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Abstract

Design, Development and Force Control of a Tendon-driven Steerable Catheter with a
Learning-based Approach

Mohammad Jolaei

In this research, a learning-based force control schema for tendon-driven steerable catheters

with the application in robot-assisted tissue ablation procedures was proposed and validated. To this

end, initially a displacement-based model for estimating the contact force between the catheter and

tissue was developed. Afterward, a tendon-driven catheter was designed and developed. Next, a

software-hardware-integrated robotic system for controlling and monitoring the pose of the catheter

was designed and developed. Also, a force control schema was developed based on the devel-

oped contact force model as an a priori knowledge. Furthermore, the position control of the tip

of the catheter was performed using a learning-based inverse kinematic approach. By combining

the position control and the contact model, the force control schema was developed and validated.

Validation studies were performed on phantom tissue as well as excised porcine tissue. Results of

the validation studies showed that the proposed displacement-based model was 91.5% accurate in

contact force prediction. Also, the system was capable of following a set of desired trajectories

with an average root-mean-square error of less than 5%. Further validation studies revealed that

the system could fairly generate desired static and dynamic force profiles on the phantom tissue. In

summary, the proposed force control system did not necessitate the utilization of force sensors and

could fairly contribute in automatizing the ablation task for robotic tissue ablation procedures.
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Chapter 1

Introduction

1.1 Background

1.1.1 Cardiac arrhythmia

Cardiac abnormalities are known as the prime cause of hospitalization and death worldwide.

The most prominent heart disease is coronary artery stenosis (CAS) [1]. Also, arrhythmia, i.e., the

abnormality in the heart rhythm rooted in its electrical conduction system, is the second common

clinical heart disease [2, 3, 4]. Atrial fibrillation is known as the most common arrhythmia with an

overall prevalence of 95% [5]. Arrhythmia is associated with high volume of hospitalization and

mortality and entails stroke, sudden cardiac arrest, and heart failure [6, 7]. Different components of

the conduction system of the human heart are depicted in Fig 1.1.

Atrial fibrillation (AFib) or arrhythmia is mainly caused by uneven discharge of signals from pul-

monary veins (PVs) and will lead to serious heart-related complications. Based on American Heart

Association (AHA) statistics, 2.7 million Americans are living with AFib. Studies have revealed

that the AFib prevalence will be projected to 12.1 million people by 2030 [9]. Analyzing the

electro-cardiogram (ECG) leads to a detailed understanding of the patients cardiac health condi-

tion. Cardiac arrhythmias are the condition in which heartbeats are not harmonic, the beats are

either faster or slower than normal [10]. Arrhythmic heartbeats pose serious risk to the patients life

such as ventricular fibrillation and tachycardia.
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Figure 1.1: SA node or sinoatrial node starts the electrical pulses regularly, 60 to 100 times per
minute under normal conditions. The electrical signals then get to the atrioventricular node (also
called the AV node). This causes a short delay so the upper part and lower parts of the heart are
contracting harmonically. [8].

1.1.2 Treatment options

The current treatment options for arrhythmia are in two categories: drug therapy and non-drug

therapy [11]. Different researches have been focused on anti-arrhythmic drug (AAD) therapy. While

AADs are recommended for mild cases of ventricular arrhythmias [12]. However, for ventricular

arrhythmias surgical ablation is the favorable option. In ablation procedures the ventricular muscles,

which are causing undesired pulses or movement in the heart are disabled by being frozen or burnt

. The most favorable ablation modality has been radiofrequency ablation (RFA) [13].

Although RFA has exhibited clinical success, treatment efficiency highly depends on the size of the

lesion (burnt area) [14]. The average atrial wall thickness in human is approximately 2 mm [15].

During RFA ablation, ablation catheters are inserted to the patient’s vessels and are steered toward

2



Figure 1.2: 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 [17].

the heart chambers to perform radiofrequency ablation [16]. Steerable catheters are long flexible de-

vices with an RF antenna at the tip that facilitate the delivery of RF waves for RFA ablations. Such

devices are widely used in cardiology, neurology, and endovascular minimally invasive srugery, di-

agnosis, and treatment. Fig. 1.2 depicts the schematic configuration of a steerable catheter inside

patient’s heart for RFA ablation.
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Figure 1.3: 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 [20].

1.1.3 State-of-the-art for treatment

Robotic-assisted surgeries are the current state-of-the-art technology used to treat cardiac abnor-

malities and perform cardiac surgeries. Robotic catheterization was used to overcome some of the

risks associated with conventional intervention methods. Ernst et al. [18] reported the early results

of robotic catheter ablation with a magnetic navigation system. The results showed that robotic RFA

was a safe and feasible tool for remote catheter ablation. Robot-assisted cardiovascular intervention

methods are mainly used in percutaneous coronary intervention (PCI), percutaneous peripheral in-

tervention (PPI), electrophysiological intervention (EPI) [19]. A schematic robotic surgery process

is shown in Fig. 1.3.

1.1.4 Limitations of the state-of-the-art

Robotic minimally invasive surgeries, a.k.a. robot-assisted catheter intervention (RCI), has en-

hanced the surgical accuracy, dexterity, and visualization. However, the current commercially avail-

able systems do not provide haptic, force, and tactile feedbacks to the surgeons. This limitation has

been reported as the most prominent factor hindering the faster adoption of the RCI systems [19].
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Giora et al. [21] reported a sucess rate of 98.8% PCI with these new methods. Also, RCI has been

reported as safe and as effective as the conventional manual approaches [22]. Despite the advan-

tages, the loss of sense of touch is a huge concern during the robotic-assisted surgeries [19, 23].

While the manipulator is doing the intervention to treat or diagnosis, the haptic feedback between

the hands of the manipulators and the organ inside the patients body is needs to be compensated.

During the manual catheterization, the surgeon controls the of catheter by rotating the proximal

portion of the catheter outside the patients body thus perceived the feedback by his/her hand [24].

Another limitation is steep learning curves associated with endovascular catheterization. There are

various modalities for training surgeons including synthetic models, animals, cadavers, and virtual

reality (VR) simulators [25, 26, 27].

Not having a proper sense of touch will cause guidewire oversteering and rupture in the vessels

or heart chamber [28, 29]. It should be mentioned that despite the two sides of the argument in

Robotic-assisted new methods, the number and variety of procedures are increasing [30].

Moreover, for the importance of the force feedback, studies have shown that the effectiveness of

RFA is highly dependent on maintaining the catheter-tissue contact force between 20 ± 10 grf

[31, 32, 33].

Providing haptic feedback in teleoperations has been addressed by two main solutions, being sensor-

based, and model-based, a.k.a. direct feedback and sensorless feedback. The former is mainly real-

ized by installing a sensor (or array sensors) at the catheter tip and measure the forces and torques

[34, 35, 36]. Important factors to design force sensors for measuring the contact force include thick-

ness, flexibility, sensitivity, and mass-fabrication capabilities. Such force sensors to be used in RF

ablation catheter should be able to detect normal and tangential forces, few studies have been carried

out to design such force sensors [37, 38]. Valdastri et al. [39] proposed a cutting tool with triaxial

force-sensing used in minimally invasive interventions. The outer diameter of the sensor was less

than 3 mm which enabled the sensor to be inserted through a 9 French catheter guide. Ex-vivo mus-

cular tissue cutting experiments were performed to evaluate the performance of the sensor.

On the other hand, the sensorless approach is based on estimating the force based on computational

estimation of the force using mechanistic or heuristic models [19].
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1.2 Problem definition

The prime problem in the RCI surgeries has been to estimate the contact force and to control it

within the safe and effective range. A steerable catheter shall be flexible enough to make its way

through the complicated and tortuous vasculature toward the heart. Also, the catheter control algo-

rithm shall be precise enough to accurately navigate the catheter toward the target site and secondly

maintain the contact force during ablation in the desired range, i.e., 20± 10 grf.

1.3 Objectives

To tackle the problem of intraoperative force estimation and control for RFA catheters, a force

control schema based on estimating the contact force through incorporation of the indentation depth

into a displacement-based contact model was investigated. More specifically, the following three

objectives were defined and followed:

(1) to propose and validate a displacement-based viscoelastic contact model for the interaction of

the catheter tip and the cardiac tissue,

(2) to propose and validate an inverse kinematic-based control system for tracking desired posi-

tion trajectories with tendon-driven RFA catheters,

(3) to propose and validate a force control schema by incorporating the developed contact model

and position control systems for tracking desired force profiles.

