2.1: Results of the FE simulations and the force estimation.

Ref. F;, Image-based Fi;;, Abs. Error Rel. Error

(N) (N) (N) x 100 (%)
0.5 0.483 (-) 0.0175 3.8%

1 0.992 (-) 0.008 0.8%

2 2.004 (+) 0.004 0.2%

3 3.051 (+) 0.051 1.7%

4 4.128 (+) 0.128 3.2%

5 4.805 (-) 0.805 3.9%

catheter is comparable to the width of a single pixel in the image and is not detected by the image
processing. By increasing the force (< 2 N) the large deformation effect causes a non-negligible
tangential component for the tip force,along the catheter tip, and causes longitudinal stress and de-
formation. The resulted stress and deformation along the catheter curvature can not be captured by
the Euler—Bernoulli theory. Furthermore, the computation time of the proposed method per image
was 6 £ 3 ms, which corresponds to a minimum of 111 Hz refresh-rate. Given that the frame-rate of
the commercially available X-ray imaging machines is typically less than 30 Hz, the computational

performance of the proposed method fits the requirement for real-time surgical applications.
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2.6 Conclusion

The objective of this study was to propose and validate an image-based force estimation for
steerable catheters. To this end, initially a shape-based force sensing method was proposed. Having
validated the proposed method, different curvatures of a typical catheter were extracted from the FE
simulation to be used for force sensing.the validation study results showed acceptable accuracy and
computational performance of the proposed image-based force estimation technique for surgical ap-
plications. For future studies, dynamic modeling of the catheter and extension of the planar model
to the 3D model are planned. Moreover, experimental validation of the proposed force estimation

method with video camera integration for simulating more realistic conditions will be studied.
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Chapter 3

Real-time Intrinsic Tip Force Estimation
on Tendon-driven Catheters using

Tendon Tensions and Mechanistic

Modelling

3.1 Abstract

Tip contact force estimation is a clinical need for tendon-driven catheters used in radio-frequency
ablation procedures. In this study, a mechanistic tip force estimation method based on tendon ten-
sion and mechanical model of the catheter was proposed and validated. To this end, first a pa-
rameterized shape sensing method was proposed and used to interpolate the deformed shape of the
catheter in real-time. Next, a mechanistic model of the catheter with large deformation was de-
veloped. Afterward, the unknown tip force was estimated using a semi-analytical approach with
a fast solver. The proposed method was tested on three different polymeric tissue phantoms with
various mechanical properties. Also, the method was tested on porcine atrial tissue to exhibit its ac-

curacy and independence from tissue properties. The maximum root-mean-square error of the force
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estimation was 0.0091 N, 0.0080 N, and 0.0072 N for slow, fast, and manual tests on tissue phan-
toms while it was 0.01 N, 0.009 N, and 0.012 N for the tests on the porcine atrial tissue. For both
validation test series, the estimated force and ground truth show acceptable linearity in correlation

diagrams.

3.2 Introduction

3.2.1 Background

Catheter-based ablation therapy is currently the gold-standard treatment of atrial fibrillation
(AFib) [142]. AFib is a state that the heart beats with irregular pattern, mainly due to the undesired
electrical discharges originating from the pulmonary veins [142,143]. The majority of ablation ther-
apies are performed with a radiofrequency ablation (RFA) approach. During RFA, radiofrequency
wave from the catheter tip induces an electrical current in the atrial tissue, resulting in irreversible
thermal damage to the unwanted tissue, thus making it non-conductive. The non-conductive parts
in the atrial tissue further blocks the electrical current shunt from the pulmonary vein areas to the
atrium, thus, reduces the magnitude of arrhythmia [14]. Fig. 4.1 depicts the schematic configuration
of an RFA catheter inside the heart’s right atrium.

Studies have shown that the success of RFA depends on maintaining an optimal catheter tip force
during the RFA, i.e., 0.1 N to 0.3 N [24,32, 144]. To this end, the use of force sensing catheters have
expanded in the last decade. Such catheters are used for intraoperative monitoring of the tip contact
force on RFA catheters. Clinical studies have shown that the use of force sensing catheters can re-
duce the recurrence rate of RFA procedures from 50% to 30% [145-147]. For better navigation and
access to the inferior and posterior walls of the atria, steerable catheters have been integrated with
force sensors. Steerable catheters typically have a tendon-driven actuation mechanism with a set of
agonist-antagonist tendons supported by a flexible backbone. [148, 149]. Nevertheless, embedding
force sensor in the steerable catheters has compromised their flexibility. Moreover, the sensor em-
bedded catheters are typically ten-times more expensive than the conventional catheters, which has

limited their affordability at large scale. Therefore, there is a clinical gap for a sensorless modality
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Figure 3.1: Schematic configuration of an RFA catheter inside the right atrium.

need to be filled for intraoperative contact force monitoring. In view of the limitations of the ex-
isting force sensing catheters, a sensorless force estimation framework for steerable tendon-driven
catheters was proposed and validated in this study. To this end, a mechanistic model of the tendon-
driven catheters was developed to adapt our previous image-based force estimation methodologies

to tendon-driven catheters, e.g., [126, 133].

3.2.2 Related studies

To model the mechanics of steerable catheters, two modelling approaches have been proposed
in the literature: model-based and model-free (heuristic) approach. In the model-based approach,
a mechanistic model is derived to model the catheter deflection as a deformable continuum robot
subjected to tip bending moment and tip forces. In this regard, studies have proposed formulations
based on continuum mechanics, [26], differential geometry [126, 150], multi-body dynamics [151],
and particle-based dynamics [152].

For heuristic modelling, various data-driven regression models such as artificial neural network
(ANN) [144] and Gaussian process modelling (GPM) [153] have been investigated. Despite the

relative simplicity, researchers have been more motivated to explore mechanistic models as the
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medical applications require high precision, repeatability, and stability [24]. For force estimation
of tendon-driven catheters, typically the inertia of the catheter is neglected justified by its relatively
small mass. Therefore, the majority of representative studies have modelled the catheters under
quasi-static condition [154, 155]. From a kinematics point of view, the continuum tendon-driven
catheters are under-actuated and have infinite degrees-of-freedom (DOFs). Adopting approxima-
tion assumptions, such as piecewise constant curvature (PCC), single-plane bending, and constant
bending curvature,infinite DOFs have been reduced and derived the kinematics thereof. For ex-
ample, the PCC-based kinematic model, proposed in [115], was employed by Ganji et al. [62] to
approximate the deformations of a commercial tendon-driven catheter with high computational ef-
ficiency. Because of using a rigid serial arm modelling approach, the modelling error was relatively
high in [62]. A similar kinematic model with three circular arcs was proposed in [107] and the
catheter was modelled as an elastica with large deformation. Despite its accuracy in tip position
prediction under various tip forces, this model was highly sensitive to the accuracy of the image-
based shape approximation and exhibited high force estimation errors.

In a recent study, Hooshiar et al. [26] proposed an inverse finite-element method with Euler-
Bernoulli beam type for force estimation along endovascular devices. They used a polynomial-base
shape interpolation for shape sensing. Despite its computational efficiency, their method merely
considered lateral forces along the catheter and did not include tip forces and tip moments. Other
flavors of finite element-based methods, e.g., finite element Cosserat rod [156], have been also
proposed in the literature. Nevertheless, finite element-based methods generally suffer from com-
putational efficiency for real-time applications [24]. Another limitation of the finite element-based
methods is that they intrinsically require discrete nodal positions for optimization-based force es-
timation while accurate shape approximation methods are typically continuous. In a recent study,
Jolaei et al. [1,157] adopted a generalized Kelvin-Voigt viscoelastic model to estimate catheter tis-
sue contact force based on catheter tip indentation into the tissue. Despite the high accuracy of
the displacement-based method for force control of RFA catheters, it mandates a real-time tissue
characterization schema which might be prone to non-negligible error or natural variability due to
the heterogeneous mechanical properties of the atrial tissue. In a recent study, Donat et al. [158]

proposed an accurate image-based tip force estimation for a flexible continuum arm using the deep
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direct cascade learning (DDCL) method. However, their proposed methodology was based on train-
ing a statistical model with simulation data and re-training with real-world data which may suffer

from generalization problem because of the variability of the design between different catheters.

3.3 contributions

The main contributions of this study are:
(1) image-based shape sensing with continuous polynomial shape interpolation functions,

(2) derivation of the kinematics of the tendon-driven catheter as a continuum robot based on

continuous polynomial shape,
(3) derivation of balance equations employing the proposed kinematics,
(4) proposing a fast optimization-based tip force estimation schema, and
(5) ex-vivo validation of the proposed force estimation framework.

In the following, Sec. 3.4 summarizes the shape sensing, derivation of the kinematics, balance
equations, and force estimation, Sec. 3.5 summarizes the objectives, protocols, and the key findings
of two validation studies, and Sec. 3.6 provides the concluding remarks, limitations of the study,

and future directions.

3.4 Methodology

In this section, a description of the catheter fabrication and the developed system are provided.
Afterward, the inverse kinematics of catheter based on Euller Bernoulli’s assumption combined with
image-based analysis is obtained. The validity of the proposed method was previously investigated
using FEM analysis [133].In the end, the experimental test procedures and setups for study the

proposed force estimation method are outlined.
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3.4.1 Catheter Prototype

The tendon-driven catheter was fabricated with two inextensible tendons attached to two antipo-
dal points of the catheter tip. The diameter and length of the catheter were chosen to be 6 mm and
40 mm, respectively. The selected dimensions matched the use of a 18-Fr catheter and the average
transversal diameter of the right atrium [159, 160].

The catheter is comprised of a flexible body and an integrated steel compression coil spring. For
fabricating the main body of the catheter, a cylindrical mold was rapid prototype with 3D printer
(Replicator+; MakerBot, NY). The coil spring with 5 mm of nominal outer diameter and 0.35
N/mm of compressive stiffness, was integrated within the cylindrical mold. Afterwards the mold
was filled with silicon rubber material (Ecoflex™00-30; Smooth-on, Inc., PA) and degassed in a
vacuum chamber (Best Value Vacs, IL) under 29 mmHg vacuum pressure for a homogeneous tex-
ture of catheter body. Compensating for the viscous energy damping, the coil spring would facilitate
recovering catheter original shape in presence and absence of a force at its tip. For further curing,

the mold was rested for 24-48 hours in room temperature (25 °C).

3.4.2 Shape Sensing

This section starts with observing the change in the catheter curvature when it is exposed to an
external force or moves in free space. An image captured by the camera is shown in Fig. 3.2(a).
According to Hannan et al. [161] for determining a curvature of continuum robots manipulator
identifying three points is sufficient. As a matter of fact, a custom algorithm was used to find a
curve representing the catheter configuration. In this regard, each image was converted to a gray-
scale image, thresholeded and finally converted to a binary map of pixels to find the center of the
tip (Fig. 3.2(b)-(c)). Afterward, the right-most point of the catheter where catheter intersects with
the catheter holder was manually detected (Fig.3.2(d)).The third point was assumed to be the center
of the circle which the catheter curvature is assumed to be a portion of that. Herein, the curve,
located at the center line of the catheter, successfully represents the catheter curvature as shown

in Fig.3.2(f). Detecting the location of center line pixels, the parameter s was defined for each
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(b)

(c)

Figure 3.2: (a) Raw image of the deflected catheter, (b) binary image of the catheter with the iden-
tified tip center, (c) circular arc fitted to the backbone of the catheter.

individual pixel on the cente rline as:

_ 22:1 \/(ffk — zp+1)” + (Yk — Yt1)?
L

S; t=1---p—1, (14)
where, p was the total number of pixels introducing the center line, the horizontal and vertical
locations of pixels were represented with z and y in millimeters. Next, to obtain coefficients of the
shape interpolation functions in Eq. 15, an iterative curve-fitting was performed on < s;, x; > and
< s;,y; > ordered 2-tuples. The curve-fitting was stopped once the goodness-of-fit would reaches

a minimum R2 > 0.97.
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3.4.3 Tendon Tension
Motor Current Measurement

RCI system requires a control framework to perform motor current feedback and eventually
force feedback at the tip of the catheter; the proposed control system is presented in figure 3.6. The
ultimate goal of control system is to estimate and maintain a force through applying a PID controller
to the motor currents and catheter curvature analysis.Afterward, the control system would determine
the desired current for motors to generate the desired force at the tip of the catheter. The formulas

are extensively explained in the inverse kinematic section.

Torque Constant Identification

As mentioned in 3.5.1, estimating the force at the catheter tip necessitates finding the motor
constant (K,,) indicating the linear relation between the tendon tension and motor current. Fig.3.3
shows the developed setup for investigating the motor constant which consists of a Phidget DC mo-
tor and a current sensor for recording the motor currents in real-time, a pulley with a 20mm diameter
was attached to the motor shaft and the tendon was wrapped around it. Moreover, to increase the
tendon’s compliance and avoiding rapid rise in the tendon tension, a spring coil was attached in the
middle of the tendon. The tendon was terminated on an ATI Mini40 force sensor (ATI Inc., NC,
USA) to record the total tensile force. The motor was run clockwise and counterclockwise direc-
tions under current control within 80% of its nominal current rating (1000 mA), i.e., 100-900 mA.
This test procedure was repeated three times.