1.4 Literature review

1.4.1 Steerable Catheters: Taxonomy

Continuum robots are widely used in different fields such as industrial inspections or medical

aspects. Generally this type of robots become handy for navigating devices and materials through

complex paths [40, 41], which are inspired by natural continuum structures such as elephant trunks,

octopus arms ,squid tentacles, and snakes [42, 43, 44]. Different examples of continuum robotic
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structures can be found in the medical field, catheters and catheter-like instruments are fine exam-

ples of these structures[45, 46]. Catheters are widely used for medical purposes such as cardiol-

ogy interventions to diagnosis or treatment abnormalities. Today additional tools at the tip of the

catheters make these devices able to perform wide ranges of operations treatments including coro-

nary stenting, repair of congenital heart defects, heart valve repair or replacement, and ablation of

atrial fibrillation (AF) or ventricular tachycardia [47].

A catheter is a thin and flexible tube that is inserted into the patients body and provides a conduit

for fluids as well as the surgical devices to go through it and reach the point of the body which is

under surgery. A typical cardiovascular catheter is shown in Fig 1.4. Catheters are used to remove

any type of undesired fluid from the body or on the other hand, send fluid to perform treatments

and diagnoses. Catheters are devices and channels through the body to send medical devices to a

particular part of the body for minimally invasive treatment procedures and diagnosis [48]. One of

Figure 1.4: 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 [49].

the biggest concerns in interventional cardiology and electrophysiology is to navigate the catheter

through the vessels precisely. Heart’s continues motion, complex three-dimensional shapes in the
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heart and the lack of heart wall support will limit the possibility of precise steering. Steerable

catheters were emerged to tackle these very problems. using steerable catheter have shown a huge

improvement in procedural time and patient safety [50], as well as greater safety and effectivity as

a result of improvement in contact force control [51, 52]. Depending on the level of interaction

with humans, different levels of biocompatibility and biomimicry are required for soft materials

used in biomedical robotic aspects[53]. Different active soft actuation methods have been postu-

lated by researchers to achieve flexibility, accuracy, safety and dexterity in soft surgical tools. The

most effective technologies are cable- driven flexible mechanisms, smart materials and flexible flu-

idic actuators. There is a wide range of steerable catheters available, Awaz et al. [54] proposed

a complete review on steerable and force measuring catheters, modelling and methods. Based on

this recent report catheters were divided into two main groups of Actuation-Dependent Steering

and non-steerable catheters. Actuation-Dependent catheters subsequently were defined as two main

groups, catheters with force generation in tip and force transition to tip.

1.4.2 Steerable Catheters: Driving modalities

Tendon-driven steerable catheters

Tendon-driven mechanisms, are the most common actuation methods for catheters and contin-

uum structure robots [55, 56]. Tendon driven catheters are characterized as soft robots and could be

used for various applications [57]. For example, Mehling et al. [58], introduced the Tendril robot

to be used in surgical procedures performed in space. Flexible catheters provide a wide range of

maneuvers inside the body cavities, e.g., atria and ventricles, and are driven with the movement of

the tendons connected to the tip of the catheter [59, 60]. Fig. 1.5 depicts a tendon-driven catheter

developed by Camarillo et al. [61]. Also, a tendon-driven catheter was used to navigate through

the frontal sinus [62]. Similarly, another tendon-driven catheter was used for the anterior cruciate

ligament (ACL) reconstruction [63]. To find the force at the tip of catheters different models have

been proposed, For example, Camarillo et al. [61], suggested a linear model for estimating the force

at the tip of catheter based on multi-body dynamics and tendon tensions.

In tendon-driven manipulators avoiding slack is one important factor as well as excessive tendon

8



Figure 1.5: Steerable tendon-driven catheter [61]

loading, redundantly actuated parallel manipulators which are at the same time tendon-driven too,

are studied for preventing backlash (slack) but also for minimizing tendon loading [64, 65]. In

tendon-driven continuum robots, the number of tendons and the tendon loading distribution are

important parameters as well as a sufficient loading model to avoid slack in tendons that cause inac-

curacy [66]. Different methods were introduced by Ganji et al. [67] to map the changes in lengths

of the tendons with the position of the tip of the catheter. Also, Watanabe et al. [63] reviewed the

history and state of the art of continuous backbone robot manipulators or continuum manipulators.

They categorized the catheters based on the actuation mechanism in tendon-based designs, con-

centric tube designs, locally actuated backbone design, variable backbone stiffness. Tendon-driven

was defined as if tendons, were connected along the core backbone to effect bending of the core in

several segments [68].

A possible choice for the core backbone is a compressible mechanical spring [69], in some cases to

make it more controllable a flexible incompressible rod can be used as the core backbone compo-

nent [70]. Having said that, the incompressible backbone usage in designs has been a success with

numerous implementations [71, 72], however, a spring-loaded design has the advantage of smaller

tendon tensions and self reshaping to the resting position.Two important factors in tendon-driven

based design are to prevent slack [73] and backlash [74] in tendons to provide precise movement

9



and desired position control.

Morever, tendon-driven catheters are categorized as catheters with force being transmitted to the

catheter tip (single segment design) and force being transmitted to the tip and body (multi-segments

design) [52]. Single-segment cable actuation catheters may employ a single cable [75], multiple par-

allel cables [51, 76] multiple spiraled cables [77] and cable ring [78]. Multi segments catheters could

be serial and concentric segments [79, 80]. Cable-driven catheters are scalable and lightweight, but

they are hard to sterilize and generally expensive. Other limitations are mechanical limitations such

as fatigue, nonlinear friction, backlash, hysteresis and inadequately transmitted forces [81].

Pneumatic-driven steerable catheters

Soft robots with pneumatic actuation (SPA) with internal fluidic channels are normally made of

highly stretchable elastomer materials, which deform because of the pressurization of the internal

channels to form the desired pose [82]. These actuators have advantages of being lightweight and

scalibility [83]. The geometry of the internal fluidic channels and the properties of the materials

used in fabrication, define the response of these actuators. The main principle of forming the desired

bending in this method is to insert a flexible strain limiting layer in the form of a paper or fabric

at the base of SPA and prevent it from elongating [84]. Barrish et al. [85] used pneumatically-

driven steerable catheter for interventional catheters. This type of bending actuators is adopted

as compliant grippers, which are able to passively adopt the complex geometries and dimensional

variations and location uncertainty[86, 87]. The deformation exhibited by the nonlinear elastomer

materials, which are a common choice to manufacture the SPA based structures, are hard to model

and control [88]. Different approaches have been taken into consideration to tackle the problems

which are: experimental characterization of the geometry of bending SPAs [89], FEA analysis of

cylindrical SPAs for biomedical applications [90] and finally, theoretical modelling of snake robot

based on bending of SPAs [91]. Applications that require a highly compliant actuator could take

advantage of soft pneumatic actuators (SPAs). The main difference of SPAs from the well known

pneumatic actuators (such as the McKibben-type actuators) is that they are made entirely out of

soft materials such as the silicone-rubber [92]. Sun et al. [92] presented two different geometries

of soft pneumatic actuators, to be used in the change in bending or rotary curvature. El-sayed et
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al. [90] used three different silicone rubbers, i.e., Ecoflex 0030 and 0050, and Dragon-skin 0030, to

fabricate a pneumatically actuated silicon module, resembling soft tissue.

Despite the aforementioned advantages, pneumatic catheter drive modality is not favorable for RFA

ablation application mainly due to the fact that the risk of air leakage is fatal inside the vessels. Also,

as the pneumatic resistance is inversely proportional to the square of catheter diameter, practically-

sized catheters, e.g. φ6 mm, require high air pressure which increases the leakage and bursting

risks.

Magnetic-driven steerable catheters

Magnetic actuated catheters belong to the force generation type of catheters, in which the source

of force generation resided on the body of the catheter. Magnetic actuation methods, used for steer-

able catheters in clinical applications, could be grouped in two main categories: internal magnet

actuation and external magnet actuation [52]. Various usage of magnetic catheter localization sys-

tem, such as Niobe (Stereotaxis, St. Louis, MO, USA) [18], exists in the literature. Another exam-

ple of magnetic usage in catheterization is in percutaneous coronary intervention (PCI) of complex

coronary artery lesions with a magnetic navigation system [93]. For PCI applications, Pappone et

al. [94] assessed the feasibility of a magnetic navigated catheterization system in patients with atrial

fibrillation (AF) and it was shown that it was a safe treatment with a short learning curve method and

it can be done by an experienced operator. However, later studies have not ruled out the likelihood

of magnetic interference with the medical devices and cardiac activity [19].