Fig. 3.3 depicts the variation of tensile force in the tendon with the motor’s current. Linear regres-

sion among the three repetitions showed a goodness-of-fit of 99% and with K,, = 0.0169%.

3.4.4 Mechanical Model

The free body diagram of a steerable catheter in contact with cardiac tissue is depicted in Fig.
3.5. A typical steerable catheter is steered by a couple of agonist—antagonist tendons which apply

tensile force 77 and 75 to its tip. The catheter is assumed to have no bending at the initial state when
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1. DC motor Phidget (DC motor controller) 5. Pulley

2. Current Sensor 6. Coil spring
3. Motor holder 7. Tendons
4. DC motor 8. Force sensor

Figure 3.3: Components of the developed setup for finding the DC motor constant

it has no contact with atrial tissue. As shown, the cables are tangent to the body of the catheter and
hinged to its tip with a distance equals to tip diameter (). The bending moment and contact force at

T T
the tip of the catheter are in the form of my;;, = <() 0 o(Ty — T2)> and f;;, = < o fy ()) ,

respectively.

Kinematics

Since the ratio of the length to diameter of the fabricated catheter is considerably large, the small
strain condition can be satisfied. Hence, the catheter was modelled based on Euler—Bernoulli beam
theory. The catheter curvature was also assumed to be a section of a circular shape; so when it is in
initial straight state the diameter of circle which the catheter is a part of that, is infinite. The curve

is parameterized with a continuous curve parameter s € [0, 1], where s = 0 and s = 1 correspond
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Figure 3.4: Linear relation of motor current and motor torque result from experiments.

to the leftmost point of the catheter (base) and the rightmost end of the catheter (tip), respectively.

Fig 3.5 shows the deformed shape of the catheter. The curvature of the catheter was extracted from
image-processing technique in real- time. The technique for image extraction of the catheter was
explicitly explained in (Sec. 3.4.2). As stated in Sec. 3.4.2, the shape interpolation functions of

x(s) and y(s) were polynomials of degree m and n, respectively:

x(s) = Zaisi, y(s) = ijsj, (15)
i=0 J=0

which resulted in radius of curvature of the form:

(0 dags™ )2 + ()] jbys?~1)2)2

16
S 3G — 1)bjsi—2 1o

p(s) =
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Balance Equations

The force and moment equilibrium equations at any arbitrary point along of the catheter deter-

mined by s are:

ro +1(s) =0, a7

T
m, +m(s) + (x(s) y(s) 0> x f(s) = 0. (18)

Where, r, and m, are constant reaction force and moment vectors at base, m is the internal bending
moment, and f is the internal force vector. By applying the boundary condition at s = 1, where

m(s)|s=1 = my;, and f(s)|s—=1 = fy;;,, the base reactions were determined as:

T
l‘o=<—fm 5, 0> , (19)

T
m, = (0 0 6(To —T1) —2(1)fy + y(l)fx) : (20)
Therefore, at any s, the z-component of m(s) is:

fy
mz<s>—6<T1—T2>+(xm—x(s) y(1) — y(s) o) —f. @21)
0

On the other hand, Euler—Bernoulli beam theory shows that for planar slender beams:

EI

where, F1 is the flexural rigidity of the beam.

3.4.5 Force Estimation

The coefficients a; and b; determine the shape of the deformed catheter and are obtained from
image-processing. By assuming 77 and 75 as a-priori knowledge, derived from input tensions by

the user, the right-hand-side of Eq. 21 and Eq. 22 shall necessarily be equal for any and all given
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Figure 3.5: Free-body diagram of a deformed steerable catheter with contact force applied at its tip.

§ = So. Therefore, the force estimation problem is defined as a minimization problem to find f,

and f, which minimizes the residual absolute error I" defined as:

ET

minimize I = |m,(s) — ——
)= )

E (23)

for any and all given s € [0,1]. In a special case that the catheter is not in contact with tissue,
fz = fy = 0, the residual function becomes constant and the minimization problem reveals a trivial
result of zero contact force. This is a physically plausible solution as it corresponds to a single
curvature deformation and is in compliance with Eq. 22 with constant p = const.

For numerical solution of deformation with non-zero contact force, the catheter was discretized in 9

sections and Eq. 28 was evaluated for s = 0.1,0.2, - - - ;0.9. Eventually Eq. 28 was re-ordered as:
f.
Al -B=0o, (24)
Ty
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Where,

z(1) —z(0)  y(0) —y(1) 0T —Tz) — X5
A= : : B=— : .05
z(1) — 2(0.9) 4(0.9) — y(1) §(T —T2) — 555y

It is noteworthy that the components of matrix A are merely obtained from the image-based shape
extraction and represent the deformation, while the components of vector B contain the steering
tensions 77 and T, and local curvature of the catheter at equidistant sample locations.Based on
Moore-Penrose pseudo-inverse theorem, the solution to Eq. 29 which is unique and is necessarily

the solution to the proposed norm-minimization problem is:

T
< £ fy) = (ATA)71ATB. (26)

This inverse solution reveals the external force f, and f, through knowledge of the deformation
(image-processing) and mechanical properties of the catheter. The flexural rigidity of the catheter

modeled in this study was setto £ = 723.7 Nmm? [144].

3.5 Validation Studies

3.5.1 Study I: Force Estimation on Tissue Phantoms
Tissue phantoms and characterization

To evaluate the performance of the proposed force estimation framework, the system was tested
on three different tissue phantoms, i.e., sponge (Tissue-1), polymeric soft tissue (Tissue-2), and
polymeric extra soft tissue (Tissue-3) depicted in Fig. 3.7(a). Three tissue phantom samples were
tested under uniaxial compression condition using a universal testing machine (ElectroForce 3200,
TA Instruments, DE, USA). The tests were performed under sinusoidal compression with a 20%
compressive strain. Fig. 3.7(a) shows a representative view of the test setup and Fig. 3.7(c) depicts

the average force-displacement diagram of the three tissue phantoms. The force-displacement data
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were fitted by a two-term Mooney-Rivlin hyperelastic model following the method provided in
[40,41]. The shear moduli of the Tissue-1, Tissue-2, and Tissue-3 were identified as 2.05 4= 0.03,

1.51 £ 0.05, 0.54 £ 0.03 kPa, respectively.

Setup

For the validation tests, an RCI system with tendon-driven catheter was prototyped. The RCI
system was comprised of mechanical, electrical and software modules. Fig.3.6(a) depicts the com-
ponents of the modules. To drive the tendon upward and downward, two independent DC motors
were used. The DC motors were equipped with built-in encoders and were controlled through a
current controller interface (VINT Hub, Phidgets Inc., AB, Canada). Fig. 3.6 (b) summarizes the
software structure which encompassed two main sub-modules: user interface (UI), and firmware
(FW). The UI was the graphical user interface through which the desired current through each mo-
tor was set by the user and real-time image processing was performed.

Since in this study only one motor was used to bend the prototyped catheter, 77 was considered in
the analysis and 75 was assumed as zero. As identified in Sec. 3.4.3, the tension in the tendon T}

was proportional to the current draw of the DC motor I, such that:
Ty = ——1In, (27

where, K,, = 0.0169 %, and D, = 20mm.
During the test and for each frame, the shape of the catheter shaft was captured in using a USB
camera (600 x 800 pixel resolution, model C920; Logitech, Lausanne, Switzerland) following the

methodology described in Sec. 3.4.2.

Protocol

To evaluate the accuracy of the proposed method for force estimation, the catheter was bent
from rest (straight shape) with three different speeds, i.e. slow, fast, manual. For bending tests, the
current feed to Motor-1 was increased linearly from O to 0.9 A in time periods of 40s and 20s for

slow and fast speeds, respectively. In addition, for manual speed, the user would increase the current
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feed by increments of 0.05 A in each step. The time period between the steps was arbitrary. While
the catheter was bending, the Ul traced the shape of the catheter and extracted its tip position. Also,
force estimation was performed based on the motor current and tip position feedbacks. Meanwhile,
the ground-truth tip force on the tissue phantoms was recorded using an ATI Mini40 force sensor
(Fig. 3.6. This test protocol was repeated for three times for each tissue phantom. Fig. 3.3 depicts

the test setup used in this experiment.

Results

Table 3.1 summarizes the results of the force estimation in terms of maximum absolute error
(MAE) and root-mean-square (RMS)-error (average of three repetitions) in the slow, fast and man-
ual bending of the catheter. Since the catheter was not in contact with the tissue phantoms, there
were zero force domains at the beginning of all the force-time curves. Once the tip of the catheter
came into contact with the tissue phantoms, the estimated force increased due to increasing the inde-
tation depth of the catheter tip into the tissue phantom. Afterwards, the contact force became steady
as more current draw into the motor would not suffice to overcome the indentation resistance in the
tissue phantoms. This phenomenon might be related to the nonlinear mechanical properties of the
tissue phantoms whereas the tangent stiffness of the tissue phantoms increases nonlinearly (power-
law, Mooney-Rivlin) with indentation depth. Nevertheless, the results showed that the system was
fairly accurate in estimating the contact force in fast, slow, and manual velocities. The average
RMS-error for all three polymeric tissue phantoms was in the range of [5.3,8.1]x10~3 N. More
specifically, the RMS-error was 6.5x1073 N, 5.2x1073 N and 8.2x10~3 N for the slow, fast and
manual movement of the catheter, respectively. Moreover, the computation time for force estimation
was consistent across the tests, i.e, 0.0252s, 0.0280s and 0.0258s. Considering the fact that image
acquisition frame-rate was 33 & 5 the actual computation time for force estimation could be smaller
than the estimated values. Another finding in this experiment was that the accuracy was higher in
fast and slow speed compared to the manual input. The reason might be related to the observation
that the settling time for the motor current was larger in manual test than the fast and slow tests.
Nevertheless, the RMS-error of manual tests was below 0.01 N (5%) in all of the manual experi-

ments. Furthermore, wilcoxon’s signed rank test with confidence interval of 5% (p;0.05) revealed
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Table 3.1: Results of Study I on Polymeric Tissue Phantoms.

Phantom Max. Fi;p Max. Fi;;,  Max. Abs.  RMS

Tissue  Tendon rate (Estimated) (Reference) Error Error
(N) (N) (N) (N)

Slow 0.1909 0.1999 0.0397 0.0091

Tissue-1 Fast 0.1961 0.1831 0.0139 0.0080

Manual 0.1143 0.1297 0.0181 0.0072

Slow 0.1506 0.1545 0.0248 0.0056

Tissue-2 Fast 0.1485 0.1476 0.0052 0.0017

Manual 0.1377 0.1480 0.0189 0.0087

Slow 0.1654 0.1688 0.0160 0.0048

Tissue-3 Fast 0.1591 0.1606 0.0289 0.0058

Manual 0.1045 0.1170 0.0176 0.0088

that the estimated accuracy metrics were not significantly different between the slow, fast, and man-
ual tests. This finding showed that the performance of the proposed force estimation framework
was not dependent on the tissue properties, thus does not necessitate real-time tissue characteriza-
tion. Fig. 3.9 shows the correlation diagram of the estimated and ground-truth contact force. It
was observed that except for the third run of fast test, the estimated force and ground-truth were in
a semi-linear correlation. The correlation diagram of the manual test was not as linear as the slow
and fast tests however it followed the same linear trend. Moreover, the linearity of the correlation

diagram increased with contact force for the three test speeds.

3.5.2 Study II: ex-vivo Validation
Setup

To evaluate the performance of the developed method on real biological tissue, a series of fast,
slow, and manual catheter bending similar to Validation Study-I was performed on a freshly excised
porcine atrial tissue. To this end, the same RCI system as in Study-I was used. Fig.3.10 depicts the
porcine cardiac tissue that was excised to expose the left atrial tissue. The excision was performed

using a surgical blade (No. 10) and the tissue was fixated on a glass plate secured on the ATI Mini40
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force sensor. During the tests, the ATI Mini40 sensor recorded the ground-truth reference values for

contact force.

Protocol

A similar test protocol to Study-I was adopted for this experiment. The catheter was bent with

three speeds, i.e., slow, fast, and manual. The test was repeated for three times for each speed.

Results

Table 3.2 summarizes the results of Study-II. The results showed that proposed method was
accurate in estimating the contact force at the tip of the catheter. The RMS-error of the proposed
method was 0.010 N (= 5.5%), 0.009 N (5%), and 0.012 N (= 6.5%), for slow, fast, and manual
tests. In this set of experiments, it was observed that the slope of the rise in the contact force after
initial contact was less that Study-I. The reason might be related to the softer mechanical properties
of the biological tissue compared to the tissue phantoms. Also, it was observed that almost in none
of the tests, the contact force reached the final plateau that indicated the ability of the RCI system
to overcome the nonlinear indentation resistance of the porcine tissue. Another finding in Study-II
was the increased time to the beginning of the rise in the contact force, for the first, second, and
third re-tests. This observation might be related to the fact that since the cardiac tissue is highly
viscoelastic, the effects of the first indentation was not completely vanished after each re-test. In
other words, there was an initial indentation in the tissue in the contact area as a result of the
previous catheter indentation. Nevertheless, as shown in Fig. 3.8, the estimated and ground-truth
contact forces were in fair agreement. This observation confirms that not only the proposed method
is independent from elastic properties of the tissue, but also is it not affected by the temporal history
of previous indentations, e.g., caused by viscoelasticity. Another prominent finding of this study was
that as depicted in Fig. 3.12 the estimated force and ground-truth were in a fairly linear correlation.
Although, the correlation was initially nonlinear (for contact forces below 0.06N), it reaches a fairly
linear pattern that considering the low error in estimation, shows that the acceptable performance of

the proposed method.
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Table 3.2: Results of Study II on porcine atrial tissue.