Smart material-driven steerable catheters

Smart materials address some of the issues at which tendon-driven technology has lacked on,

and as a result, smart materials technologies are used not only for traditional endoscopic or surgi-

cal procedures but also for catheter-based procedures that require miniaturization. Shape memory

alloys (SMAs) have corrosion resistance, biocompatibility and non-magnetic behaviour and based

on these properties are used widely in biomedical fields [53]. They can also be produced in vari-

ous shapes and dimensions. Smart material usage for actuation in catheters are related to electrical
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actuation techniques. Materials which are responding to various ranges of current, so different char-

acteristics can be extracted due to the materials essence.

Electric current is provided to SMA steerable catheters to create a bending force and movement at

the tip of the catheter (distal tip) [95]. Electric mechanisms are listed as two main types: 1) direct

electric actuation [96], and 2) indirect electric actuation [52, 97]. The direct actuation system is the

one with the material itself responding to the electric current by providing the bending motion. In

systems with indirect actuation, the material and surrounding medium is responding to the electric

current. So far none of the electrical actuation systems are practical in clinical proposes due to the

limitation of the bending motion needed in surgeries and the fact that the catheters with electrical

actuation systems are yet to become safer to be used in operating rooms and clinical properties.

Piezoresistive and strain-gauge sensors were used in different studies to measure both the dynamic

and static forces [98, 99]. Despite the primarily good result of this method, it is yet to be improved

and is not completely reliable in cardiovascular systems [100]. Because piezoresistive and strain-

gauge are susceptible to electromagnetic interference with electrical devices in the operating room.

Also, the fact that there is the electrolytic nature of blood running in a cardiovascular sensors work-

ing area, limits the reliability and precision of the usage of these materials in this matter [101]. To

tackle the problem optical fiber-based sensors for intravascular force-sensing aspects were intro-

duced [102, 100, 103, 104]. In terms of SMAs limitations, it should be mentioned they are resisting

limited strain, low speed and control issue (owning to complex thermomechanical behavior) are the

other drawbacks [81].

Comparison of driving modalities

To offer a summarized comparison between the presented catheter systems, it is noteworthy that

the important aspects of catheterization are steering and positioning to be able to move the catheter

to the desired position and keep the constant contact between the catheter and tissue. Commercially

available steerable catheters have a tip consisting of one piece as the distal tip and offer the motion

in two planes. Increasing the motion area in different planes could be provided by increasing the

degree-of-freedom (DoF) of the system. In different actuation systems DoF could be changed by

different components, in tendon-driven catheters the number of cables can define the DoF. Having
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a higher DoF in the mechanisms will lead to more complexity and more complicated control.

In tendon driven catheters specifically higher DoF will cause new challenges such as preventing

friction buckling and wedging of cables with each other or with the surroundings. Even though the

behaviour of smart materials is theoretically super-elastic the plastic effects might not be negligible

which requires precise rigorous analytical or finite-element analysis (FEA) modeling [105]. The

analytical or FEA modeling could be more complicated for the pneumatic catheters. Material and

geometric nonlinearities (large deformation) along with the human error in the fabrication process

would largely increase the complexity of the modeling. Therefore comparatively and based on the

above-mentioned limitations, the tendon-driven catheters is simpler, cheaper, and more practical for

the RFA RCI applications.

1.4.3 Steerable Catheters: Modeling as soft robots

Continuum models

Based on the vast design possibilities, Three main groups of possible design strategies were

proposed for robots [105]. Discrete robots are the first group that are known as conventional manip-

ulators. DoF and maneuverability of the manipulator increases by increasing the number of discrete

joints and form the second group of robots which are known as serpentine robots. This category

would include hyper-redundant manipulators. The third group is termed as continuum robots with

no discrete joints and rigid links. The manipulator bends continuously along its length the same as

biological trunks and tentacles. The motion of the last group is generated through the bending of the

robot over a given section despite the traditional robots where the motion generates in discrete joints

[73]. Continuum models are grouped as model-based haptic feedback [19], in which the force is es-

timated through computation, live imaging, boundary conditions of sensors and mechanical model

of the catheter. Nakamura et al. [106] first introduced a system to estimate the heart motion based

on a vision sensor using high-speed cameras and tracking markers fixed on the heart surface. Since

the results and the output is directly related to the treatment and patents life, a real-time and accurate

solution is needed to avoid any possible damages to the patient [107]. Different continuum models

were introduced for continuum robots , e.g., [70], based on the dynamics of a planar, a continuum
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backbone section undergoing a large deflection was discussed and a vibration-damping setpoint

controller was introduced, based on this very dynamic analysis.

Similarly, Jones et al. [108], introduced a new method to the kinematic analysis of the multisection

continuum robots. Kinematics enabled the real-time shape control by mapping the input such as

tendon lengths or pneumatic pressures with robot shape. The new approach took into considera-

tion bending and different orientation in the final results. Bernoulli-Euler beam theory was used

for analyzing the large deflection of a steerable catheter, [109, 110], by neglecting the shear effects

and out-of-plane warping of the cross-section due to the high slenderness of the catheters. It was

proven that the method introduced in [109], was capable of successful implementation to predict

the contact force at the tip of the catheter in steady-state condition and the error reported to be less

than 5 %. Their results were promising but their model was could not be extended for the wall

contact conditions during RFA. Gao et al. [27] developed a reality-based robotic catheter system for

training purposes, using a linear finite element model with Bernoulli-Euler elements to estimate the

contact force.

Multi-body dynamics models

Among various modeling approaches, the simplicity and computational efficiency make multi-

body dynamics models are favorable [19]. A multi-body system is composed of a set of rigid

bodies and flexible joints. Multibody dynamics is favorable for the robot control, based on the fact

that robot consists of several parts connected by joints. A full review of developments in flexible

multibody dynamics was done by Shabana [111]. Their study showed that multibody dynamics

is an interdisciplinary field that may incorporate other disciplines such as rigid body dynamics,

continuum mechanics, finite element method, and numerical, and tensorial analyses. The methods

used in flexible multibody dynamics can be categorized into three different main categories: floating

frame of reference formulation, the incremental finite element formulation, and the large rotation

vector formulation. Ganji et al. [67] proposed a multi-body dynamics model, including rigid links

and joints to predict the position of the catheter tip with assuming constant curvature for the catheter.
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Particle dynamics models

This method is mainly considered as a proper approach to model the deformation of vascular

tissue, and for the catheters and surgical devices also [112]. It can be seen as a macroscopic approx-

imation of a continuous. Angular springs were placed in between consecutive rigid links to lead

to a proper approximation of a catheter. To recreate the behaviour of the tissue in contact with the

catheter in a robotic surgical interventional, haptic feedback and accuracy control of force feedback

are two prominent factors [101]. Normally, vessel segmentation techniques consist of two main

groups which are: model-free and model-based methods [113, 114]. A particle-based approach was

used to model the complete segmentation of the coronaries [4]. Cotin et al. [115] has proposed a

physics-based model consists of a set of connected beam elements, which is a particle-based ap-

proach to model and analyze the catheter, that is capable of modeling the bending, twisting and

compressions in real-time.

Differential geometric models

Mainly the dynamic equations of a deformable structure, either in large or small deformation

are highly nonlinear, and due to this nonlinearity and large dimensionality, the use of modern dig-

ital computers plays a significant role in analyzing the flexible body structures [111]. Geometric

modeling is a method in which the basic assumption is that the whole structure and its shape is

dependent on the position of some specific points on the structure which are known as key points,

the key points, however, are not entirely placed on the structure and could be anywhere in the space.

Piecewise differentiable continuous curves are a fine example of this method to analyze the structure

of steerable catheters. Motion equations could be calculated by using the Lagrangian equation of

motion based on kinetic, potential and friction or viscoelastic energies according to the defined key

points [19]. A flexible beam such as a soft robotic arm or a steerable catheter (which is considered as

a beam), in terms of dynamic analysis, has an infinite number of degrees-of-freedom. By modeling

the number of DoF is reduced in order to describe displacements and deformations [116, 117]. With

this regard, a sequence of connected vertices was used to simulate the guidewire and estimate the

final position of the guidewire in [118]. The sets of vertices replicated the guidewire by applying the
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same forces on them. By iterating the solution, the equilibrium of forces was achieved with a min-

imum energy condition. In another effort, Tang et al. [119] used the nonlinear Cosserat rod model

[120]. Cosserat centerline curve was used to model both bending and twisting of the instrument.

The distal tip of the instrument which is shorter and flexible (30 mm) modelled by a generalized

bending model that is more computationally efficient.

Comparison

Because of the less susceptibility to noise, low cost and plugging to the currently existing robotic

system easily, model-based haptic feedback systems are more popular. Having said that force sensor

haptic feedback systems have has less computational cost and shorter response time [101]. To pick

the more satisfying model it should be considered that the model is accurate and computationally

efficient at the same time [121]. Even though driving a physically meaningful set of equations to

define continuity, conservation of momentum and conservation of energy is vital to analyze the

catheters and guidewires deformation and motion [122], the continuum mechanics models used

for the catheters and guidewires are accurate approaches to be hired [109]. The most noticeable

limitations of the model-based haptic feedback are the sensitivity of results based on the mechanical

properties of the catheter and vessels [107]. Catheters and guidewires are hyper redundant structures

in terms and this factor should be considered in the proposed model [105]. Assumptions should be

taken into consideration in order to tackle this problem such as proper geometric constraints in

terms of deflections [55], constant radius curvature [123]. The last assumption mentioned above is

the main assumption in the presented research.

1.4.4 Steerable Catheters: Control

Teleoperation or robotic surgery on beating heart is challenging due to its motion velocity, i.e.,

210 mm/s, and acceleration, i.e., 3800 mm/s2 [124]. To induce artificial heart arrest, conventional

approach was to bypass the hear using a an external heart-lung machine so the surgeons could

perform surgery on a still heart. However, this techniquesis not practical in RCI [125].

Various strategies have been proposed to predict and autonomous compensation of organ motion for

robotic interactions. Model predictive control (MPC) and visual servoing approaches are examples
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of the compensation methods [126, 127, 128]. Dexterous RFA necessitates applying force against

tissue at specific points [129, 130], which is a challenge because the flexible catheter structure and

heart motion. In an early study, Nakamura et al. [106], introduced a new system based on a vision

sensor with high-speed cameras to track the fixed markers and estimate the heart’s motion. Another

vision-based approach was proposed based on model predictive control approach to compensate

the heart motion. In their study, a camera was employed to track artificial markers on the heart.

However, the artificial markers placed on the heart were not realistic due to the space limitation

[131]. Also, Samuel et al. [132] proposed and implemented a robotic catheter system with 3D

ultrasound image guidance along with a force control method to enable constant contact with a

moving tissue. The proposed system was a combination of position tracking, force feedback, and

friction and backlash compensation to maintain accurate contact between the catheter tip and tissue.

However, their proposed system was slow in terms of realtime operation. More recently, a Gaussian

mixture model was used in [133] for sensorless shape sensing and force estimation of the magnetic

catheters. However, the spatial resolution of their proposed method was coarse, i.e., ±2 mm.

Force Control

Force feedback is a control approach in soft robots (steerable catheters). Different force control

architectures have been proposed to estimate the force on RFA catheters. Zarrouk et al. [134], in-

troduced a force control system based on non-linear state feedback to linearize the dynamics of the

robot and a PID controller to track the contact force, respectively. Also, Dominici et al. [135] pro-

posed a force control to compensate for physiological motions using a process model for predicting

the behavior based on the applied force. The results showed that the proposed control approach was

efficient to compensate heart motion along Z-axis.

To control the contact force at the catheter tip, usually a single closed-loop force control architecture

is used [133]. Based on the literature, the in-vivo experiments, the robotic force tracking has been

shown to be feasible in beating heart through feeding forward the target position information in the

force control loop. Nevertheless, this has led to that the current studies necessarily rely on direct

force sensing AND visual tracking of the target anatomy in realtime.
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Position control

A cable-driven endoscopic system was proposed by Bardou et al. [74]. It was shown that be-

cause of the cable slack the position control was not accurate, thus the use of a second sensor was

necessary to measure the cable tensions. Normally continuum robots offer compliant and dexterous

operations, which make them suitable in unstructured environments. Tendon driven catheters based

on their intrinsic and their continuum structure are implemented in MIS such as intracardiac inter-

ventions. However, based on the intrinsic nonlinearities and external disturbances, it still is hard to

accurately steer the catheter tip to the desired 3D positions. A novel probabilistic kinematic model

and a model-based 3D position control scheme for a tendon-driven cardiac catheter was offered

[136], which introduced a closed-loop position control.

In an early study, a joint space controller was implemented by Penning et al. [137] for a position

control of a continuum manipulator. Position control is a method when the focus is solely on the po-

sitioning of the catheter tip and not to control either catheter shape or tip rotation. Position and task

space control represent a very different structure in control, but with some specific assumptions, they

seem to produce nearly identical results. To this end, Penning et al. [138] have employed lineariza-

tion of the inverse kinematics about a target point in the task space. However for the linearization

to be accurate their method necessitated that the target point remain within the local neighborhood

of the resting (initial) point.

Another important aspect in the position control, is the notion of visual servoing, where the position

is controlled based on the live feedback from a vision modality. For example, Smith predictor [139]

and Kalman filtering [140] were suggested recently to predict and compensate for the organ motion

under the delayed vision and ultrasound images, respectively. However, these visual-based methods

have some drawbacks such as: a) requiring a vision and/or ultrasound imager to follow artificial

or natural landmarks inside the heart tissue, b) during interactions with the surgical instrument, the

hearts soft tissue deforms, which increases errors of the vision systems, and c) the processing of

some vision data like the ultrasound images is time-consuming and incur time-lag for the feedback

control system.

Also, position sensor embedded on the catheter body have been investigated for measuring the depth
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of indentation of the catheter into cardiac tissue as an indicator of the contact force [141]. They also

have used a combination of contact force, ablation duration and ablation power to obtain the desired

lesion size.

Impedance control

Recently, Sharifi et al. [126] proposed a novel bilateral impedance control method for robotic

surgeries on the beating heart, using measured interaction force. In this impedance control method,

there is no need for heart motion prediction, observation and/or learning. So the surgeon can sense

the non-oscillatory part of the interaction force by defining an impedance model for master and

slave robot, and it will lead to less fatigue for the surgeon since he/she does not need to compensate

for the heart motion manually. Another impedance control method was proposed in [142] which

was to explore the difficulties of executing low impedance control on a novel hand-held motion

compensation device. To this end, Florez et al. [142] proposed and validated a force feedback

control system on a simulated surgical scene. In some cases that high dry friction in the contact

or inertia cannot be compensated by simple impedance control methods, a sensory function can be

used in which the robot shares control of the instrument with the user [143].

1.5 Contributions

The main contribution of this research was that, to the best of author’s knowledge, it was the first

study to propose a sensorless force control schema for tendon-driven RFA catheters incorporating

the tissue contact model. The force estimation, position control, force control, and the developed

RCI system are subjected to intellectual property protection by Concordia University and could be

used for commercialization purposes. Also, in terms of knowledge dissemination, the following

contributions have been made:

(1) ”Displacement-based Model for Estimation of Contact Force Between RFA Catheter and

Atrial Tissue with ex-vivo Validation” presented and published in IEEE International Sympo-

sium on Robotic and Sensors Environments (ROSE), 2019, Ottawa, ON, Canada,
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(2) ”Position control of a flexible tendon driven catheter: Theory and Validation”, presented and

published in 30th International Conference on Adaptive Structures and Technologies, 2019,

Montreal, QC, Canada,

(3) ”Toward task autonomy in robotic cardiac ablation: learning-based kinematic control of soft

tendon-driven catheters”, submitted and under review in Soft Robotics (SORO) Journal,

(4) ”Sensor-free force control of tendon-driven ablation catheters through position control and

contact modeling”, submitted and under review in 42nd Annual Conference of the IEEE En-

gineering in Medicine and Biology, Montreal, QC, Canada.

1.6 Dissertation layout

This thesis is structured in a manuscript-based format and consists of the following five chapters

and two appendices:

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

erature review, and contributions.