Max. Fip Max. Fy;;,  Max. Abs. RMS-Error

Tendon rate  (Estimated) (Reference) Error
(N) (N) (N) (N)
Slow 0.1841 0.1770 0.0330 0.010
Fast 0.1909 0.1799 0.0260 0.009
Manual 0.1835 0.1766 0.0258 0.012

3.6 Conclusion

The objective of this study was to propose and validate a contact force estimation framework
for tendon-driven soft ablation catheters. Considering the standard range of contact force during
ablation procedures, i.e., 0.1-0.3 N, the proposed method showed an estimation error of less than
6.5% (of maximum force). The accuracy of the system was consistent among various tendon rates
and with various mechanical properties of tissue phantoms and in the ex-vivo test. The proposed
method exhibited higher estimation accuracy compared to Wahrburg et al. [162], Zhao et al. [163]
and Khoshnam et al. [112] [113].

Another contribution of this study was that the proposed force estimation framework is purely mech-
anistic and proposes a semi-analytical solution to the force estimation problems as an inverse me-
chanical problem. This semi-analytical solution bypassed the need for iterative numerical solution
and facilitated real-time computation. Also, the proposed methodology does not rely on small
deformation assumption for the catheter which has been a theoretical limitation for some of the
proposed methods in the literature. One of the limitations of this study was that the shape of the
catheter was assumed to be of single radius arc. In practical scenarios, this assumption might be
violated especially with more slender catheters. Also, the deformations considered in this study
were single-planar, in practice, the catheter might experience bi-planar deformation that violated
this assumption. Moreover, this work can be further extended to find a semi-analytical solution for
a 3D multi-tendon driven catheter which would bend in 3D space and result in 3D contact force.
Nevertheless, such a deformation requires adopting a 3D shape reconstruction methodology that

could exacerbate the computational cost of the procedure for real-time applications.
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Sample thickness: 5 mm

'| :

Tissue-1  Tissue-2 Tissue-3

(a)

Mechanical Testing Machine

W75 ElectroForce 3200
|

Force Sensor

(b)

1.5

—Tissue-1
—Tissue-2

. —Tissue-3

0 0.5 1
Displacement (mm)

(c)

Figure 3.7: (a) Representative samples of Tissue-1, Tissue-2, and Tissue-3 with their nominal di-
mensions, (b) experimental setup for mechanical characterization of the tissue phantom samples,
(c) force-displacement diagram of the tissue phantoms.

52



0.2 T T T T T
018 F 4
016 F 1
014 F E
— | J
E 0.1z
[}
01F 1
e
(=}
L gosf 1
0.06F = = = Fstimated Force(1st Tissue)
Reference Force | 1st Tissue)
0.04 = = = Estimated Force(2nd Tissue)
m— R eference Force (2nd Tissue)
002F = = = Estimated Force(3rd Tissue)
Reference Force (3rd Tissue)
0 L 1 1
0 10 20 30 40 50 60
Time (s)
(a)
0.2 T T T T g T T
- -
018 F 4
016 f_—f---—.. b
014 F 4
— | J
E 012
3}
01F 1
=
(=}
W oosf 1
008 = = = Estimated Force(1st Tissue)
Reference Force (1st Tissue)
0.04 F = = = Estimated Force(2nd Tissue)
Reference Force {2nd Tissue)
0o0z2F = = = Estimated Force(3rd Tissue) -
e R eference Force (3rd Tissue)
0 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
Time (s)

(b)

0.2 T T T T T
018 F 1
016 | 1
014 F 4
— | J
= 012
=
Q
01F 1
=
o
L oo8f 1
006 f = = = Fstimated Force(1st Tissue)
Reference Force (15t Tissue)
0.04 = = = Estimated Forca(2nd Tissue)
Reference Force (2nd Tissue)
nozk = = = Estimated Force(3rd Tissue) -
Reference Force (3rd Tissue)
g Le== 1 L L
a 10 20 30 40 50 60

Time (s)

(c)

Figure 3.8: Comparison of the estimated tip force with ground-truth in Study I for different tendon
rates (a) slow, (b) fast, (c) manual.
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Lateral view Top view

Force Sensor

Figure 3.10: Tip of the catheter in contact with the porcine atrial tissue in Study II.
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Figure 3.12: Correlation of the estimated tip force with ground-truth in Study II for different tendon
rates (a) slow, (b) fast, (¢) manual.
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Chapter 4

Comparison of Mechanistic and
Learning-based Tip Force Estimation on

Tendon-driven Soft Robotic Catheters

4.1 Abstract

Researchers have adopted mechanistic and learning-based approaches for tip force estimation
on soft robotic catheters. Typically the literature attributes the mechanistic methods with more
accuracy while indicate the learning-based methods outpace in computational time. In this study, a
previously validated mechanistic tip force estimation method was compared with four leaning-based
methods, i.e. support-vector-regression (SVR), random-forest (RF), AdaBoost (Ada), and deep
neural network (DNN). The learning-based methods were trained on experimental data acquired
from a robotic catheter, developed in-house. The accuracy of force estimation using the five methods
were compared with the ground truth forces in a teleoperated catheter manipulation test. Moreover,
the capability of the learning-based models in contact detection, i.e., detection of the onset of tip
contact, were compared with the ground truth. The results showed that the mechanical model had a
mean-absolute error (MAE) of 8.8 mN while the MAE of SVR, RF, Ada, and DNN were 5.6, 5.2,

5.3, and 5.1 mN, respectively. Moreover, the accuracy and precision of the mechanistic model for
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Figure 4.1: Schematic view of RFA catheter in contact with cardiac tissue.

contact detection was 89.2% and 91.7%, respectively, while these were 97.0%, 97.7%, 97.6%,and
97% and 97.9%, 98.3%, 97.8%, and 98.8% for the SVR, RF, Ada, and DNN, respectively. The
comparison showed that with hyper-parameter optimization the learning-based models surpassed
the mechanistic model in accuracy and precision, while both method approaches revealed acceptable

performance for the proposed application.