Chapter 2 presents the proposed displacement-based direct and inverse contact models and the im-

plemented solution schema as well as the experimental validation studies.

Chapter 3 includes the proposed method for inverse kinematic-based position control of tendon-

driven catheters. Also, it presents the validation studies performed for assessment of the perfor-

mance of the proposed and developed RCI system.

Chapter 4 is consisted of the control system architecture, system components, and the implementa-

tion methodology for the proposed force control schema. 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 acknowledges and mitigation measures are proposed for the future works.

Appendix A summarizes the code developed in Matlab for defining the desired position trajectories.

Appendix B discloses the code developed in Matlab for solving the explicit tissue contact model.
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Chapter 2

Displacement-based Model for

Estimation of Contact Force Between

RFA Catheter and Atrial Tissue with

ex-vivo Validation

2.1 Abstract

The goal of this study was to investigate the validity of a new contact model for sensor-less

estimation of the contact force between RFA catheter and atrial tissue. To this end, a new nonlinear

displacement based model was proposed. Also, the model was formulated for forward and inverse

problems and two solution schema were proposed. For assessing the model performance, two dy-

namic ex-vivo indentation tests were performed on a freshly excised porcine atrium, i.e. one with

sinusoidal and one with triangular indentations. Results of the first test were used for parameter

identification and verification of the model, while the second test was the benchmark for the model

validation. Displacement range for both tests was 2 ± 1mm, while the frequencies of indentations

were 1, 1.5 and 2Hz for the sinusoidal, and 1.25Hz for the triangular indentation. From the sinu-

soidal test results, model parameters were identified using a particle-swarm optimization method.
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Using the optimized parameters, experimental forces were reconstructed. Error analysis revealed

that the model was 91.5% accurate in repeating the results of the sinusoidal test. Also, validation

results showed an accuracy of 90.9% in model predictions of the contact force in the triangular test.

Furthermore, the model could successfully capture the stress relaxation phenomenon, which is of

high prominence in contact force control on atrial tissue. In conclusion, this investigation confirmed

that the proposed contact model was valid in prediction of dynamic contact force with atrial tissue.

Also, the proposed solution schema was fast-enough to be used in real-time surgical applications.

2.2 Introduction

Minimal invasive surgery (MIS) and robot-assisted minimal invasive surgery (RAMIS) ap-

proaches have become more popular in recent years. More specifically, these approaches have

significantly enhanced the effectiveness of surgeries through decreasing the operation time, incision

size, intraoperative bleeding, and post-operative recovery time. In an open surgery (non-MIS), pal-

pation helps the surgeon to distinguish different biologic tissues and identify potential anomalies,

e.g. tumor or lump, in a biologic tissue or organ [144]. However, in an MIS (or RAMIS) procedure,

since the surgeon utilizes specialized instruments to perform surgery through the skin, palpation is

not practical.

The MIS instruments are usually long and thin to pass through a small (2-5cm wide) skin incision.

Therefore, due to the indirect touch on the organs, the natural haptic and tactile perception (com-

prising the sense of touch) is lost [145]. Many investigations have identified the loss of tactile and

haptic perception as the main limitation of MIS and RAMIS approaches. Also, there is growing

evidence recognizing this limitation among the prominent causes of misdiagnosis and malpractice

during MIS and RAMIS surgeries [146].

Tactile perception is of prominent importance in the case of cardiovascular or neurosurgery. Specif-

ically, for cardiac radio-frequency ablation (RFA), the effectiveness of the procedure depends on

maintaining the contact between the catheter tip and cardiac wall at a certain state, i.e. 20 ± 10gr-

force with a minimum force-time integration (FTI) of 400 gr.sec [31, 147, 148]. Fig.2.1 depicts a

typical ablation catheter during RFA procedure. An optimal contact force against the cardiac wall
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Figure 2.1: 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.

ensures an optimal contact establishment necessary for transmission of energy to the tissue, while

prevents tissue perforation. Tissue perforation has been reported as a sequel to excessive compres-

sive force [149, 31].

In an RFA procedure, surgeon perceives the contact force via sensing the tactile cues at the held end

of the ablation catheter (a.k.a. proximal end) [150, 151]. This perception is shown to be inaccurate

and simply polluted by dynamic forces acted upon the catheter because of the natural motion of

heart [152, 151] and the friction between catheter, vasculature and introducer sheath [152]. Also

since the RFA catheter is very floppy, maintaining the contact force solely via proximal insertion is

cumbersome.

On the other hand, flexibility is essential for maneuverability of the catheter inside the vasculature.

For the catheter being flexible yet sturdy-enough to push against the cardiac wall, researchers have
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(a)

(b)

(c)

Figure 2.2: (a) a typical steerable catheter, Artisan R© steerable catheter (Hansen Medical Inc., sub-
sidiary of Auris Health, Inc.), (b) schematic internal view of the left atrium with RFA ablation in
place, and (c) mechanical model of the contact between the atrial tissue and RFA catheter.
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suggested the use of steerable catheters, e.g. Fig.2.2(a) [52]. The shape of the distal end of a steer-

able catheter is changed through a mechanistic pulling and releasing a series of cables (tendons) at

its handle. Extensive reviews of the taxonomy and mechanisms of steerable catheters are provided

in [68, 153].

For better monitoring of the contact force during an RFA, different sensors have been explored to

be embedded at the tip of steerable catheters. Researchers have postulated sensing principles of

piezo-resistive [154], piezo-electric [155, 156] and optical-based sensors [157, 100, 158] for this

purpose.

To this end, sensor-embedded catheters have been commercialized and successfully used in the

clinical setup, e.g. TactiCathTM (Abbot Vascular, CA, US) and Carto R© SmartTouchTM, (Biosense

Webster, CA, US). Despite the superior clinical performance [159], such catheters are yet to be

widely accepted in the clinics. Researchers have indicated different reasons for that, including the

complexity of embedding sensors on the catheters, its relatively high cost for clinics, the compro-

mised maneuverability of the distal end due to added weight and the stiffness of sensor, and its high

susceptibility to noise and uncertain conditions inside atrial chamber[160].

Alternatively and by emergence of the robot-assisted cardiovascular intervention, researchers have

postulated robotic force control of steerable catheters base on the real-time force sensor information

[161]. However as stated earlier, the use of sensor-embedded catheters is of particular limitations.

As an alternative, Kesner et al. demonstrated the feasibility of maintaining the contact force on a

sensor-embedded catheter inside a mitral valve phantom based on real-time mitral motion detection

using ultrasound [162]. Also, Khoshnam et al. postulated a 3R mechanical model for mapping the

position of the tip of a catheter to the force at its tip [163]. However, they adopted a shape-sensing

algorithm which entailed an inverse dynamic model to estimate forces based on real-time catheter

shape detection.

To overcome the limitation of dependency on real-time data from a force sensor, it was hypothesized

that the contact force could be controlled adopting a sensorless force control strategy. Fig.2.2(c) de-

picts this concept schematically. Advantages of this postulation would be to limit the use of sensor

data to merely the characterization of the tissue; while the force control is performed based on a

displacement-based model. Researchers have postulated various fast algorithms for the real-time
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(a)

(b)

Figure 2.3: (a) high-level control system for maintaining catheter-tissue contact force at a desired
level Fd, (b) nonlinear viscoelastic contact model at the catheter-tissue interaction point.

characterization of the viscoelastic properties of soft tissue [164]. In this regard, recently Hooshiar

et al. [165] have suggested and validated a class of generalized Kelvin-Voigt models for real-time

viscoelastic characterization of myocardial tissue. However, this study would improve their princi-

pal assumption of linear viscoelasticity aiming in a better accuracy [166, 167, 168].

In the present paper, a nonlinear viscoelastic frictionless contact model was adopted. A generalized

non-linear Kelvin-Voigt model was proposed and verified. Furthermore, the implicit formulation

was derived, its parameters were identified, the system of equations was solved and experimen-

tally validated. In the following, Sec.2.3 summarizes the modeling, solution schema, parameter

identification, model verification, and experimental validation. Sec.2.4 summarize the results and

discussion, and Sec.2.5 closes the article with concluding remarks.
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2.3 Method

In order to estimate and control the contact force at the catheter-tissue interface, a nonlinear

viscoelastic material model of tissue is proposed. Also, both forward and inverse models were

formulated and, for each, an implicit solution schema is postulated. Furthermore, model parameter

identification, model verification, and validation were performed for an ex-vivo porcine atrial tissue

model.