4.2 Introduction

For radio-frequency ablation (RFA) therapy the success of the procedure highly depends on
maintaining an optimal range of contact force between the RFA catheter tip and cardiac tissue (Fig.
4.1). The literature has reported the desired level of RFA contact force to be 0.1 &= 0.3 N with a
minimum force-time (FTI) integration of 4 Ns [32, 164]. As such, tissue damage or vessel perfo-
ration in with excessive contact force, and ineffective ablation with insufficient contact force may
occur [24].

During conventional RFA, surgeon rely on their tactile perception at the proximal end of the
catheter that may be altered by patient’s heart motion and friction between the catheter and vas-

cular sheath. Moreover, the flexible nature of RFA catheters avoid preserving the favourable force
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contact relying on proximal insertion. Steerable tendon-driven catheters have been widely used for
their maneuverability inside the atrium [23,53]. The shape of the distal end of the steerable catheter
is controlled through pulling a set of agonist-antagonist tendons [53]. Hence, such catheters, unless
equipped with expensive sensors, cannot provide tip force information. In case of robot-assisted
intervention, surgeons lose their subtle tactile perception as the intervention is performed through
teleoperation.

For improving the accuracy of contact force estimation during robotic- based RFA, attempts have
been made to develop sensor-embedded catheters as a means to provide surgeons with tactile feed-
back [165]. However, the compromised maneuverability of the catheter distal shaft due to added
weigh, the high cost of sterilization of tools at high temperature and the disposable nature of
catheters have hindered their wide adoption.

On the other hand, force estimation algorithms do not necessitate the use of sensing hardware at
the tip of the catheters. The sensor-free force estimation algorithms typically utilize mechanistic or
heuristic (learning-based) models for tip force estimation. Mechanistic approaches often simplify
the catheter shape as a curve, in which piece-wise constant curvature (PCC) is the most common
method [113, 126, 166]. These models involve simplification of the catheter shape or the external
forces, friction, tendon slack, and material non-linearities which can affect estimation accuracy.
Considering such non-linearities in mechanistic approach may result in model insufficiency and in-
accuracy.

Alternatively, heuristic models such as machine learning and deep learning models have favorable
results for real-time applications as they offer a low computational cost and the ability to capture
the non-linearities [24]. In an early effort, Khoshnam et al. [112] proposed a Gaussian mixture
model (GMM) to predict the contact force of conventional steerable catheters using distal shaft
shape analysis. However, the accuracy was reported to be 80%. Rafii- Tari et al. [167] also de-
veloped the movement kinematics of catheter in robotic catheter intervention (RCI) system using
GMM. In another effort GMM was used to model the catheter kinematics and kinematic control of
catheters [168]. Despite the promising results of GMM in acquiring the non-linearities, it requires
complex data preparation. Neural network (NN) as another heuristic approach is widely adopted. In

an early effort, NN was utilized to compensate material non-linearities in proposing the kinematics
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of continuum robots [169]. As a recent study, Jolaei ef al. [144] proposed a learning- based (NN)
inverse kinematics in conjunction with support vector machine method to control the tip position of
a robotic tendon- driven catheter. Lastly, a merely data-driven method based on NN was suggested
to estimate the force on da Vinci surgical robot using measurements from joint encoders and cur-

rents [170,171].

4.2.1 Objective and Contributions

Reviewing the literature, there is a gap in direct comparison the performance of mechanistic
versus learning-based methods for a similar dataset of experimental tip force data. Therefore, this
study was aimed at comparing a previously validated mechanistic model [133] with four learning-
based models trained on the same dataset for consistency.

The main contributions of this study were:

(1) Development of four learning-based tip force estimation (regression) models for tendon-

driven soft catheters,

(2) Development of four learning-based contact detection (classification) models for tendon-

driven soft catheters, and

(3) comparison of the performance of the developed learning-based models with a previously
validated mechanistic model in terms of accuracy and precision in contact force estimation

(regression) and contact detection (classification).

4.3 Material and Methods

In this section, first a summary of the mechanistic model for force estimation and contact de-
tection models are provided. Afterwards, the detail of the four learning-based models, i.e., support-
vector-regression (SVR), random forest (RF), AdaBoost (Ada), and deep neural network (DNN)
are provided. Next, the experimental setup to acquire the training and test datasets and performance

metrics are introduced.
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Figure 4.2: Free-body diagram of a deformed steerable catheter with contact force applied at its tip.

4.3.1 Mechanistic Method
Force Estimation—Regression

Fig.4.2 represents the free-body- diagram (FBD) of a steerable catheter in contact with the atrial
tissue. As mentioned before, steerable RFA catheter are steered by a set of agonist- antagonist ca-
bles anchored to its tip, which result in tensile force at the tip of the catheter. my;;, and f;;, represent
the force and moment at the tip of the catheter, respectively. Similarly, mg and r are constant reac-
tion force and moment at the base point of the catheter.

The catheter was modeled as a curved line object which also satisfied the Euler- Bernoulli beam
assumption. The catheter was fabricated to have length of 40mm and a diameter of 3mm which
replicates the 18-Fr clinical catheters [159]. The shape of the catheter was obtained real- time
through using stero- camera which revealed the pasteurised continues function describing the shape
of the catheter as © = z(s) and y = y(s) (s is an independent parameter s € [0, 1]), where s = 0 and
s = 1 correspond to the base and tip of the catheter, respectively. By assuming tendon forces at the
tip of the catheter T and T3 as a-priori knowledge, obtained from control system, the static equi-
librium equation of the catheter in combination with Euller- Bernoulli beam theory can be solved.
Hence, force estimation problem is defined as a minimization equation to find tip force (f;.f,) that

minimizes the residual absolute error I':
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ET

minimize I = |m,(s) — R0
s

, (28)

Where m,(s) is the moment with respect to z axis, at each arbitrary point (s) along the catheter
curvature and EI is the flexural rigidity of the beam. For numerical solution of the Eq.28, two
scenarios can be assumed. Firstly, the catheter moves in free space (f, = f, = 0), in this case the
residual function turns to be constant and the minimization problem discloses zero contact forces
. Secondly, the catheter tip touches the tissue surface, in this scenario the catheter length can be

discretized in 9 sections, thus the Eq. 28 can be reordered as:

A I b =0, (29)
Jy
where,
z(1) —z(0)  y(0) —y(1) 0T —T2) — wy
A= : : ,b=— : - (30)
z(1) —2(0.9) y(0.9) —y(1) §(Ty — Tp) — ek

The matrix A components relies on curvature extraction at each specific point along catheter distal
shaft using image processing technique. Besides, vector B builds upon tension forces obtain from
motor signals and unique curvatures of the catheter along its length.

Using mechanical properties of the steerable catheters, the inverse solution reveals the external force
at the tip of the catheter f, and f,. Details of the mechanical model derivation and image-based force

estimation technique can be found in [133].