Fig.2.3 (a) depicts a conceptual high-level control system for maintaining tissue-catheter contact

force at a desired level Fd through driving k tendon lengths, l1···k. Labels F, u, and l denote the

contact force, tip displacement, and length of tendons, while d,m, and err stand for desired, model

estimation, and error, respectively. For the force control system to perform accurately, an accurate

and fast contact model is desirable. To this end, a contact model was proposed and validated as

follows.

2.3.1 Contact Model

For modeling the contact with tissue, the n-unit generalized Kelvin-Voigt (n-GKV) model intro-

duced in [165] was adopted and improved (see Fig.2.3(b)). As depicted in Fig.2.3(b), this improved

model incorporates a nonlinear elastic element with parameter k0 and n serial linear Kelvin-Voigt

units with stiffness constants ki and viscous constants ci. Also, the inertial effects of the heart wall

motion were neglected for the sake of simplicity. The latter assumption is in agreement with the

findings in [165] that structural forces dominate the inertial forces at low-frequency heart-beat, e.g.

1− 2Hz.

The elastic element was considered as a power-law spring with the force-length equation described

by Eq.1.

F = −k0(x1 − x0)p, (1)

Similarly and due to the serialization, force balance condition for an arbitrary i-th Kelvin-Voigt unit

was formulated as:

F = −ki(xi+1 − xi)− ci(ẋi+1 − ẋi) i = 1, 2, · · ·n, (2)
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subjected to two homogenous Dirichlet and Neumann boundary conditions:

xn+1(t) = 0, (3)

ẋn+1(t) = 0, (4)

and 2n initial conditions:

ẋi(0) = 0 i = 1, 2, · · ·n. (5)

The model was assumed at initial rest with all the springs and dash-pots at their resting lengths.

Using Eq.2 for all i-s, a system of n ordinary differential equations (ODE) with n unknowns was

formed and re-arranged in the form of Eq.2.

Kx(t) + Cẋ(t) = −f(t), (6)

where Kn×n, was the stiffness matrix and, Cn×n was the viscous matrix, x(t)n×1 and ẋ(t)n×1 was

the displacement and velocity vectors, a.k.a. state vectors, and f(t)n×1 was the force vector. State

vectors were defined as:

x(t) = [x1(t), x2(t), · · · , xn(t)]T , (7)

ẋ(t) = [ẋ1(t), ẋ2(t), · · · , ẋn(t)]T , (8)

and force vector was as follows:

f(t) = [F (t), F (t), · · · , F (t)]T , (9)

where (.)T denotes transpose operator. Also, the elements of stiffness and viscous matrices were

obtained as:

Kij =


ki i = j

−ki i = j − 1

0 otherwise

i, j = 1 · · ·n, (10)
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Cij =


ci i = j

−ci i = j − 1

0 otherwise

i, j = 1 · · ·n. (11)

2.3.2 Solution Schema

The forward model was solved using a fourth order Runge-Kutta (RK4) method to find xis

where F (t) was known. Consequently, x0 was obtained using the following re-arranged form of

Eq.1:

x0(t) = x1(t) +

(
F (t)

k0

) 1
p

, (12)

For the inverse model, the time-history of x0(t) was assumed as known. However, knowledge

of the displacement state (x(t), ẋ(t)) was necessary for solving Eq.6 for f(t). To this end, the

displacement state reconstruction was performed incrementally. Incremental (explicit) form of Eq.6

was obtained as follows, considering a two-term forward difference definition for ẋ(t):

x(t+ δt) = x(t)− δtC−1 (f(t) + Kx(t)) . (13)

Since cis are non-zero and C is lower-triangular, per Eq.26, C was unconditionally non-singular;

therefore, Eq.13 was unconditionally convergent. Time-step δt was set to 0.005sec in this study.

In contrast to the forward model, in the inverse model, each increment initiated with finding the

contact force in Eq.1. Substituting x0(t) from the input and x1(t) from the last increment solution

revealed F (t) in each iteration. F (t) was further used to predict the displacements in the next time

instance.

2.3.3 Ex-vivo indentation on porcine atrial tissue

Fig.2.4 shows the experimental setup used for the ex-vivo indentation test. A cylindrical probe

with a spherical tip and 10Fr (103 mm) outer diameter was 3D printed and used to apply the inden-

tation. The chosen outer diameter resembled the clinically used RFA catheters. A freshly excised

porcine heart was used and its left atrium was excised using a surgical 10-blade. It was afterward

29



Figure 2.4: Experimental setup for ex-vivo indentation using a 10Fr probe on a porcine atrial tissue.

fixed on a glass plate and placed on the mechanical testing machine. The probe was adjusted to

slightly touch the atrial tissue (initial contact force 0.05N).

The test procedure was to apply three consecutive sinusoidal indentations, 20 cycles each, on the

tissue under displacement control. The range of the indentations was 2mm with an average of

2mm (2± 1mm), while the frequencies of indentations were 1, 1.5, and 2Hz, consecutively. These

frequencies covered the frequency range of normal heart-beat, i.e. 60− 120bpm.

2.3.4 Parameter Identification and Model Verification

The proposed n-GKV contact model incorporated a total of 2(n + 1) parameters, i.e. 2n for

kis and cis, and two additional parameters of p, and k0. To reduce the search space for finding the

optimized model parameters, the following constraints were imposed. Power-law parameter p was

constrained to be larger than 1, to meet the nonlinearity assumption. Also, p was assumed as an odd

number so that Eq.1 becomes sign-preserving and compliant to the preservation of energy principle.

In order to select a sufficient n and obtain optimized parameter values, a parameter optimiza-

tion was performed on the results of the ex-vivo indentation test. Eq.14 describes the goal function
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Table 2.1: Search-space for the model parameters used for the optimization.
Parameter Search-space
n[165] 1, 3, 5, 7
p 3, 5, 7, 9
k0 R+

ki R+

ci R+

as the difference between the model estimated work and the calculated work from the experiment.

The goal function was minimized using a particle-swarm optimization (PSO) algorithm. Optimiza-

tion was performed utilizing Matlab R© R2018a (MathWorks Inc., MA, US). Since PSO is a global

optimization method, the resulting parameters were deemed as the global optimums.

min
n,p,k0,ki,ci

∣∣∣∣∣∣∣∣∫ t1

0
F (t)dx0(t)−

∫ t1

0
F̂ (t)dx̂0(t)

∣∣∣∣∣∣∣∣2 .
subjected to Table2.1

(14)

Model verification was performed by calculating the maximum absolute error Emax and root-

mean-square (RMS) error of force Erms between the experimental and estimated force of the opti-

mized model.

2.3.5 Model Validation

To validate the optimized model, a dynamic triangular test with a similar range to the sinusoidal

test and a frequency of 1.25Hz (75bpm) was performed on another spot with 5mm distance to

the original spot. Similar to the verification test, Emax and Erms were used to assess the model

performance.

2.4 Results and Discussion

To find the optimized model parameters for a valid contact model, a dynamic indentation test on

a freshly excised porcine atrial tissue was performed. Fig.2.5(a) shows the displacement of probe-

tip x̂0, during the ex-vivo test. Also, it depicts a comparison of the measured contact force F̂ and

model-estimated contact force F .
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(a)

(b)

Figure 2.5: (a) comparison of the contact force and displacement measured during ex-vivo exper-
iment (blue) and from the optimized contact model, (b) change in the optimization landscape for
Erms with respect to the number of Kelvin-Voigt units n, and power of the nonlinear elastic element,
p.
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The optimization process was performed on a Windows R© PC, equipped with a 3.3GHz CPU and

32GB of RAM. Also, with the use of 200 parallel threads, the optimization time decreased signifi-

cantly. Total computation time for finding the optimized model was 850msec and for estimating the

contact force using the optimized model was 5msec. Considering the fact that finding the optimized

model is needed only once for a specific ablation spot, results suggest that the proposed model and

solution schema are fast-enough for RFA procedures. Table 2.2 summarizes the computation time

break-down.