Contact Detection—Binary Classification

The contact detection on the mechanistic model was performed with a-priori information of
the force estimation. To this end, the tip of the catheter was considered in contact if the estimated

force from the regression model was zero. Zero-force condition was defined if the estimated force
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was less than the 1 mN. Thus, in fact the contact detection was serialized with the force estimation
and could not be separated. In contrast and as will be explained, the contact detection could be
parallelized with force estimation using the learning-based methods as they utilized two separate

models for contact detection (classification) and force estimation (regression).

4.3.2 Learning-based Methods
Input Features

Based on the literature, e.g., [126, 133], the tip contact force of the soft tendon-driven catheters
can be estimated using the electric current draw of the driver motor (1), rate of change of the current
(I), tendon length (L), and tendon velocity (L). Therefore, the feature vector X used as the input to
the learning-based models was:

X=(I,I,L,L). (31)

Output-Force estimation

The output of the models, y for force estimation was the total tip force on the catheter. The total
forces were obtained from the experiment and were calculated as the norm of the tip force vector

(obtained from an ATI Mini40 force sensor in the experimental setup):

y=finll = /£, + S + 2, (32)

where, fu,.» fy..,» and f.,, were the Cartesian components of the tip force directly measured by

the ATI force sensor.

Output-Contact Detection

For contact detection the dataset was labeled with binary labels as follows:

y=0,  |[[fipl| < 1mN
Contact State : , (33)

y =1, otherwise
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1. Prototyped catheter 4. Currentsensor ( X2)
2. Pulleys 5. VINT Hub Phidget
3. DC motor Phidget ( X2 Motor controller)

Figure 4.3: (a) Components of the developed RCI system (b) Catheter deflection during interaction
with phantom tissue

where *0’ and *1’ labels corresponded to non-contact’ and ’in-contact’ status.

Dataset

The models were trained on experimental dataset obtained from the in-house robot-assisted
cardiovascular intervention system depicted in Fig. 4.3.
As shown, data was collected in both non-contact and in-contact conditions. The RCI system was
teleoperated by controlling the catheter movement and smoothly interacting with tissue phantom
with arbitrary intervals. Imitating the realistic catheter movement in surgery, varying velocities
were applied to include various contact forces. The experiment was designed to have a balanced

mix of non-contact (catheter movement in free space) and in-contact (catheter interaction with tissue
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Figure 4.4: Network structure neural network architecture for estimation the contact vs. non-contact
status of the catheter

phantom). Simultaneously, the input features were recorded and obtained through a dedicated in-
house control software framework (C#).

The RCI sampling rate was set to be 33 Hz, and it was synchronised with ATI Mini40 sensor.
Current [ and its rate of change I were obtained from current sensors, and velocity was estimated

from the motor encoder. Moreover, the length of tendon that was actuated was estimated as:

L=ry0 (34)

where, 6 was the motor shaft’s rotational position in radians, and r, = 10mm, was the pulley’s
radius. The RCI system was teleoperated by controlling the catheter movement and smoothly in-
teracting with tissue phantom with arbitrary intervals. Imitating the realistic catheter movement
in surgery, varying velocities were applied to include various contact forces. The experiment was
designed to have a balanced mix of non-contact (catheter movement in free space) and in-contact
(catheter interaction with tissue phantom). Simultaneously, the input features were recorded and

obtained through a dedicated in-house control software framework (C#).
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Figure 4.5: Model evaluation results. The results are generated from catheter movement in free
space and during palpation with varying intervals and intensities

The RCI sampling rate was set to be 33 Hz, and it was synchronised with ATI Mini40 sensor. Cur-
rent I and its rate of change I were obtained from current sensors, and velocity was estimated from

the motor encoder. Moreover, the length of tendon that was actuated was estimated as:

L=ry0 (35)

where, ¢ was the motor shaft’s rotational position in radians, and r, = 10mm, was the pulley’s
radius. The training and testing set have a standard ratio of 80 to 20. The validation set is not

trained on, but in NN is used after every epoch during training to minimize over-fitting.

Model Architectures

The details of the developed learning-based models are provided in Table 4.2. The hyper-

parameters of the utilized ensemble methods, i.e., RF and AdaBoost, were tuned by randomised
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Table 4.1: Performance of the models for tip force estimation (regression).
Model MAE (mN) RMSE (mN)

Mechanical 8.8 15.7
SVM 5.6 12.1
RF 5.2 11.8
AdaBoost 53 11.9
NN 5.1 11.8

hyper-parameter search using Scikit-learn library in Python. Keras library was utilized to imple-
ment a fully-connected feedforward neural network, with Tensorflow as the backend [172]. The
DNN structure was selected manually, starting from a single perception. The best performance was
observed with 4 hidden layers and with 8, 64, 16, and 16 neurons in the first to the fourth layer,
respectively. Fig.4.4 shows the complete data flow of the neural network. ReLLU activation function
was utilized as the intermediate activation function in network structure. The output layer uses the
sigmoid activation function, and the weigh initializer was set to be He uniform initializer. Addition-
ally, the optimization algorithm was Adaptive Moment Estimation (Adam) and the loss function was
binary cross-entropy. The learning parameters were set as learning rate of 0.01, decay of le — 6,
and momentum of 0.9.

A total of 7495 samples were recorded in the dataset with four components in each vector (7495 x 4).
The output dimension was 1. Each model was once trained as a regressor for force estimation and

once as a classifier for contact detection.

4.4 Results and Discussion

Fig. 4.5 shows the correlation between the estimated forces and ground-truth with one-to-one
comparison of the mechanistic model with learning-based models.
Table. 4.1 summarizes the evaluation results on the test dataset. It was observed that the learning
models decreased the errors in comparison with the mechanistic model. The deviation of the me-

chanical model results from ground-truth at small forces, i.e., 'non-contact is relatively higher than
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Table 4.2: Hyper-parameters of the learning-based models.

Models Hyper-parameters
Search-space Selected Accuracy
{"C’:[0.1, 1, 10, 100, 1000], {"kernel’: ’rbf’,
SVM ’gamma’: [1, 0.1, 0.01, 0.001, 0.0001], ’gamma’: 0.0001 96%
“kernel’: ['rbf’,linear’, "sigmoid’]} "C’: 100}

{’n_estimator’: [200, 400, 600, 800, 1000, 1200, {’n_estimators’: 200,

1400, 1600, 1800, 2000], ’max_features’: sqrt’,
RF ’max_depth’:[10, 20, 30, 40, 50, "max_depth’: 90} 98%

60, 70, 80, 90, 100, 110]
"max_features’: [*auto’, ’sqrt’]}

{"n_estimators’ : [20,50,80,110, {’n_estimators’: 170,
AdaBoost 140,170,200] "algorithm’: "SAMME’ } 98%
“algorithm’ :[’SAMME’, "'SAMME.R’]}
{No. hidden layers: [1,4,8,12] {No. hidden layers: 4
DNN batch size:[25,50,100] batch size:25 97%

Optimization algorithm:[SGD, Adam, RMSProp]}  Optimization algorith,: SGD}
layer structure:[8,64,16,16,1]

’in-contact’ points. However in contrast to the mechanical model, the learning models could accu-
rately capture the non-contact status that can be used to rule-out non-accurate force estimations. As
provided in Table 4.2, the accuracy of all used learning models are relatively high and SVM, RF,
AdaBoost and DNN can reduce the MAE by 32%, 36%, 35% and 37% compared to the mechanis-
tic model, respectively. A notable finding was that both the mechanistic model and learning-based
models were adequately accurate for the proposed application, as the acceptable range of mean-
absolute-error for RFA applications is 10 mN [24]. Since the accuracy was not the best parameter
to evaluate the performance of the learning models, the confusion matrix of learning algorithms are
used to compare their feasibility (Fig. 4.6). As mentioned previously, the learning models can fill
the gap for 0 N contact force detection where the catheter are not in contact with tissue phantoms,
on the other hand as depicted in Fig. 4.5 the learning models do not show any anomalies in forces
larger than 0.1 N where the sensitivity of force range becomes more significant. Thus, according to
the catheter application and the necessity of the subtle tip force range, the number of false negative
predictions can be a reliable parameter to evaluate the learning models performance. According to
confusion matrix depicted in Fig. 4.6, DNN model with the least false negative could be a choice to

be used in RCI systems.
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Table 4.3: Performance of the models for contact detection (classification)

Models
Mechanistic SVM RF Ada DNN
Accuracy (%) 89.2 97.0 977 97.6 970
Precision (%) 91.7 979 983 97.8 98.8
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Figure 4.6: Comparison of confusion matrices of learning-based models for contact detection: (a)
SVM (b) RF (c) AdaBoost (d) DNN.

For the contact detection, the accuracy and precision of the mechanistic model and learning-based

methods were calculated based on the confusion matrices using Eq. 36.

Accurac TP+TN Precision P
u = = —_——
Y = TP+FP+FN+TN’ TP+FP’

(36)

where, TP, TN, FP, and FN indicate the true-positive, true-negative, false-positive, and false-negative
values in the confusion matrices. Table 4.3 summarize the results of classification metrics. It was

observed that while the minimum accuracy and precision for the learning-based methods was 97.0%
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(SVM and DNN) and 97.8% (Ada), respectively, the mechanistic model’s accuracy and precision
were 89.2% and 91.7%. This clearly showed the superiority of the learning-based classifiers for
contact detection. The reason might be related to the fact that binary contact classification with
mechanistic model was simply an if-statement logic and it relied on the result of the force esti-
mation might suffers from model insufficiency (due to model simplifications). Overall, the results
show that the learning models are capable of predicting the tip force of the catheter without sensors
at test time. Through using different phantoms with different stiffness in study, it was shown that
the learning models have the potential to be generalized to new tissue phantoms on which they had
not been trained.

By using learning models, a predictive model which is robust to variations and minimizes back-
lashes, hysteresis and complexity resulting from mechanical model has been developed.

Although the proposed method has demonstrated viability for providing tip force feedback, an un-
resolved problem is how to implement the proposed RCI in practice. Placing the force sensor to
provide the ground truth within the patients body for retraining the learning models would be a
challenge. One approach can be to investigate whether the dynamics of the catheter can be tuned

during only free- space movement (non-contact status) of the catheter.

4.5 Conclusion

The proposed method demonstrated that mechanical model in conjunction with learning- based
models can provide accurate force estimation in both non-contact and in-contact status of the
catheter with respect to phantom tissues. Future work can further evaluate the performance of the
proposed method, such as testing on different catheters of the same type to see the effect of different
tear and wear on accuracy. Furthermore, the current method could be expanded to force estimation
in 3D work-space for catheter movement. Performing an online learning to adopt learning models
with new phantom as the catheter is palpating the tissue will enable the streamlining of learning
process. This approach could be the first step in implementing the sensor-less force estimation for

robotic based catheter systems.
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Chapter 5

Conclusion and Future Works

5.1 Conclusions

In this thesis, a real-time image-based method for real-time steerable RFA catheter contact force
estimation was developed and introduced in chapter 2. In this regard, a planar mechanical model of
the RFA catheters with an unknown tip force (either in contact with endocardium tissue or moving
in free space) was postulated. The inverse solution schema based on the catheter curvature was pre-
sented, and the results were verified with finite element solutions. The results were in compliance
with the acceptable accuracy and real-time applications required for robot-assisted cardiac ablation
procedures.

Next, an in-house steerable flexible tendon-driven catheter and a robotic catheter intervention sys-
tem were designed and developed. Afterwards, firstly, a parameterized shape sensing method was
proposed and used to interpolate the deformed shape of the catheter in real-time. Secondly, a mech-
anistic model of the catheter-based on large deformation was proposed. The proposed method was
tested on three different polymeric tissue phantoms as well as porcine atrial tissue. Considering the
favorable range of contact force during RFA (0.1 N -0.3 N), the system successfully predict the tip-
tissue contact force.

Noteworthy, all the models developed in the RCI system were in-house which readily allows for

maximal software-hardware integration.
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5.2

Future Studies

To the best of the author knowledge, this work was the first to propose a real- time force es-

timation schema for the tendon-driven RFA catheters merely relying on catheter characteristics.

Therefore the author acknowledges its limitations in assumptions and implementations. A sum-

mary of the propositions for the future work to address the limitations are as follows:

ii.

1ii.

iv.

. For future studies, an extension of this work could be dynamic modeling of the catheter and

further extension of the planar model to the 3D simulation.

Another improvement of this work would be adding a linear degree of freedom to the base
of the catheter, or adding another DC motor to the rotate the whole system spatially. Such
extensions would expand the feasible space of the catheter, however, increases the degrees of

freedom and possibly alters the kinematics of the catheter.

Another improvement would be to investigate the feasibility of the tip-tissue contact force by

impedance control through using the results of the current research.

Another improvement could be updating the kinematics of the catheter with multi- curvature
assumption rather the single- curvature. Even though it will increase the complexity but may

result in ,ore accurate results.

For another extension of this work, the force estimation method could be merely processed
through the data obtained from the developed RCI system and the learning algorithms, e.g.

ANN .
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Appendix A

My Appendix
Appendix figure example is shown in A.1 below

\\/7 Concordia University
Engineering and

Computer Science

Figure A.1: An figure example in Appendix A.
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