Table 2.2: Break-down of the computation time.
Procedure Computation-time

(msec)
Model optimization 850

Displacement acquisition
(per time-increment) 5

Force estimation
(per time-increment) 5

Contact force F was estimated using the optimized contact model. As Fig.2.5(b) depicts, PSO

minimization indicated the best force estimation was obtained with n = 3 and p = 5. RMS-

error of force-estimation with this model was Erms = 0.06574N and maximum absolute error

Emax = 0.09144N. As Fig.2.5(b) indicates, RMS-error decreased by increasing the number of K-V

unites from 1 to 3, however models performed worse by further employing K-V units, i.e. n = 7, 9.

Such a trend has previously been reported in [165] and is known as associated with the over-fitting

and error accumulation.

As for the power-law parameter p, not a specific trend of change in the error was observed. In

the process of finding the best performing model, the same order of RMS-error was observed with

(n = 3, p = 5), (n = 5, p = 3), and (n = 5, p = 9). However, considering the fact that

larger n would result in a larger and more complicated model, the 3-GKV model with p = 5, i.e.

(n = 3, p = 5) was selected as the optimal model. Table2.3 summarizes the optimum parameters

associated with the optimal contact model.

Considering the acceptable level of errors, i.e. Erms and Emax, in model estimations and the
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Table 2.3: Optimized model parameters for 3-GKV,

n = 3
p = 5

k0(
N
mm)

0.2212

k1(
N
mm) k2(

N
mm) k3(

N
mm)

0.5476 0.4713 0.7032

c1(
Ns
mm) c2(

Ns
mm) c3(

Ns
mm)

15.9645 9.5157 1.7820

ability of the model to capture the stress relation phenomenon verified the utilization of the opti-

mized 3-GKV model.

In addition, Fig.2.6(a) depicts the results of the validation test with triangular indentation test.

Similar to the verification test, results of the optimal model were in fair agreement with experiment.

Maximum absolute errorEmax was 0.1141N and RMS-errorErms was 0.0544N. Further error anal-

ysis revealed that the average absolute error was 0.0520± 0.0662. It also showed that error F − F̂

had a normal distribution around its average. Also, from the fact that the average error is positive,

it is inferred that the proposed model overestimated the contact force by a maximum percentage of

nearly 15%. However, further investigation revealed that the maximum overestimation occurred at

near-zero displacements. The model predicted the maximum contact force with an acceptable error

(Erms < 5%). Fig.2.6(b) depicts the distributions of error and its associated normal fit.

2.5 Conclusions

In this study, initially a control system for displacement-based force control of the steerable RFA

catheters was conceptualized. The proposed system necessitated utilization of a valid and accurate

yet fairly fast and simple contact model for the catheter-tissue contact model. to this end, an n−

generalized Kelvin-Voigt viscoelastic model was proposed. The proposed model was formulated for

both direct and inverse model solution modalities and the model parameters were optimized using

the particle-swarm optimization (PSO) technique.
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(a)

(b)

Figure 2.6: (a) results of contact force estimation for the model validation, (b) raw and fitted distri-
bution of error between experiment and model estimation for the validation test.
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Both verification and validation studies revealed low computational surplus for the proposed solu-

tion schema. Furthermore, model estimations were in fair agreement with experiments. Therefore,

author would consider the postulated contact model and its associated solution schema as reliable-

enough for utilization in the proposed force control system.

In addition, utilization of the energy goal-function guaranteed that the energetic behavior of the

model replicates that of the tested tissue. Since stress-relaxation is an energy drift mechanism, one

would suggest the agreement of model stress-relaxation with the experiment as a supporting evi-

dence.

This study was the first step towards the model-based control of the contact force during RFA pro-

cedure. Author would suggest further exploration of the frequency response of the model with that

of the tissue. Also, the combination of a series of indentation tests on the tissue with various depth

and wider frequency-range, e.g. chirp, would be another improvement of this study.
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Chapter 3

Toward Task Autonomy in Robotic

Cardiac Ablation: Learning-based

Kinematic Control of Soft

Tendon-driven Catheters

3.1 Abstract

The goal of this study was to propose and validate a control framework with level-2 autonomy

(task autonomy) for the control of flexible ablation catheters. To this end, a kinematic model for

the flexible portion of typical ablation catheters was developed and a 40mm-long spring-loaded

flexible catheter was fabricated. The feasible space of the catheter was obtained experimentally.

Furthermore, a robotic catheter intervention system was prototyped for controlling the length of the

catheter tendons. The proposed control framework employed a support-vector-machine classifier,

to determine the tendons to be driven, and a fully-connected neural network regressor to determine

the length of the tendons. The classifier and regressors were trained with the data from the feasible

space. The control system was implemented in parallel at user-interface and firmware and exhibited

0.4s lag in following the input. The validation studies were four trajectory tracking and four target
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reaching experiments. The system was capable of tracking trajectories with an error of 0.49 ±

0.32mm and 0.62 ± 0.36mm in slow and fast trajectories, respectively. Also, it exhibited sub-

millimeter accuracy in reaching to three pre-planned targets and ruling out one non-feasible target

autonomously. The results showed improvement compared to the recent literature.

3.2 Introduction

3.2.1 Background

Catheterization has become the standard-of-care for the treatment of cardiac atrial fibrillation

(AFib) [169]. AFib causes cardiac arrhythmia and is the most common cardiology reason for

hospitalizations [169]. Inactivating the cardiac cells which cause the arrhythmia by heating, i.e.,

radio-frequency ablation (RFA), or freezing, cryo-ablation (CRA) are the well-established options

interventions with catheter-based techniques to treat the AFib. Fig. 3.1 depicts the catheter-based

intervention for cardiac ablation schematically. For this treatment, a long thin and flexible catheter,

on the tip of which a burner or freezer unit is embedded, is used. The catheter is surgically in-

serted into the patient’s femoral vein and is steered toward the right or left atrium. Once the tip of

the catheter is inside the atrium and in contact with the desired location on the atrial wall (usually

medial and posterior walls), the surgeon turns on the radio-frequency pulse generator for burning

(ablating) the cells.

The pulse generating cells are mainly scattered on the posterior and medial wall of the atria. There-

fore, the surgeon needs to manipulate the tip of catheter from its handle outside the body to reach

multiple spots inside the atria for burning enough cells to manage the AFib favorably.

Maintain stable contact between the tip of the catheter and the atrial wall is challenging due the mo-

tion of the heart [31]. Also, the blood flow in the atrium may displace the tip of catheter, unless it

is in secure contact with the wall. Studies have shown that to obtain optimal treatment, maintaining

the contact force in the range of 0.2± 0.1 N is crucial [19, 31]. Whereas the excessive force would

puncture the cardiac wall and insufficient force would lead to an ineffective treatment [31].

Another factor challenging the success of RFA, is that the surgeon merely relies on the 2D visual

38



Figure 3.1: Intra-cardiac intervention procedure.
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feedback of the catheter shape obtained from the X-ray fluoroscopy. Whereas, in open surgery sur-

geon has both visual and tactile feedback on the surgical site. In this regard, a recent study has

shown that the surgeon’s tactile perception happens three times faster than the visual perception in

cardiovascular interventions [170]. Therefore, the surgeon’s situational awareness is limited during

the RFA procedure due to the compromised sense of touch and variability of the contact between

the catheter and the cardiac wall [19].

For more robust and dexterous manipulation of the catheters inside the atria, tendon driven catheters

were developed. A steerable catheter is comprised of a shape-controllable tip portion (4–10 cm), a

non-steerable body (80–150 cm), and a control handle. The handle typically has a knob mechanism

to wind/unwind the tendons which are internally connected to the tip portion. Usually, the steerable

catheters are single- or double-curved, depending on the number of curves their tip portion could

possess [79]. The steerable catheters have enhanced the surgeon’s ability in establishing and main-

taining contact between the catheter and atrial wall. Also, thanks to the high maneuverability of

catheters, accessing the inferior and posterior wall of the atria has become possible [79].

Despite the advantages of the steerable catheters, precise manipulation and targeting inside the dy-

namically moving atria is still a challenge. As an option, the robotic catheter intervention (RCI)

systems have added unprecedented dexterity and precision to the electrophysiologic intervention

[19]. The currently available RCI systems, such as Sensei and Magellan Robotic System (Auris

Health, CA, USA), provide robotic catheter manipulation with level-0 (no autonomy) and level-1

(robot assistance) autonomy. A detailed definition of the levels of autonomy is provided in [171].

3.2.2 Motivation and contributions

With the current RCI technology, maintaining the tip of the catheter in constant contact with

the atrial wall is a surgical task that needs repeated correction of the tip position by the surgeon

through the master module of the RCI. This has been reported to be cumbersome and increasing the

cognitive load of the surgeon [19, 172]. Therefore, an RCI system with level-2 autonomy (task au-

tonomy) capable of autonomous tip position control of the catheter for establishing and maintaining

contact with the atrial wall is favorable.
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Figure 3.2: Molding, degassing, curing, and assembly steps for prototyping the flexible catheter
MiFlex.

With the task autonomy, the surgeon would determine the position of the catheter tip (for example

from a previously 3D map of the heart) and the robot would control the shape of catheter to reach

the target position. Also, the surgeon would be monitoring the maneuver of the robot and interfere

if the need would be. A similar control schema has been proposed in [126] for extra-cardiac needle

insertion.

In the present study, an inverse kinematics-based schema for the position control of the tip of a ten-

don driven catheter was proposed and validated. The catheter was custom-designed and fabricated

with a four-tendon actuation mechanism. The main contribution of the proposed schema was that

it was based on a nonlinear learning-based (artificial neural network) inverse kinematics. Such a

learning-based approach would allow for implementing the control schema with low computational

surplus, which is a well-known limitation of the mechanistic models, e.g. continuum mechanics-

based models [19]. Also, it would allow for intrinsic compensation of internal friction and backlash,

as the learning-based model would be trained by the actuation data from the catheter prior to the task

performance. In practice, since the catheters are single-use, such a model training (a.k.a calibration)

can be automatized as a part of the system setup.
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Another challenge was to resolve the redundancy of the catheter actuation. The catheter tip had two

degrees-of-freedom (DoF) in the task-space while it had four actuation DoFs (one DoF for each

tendon). Such a configuration made the catheter over-actuated and actuation redundant. Utilizing

a learning-based classifier, and by limiting the number of tendons to be simultaneously driven to

only two, the redundancy was resolved and the catheter model was incrementally treated as a fully-

actuated system.

Based on the favorable validation results, the proposed learning-based kinematic model and feed-

forward position control would provide a low-maintenance, fast, and accurate alternative to the

currently available model-based and sensor-based control schema. To model and control the steer-

able catheters, researchers have adopted continuum mechanics [173], differential geometry [174],

particle-based [112, 175, 176], and multi-body dynamics [163, 150] approaches. In the following a

review of the pertinent studies is presented.

3.2.3 Related studies

The previous research on modeling the dynamics and kinematics of flexible catheters can be cat-

egorized as mechanistic and heuristic (statistical) models. As for the mechanistic models, previous

studies have modeled the deformation of flexible catheters under external load with [66] and without

[173] internal tendon actuation. Theoretically, a flexible catheter has infinite DoFs. However, for

simplification, the catheter shape of the catheter has been modeled as a curve [174, 177, 150, 107]

with a finite number of DoFs, or a set of small rigid segments with flexible joints [101, 178, 163,

179, 180]. In the curve-based models, the piecewise constant curvature (PCC) has been widely

adopted [163]. Despite its wide adoption, the PCC assumption needs validation in each study. Since

the mechanistic models often involve simplifying assumption on the catheter shape or the external

loading, intrinsic nonlinearities such as dead-zones, friction, slack of the tendons, and material

nonlinearities (e.g., hyperelasticity) are usually neglected. Tendons can support merely tension but

not compression. Therefore, tendon slacking is a common phenomenon observed in tendon-driven

catheters. To compensate for the slack, researchers have used symmetric agonist-antagonist tendon

configurations [64, 79]. The backlash caused by the tendon slack is a source of nonlinearity and

must be compensated. Also, high tension in tendons results in non-negligible friction [46, 181] and
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tendon elongation. Considering such nonlinearities in the mechanistic models, such as Cosserat’s

rod model [174, 177, 182, 183] would complicate the model and incur high computational cost,

especially for inverse kinematics, e.g. [184, 185, 186, 187].

On the other hand, heuristic models such as Gaussian Mixture Models (GMM) and neural net-

works (NN) have shown to be a favorable option for realtime applications as offer a low computa-

tional cost and the ability to capture the nonlinear effects such as dead-zone and friction [19]. In an

early study, Rafii-Tari et al. [188] utilized a GMM to obtain the kinematics of catheter maneuvers

in an RCI setup. In another effort, Khoshnam et al. [189] proposed a Gaussian Mixture Model to

estimate the external force on RFA catheters using curvature analysis. Recently, Chi et al. [190]

encoded the catheter kinematics in a GMM model and used it for kinematic control of catheters.

Although GMMs offer the inclusion of nonlinearities, such models need rigorous data preparation.

Neural networks, as another heuristic option, were first used to acquire the kinematics of soft robots

for compensating for the material nonlinearities [191]. Giorelli et al. utilized a neural network for

obtaining the kinematic Jacobians [192] of a soft robot in realtime. Neural networks have also been

employed as a look-up table for obtaining the kinematics of soft robots obtain from other methods,

e.g., finite element method [193] for realtime applications. A comprehensive methodological review

of the methods on the taxonomy of steerable catheters and the modeling techniques can be found

in [79] and [19], respectively. Generally, in tendon-driven catheters, the tip is connected to a series

of parallel tendons which are aligned with the catheter’s body and at the other end, are connected

to motors. The motors change the length of the tendons that consequently change the position and

orientation of the tip. For quasi-static applications, i.e., where the intertial effects are negligible due

to slow maneuvers or low ratio of external forces to the weight of the catheters, the kinematic mod-

eling is favorable. In kinematic models, the aim is to map the change of the length of the tendons

(joint-space) to the changes of the tip pose (task-space) [68, 56, 194].

In the following first a kinematic model of a tendon driven catheter is proposed and validated.

Afterward, the overview of the RCI robotic system developed for the experiments is described.

Furthermore, the details of the tendon selection classification, NN-based inverse kinematics, and

the proposed catheter position controller are presented. In the end, the results of the validation

studies on assessing the performance of the hypothesized level-2 autonomy in an ex-vivo setup will
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(a)

(b)

Figure 3.3: (a) components of the mechanical and electrical modules in the prototyped RCI device,
and (b) software architecture of the user interface (UI) and firmware (FW).
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be discussed, followed by the concluding remarks.

3.3 Material and Methods

In this section, an overview of the catheter fabrication and the RCI mechanism used in this study

is provided. Afterward, the theoretical workspace of the catheter based on the constant bending

radius assumption is obtained and its validity is investigated by experimental comparison. Further-

more, the proposed learning-based forward and inverse kinematic model of the catheter is described

and the accuracy of those are investigated. In the end, the experimental tests procedures and setups

for studying the performance of the proposed trajectory tracking are described.

3.3.1 Catheter fabrication and assembly

The prototyped catheter in this study, named as MiFlex, is a tendon driven catheter with four

inextensible tendons. Fig. 3.2 shows the fabrication steps and final the size and assembly of the

catheter. The selected dimensions for the catheter prototype was 6 mm in diameter and 40 mm in

length. The selected diameter was to replicate an 18-Fr (1Fr = 1
3 mm) catheter and 40 mm length

was according to [195, 196] for the average transversal diameter of the right atrium in adults diag-

nosed with AFib.

For the fabrication, a cylindrical mold was rapid prototyped with a 3D printer (Replicator+, Maker-

Bot, NY, USA). Also, a square platform (16 × 16 × 8 mm), housing four through holes, was 3D-

printed to provide a platform for the fixed end of the catheter. The through holes were used to

accommodate anchorage M2 screws for fixing the mold to the platform and later were used as

guides for the four tendons.

The catheter was comprised of a steel compression coil spring with a nominal outer diameter of 5

mm and a compressive stiffness of 0.35 N
mm . The spring was installed at the center of the cylindrical

mold while silicon rubber material for the body of the catheter (Ecoflex
TM

00-20, Smooth-on Inc.,

PA, USA) was filled in the mold. The use of coil spring would enhance the ability of the catheter to

recover to its original shape by compensating for the viscous energy damping in the rubber material.

After filling the mold, it was rested still in a vacuum chamber (Best Value Vacs, IL, USA) under
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Figure 3.4: Representative deformed shape of the catheter with constant bending radius.

29 mmHg vacuum pressure for discarding the air bubbles (degassing). Furthermore, the degassed

mold was rested for 24 hours at 24◦C for final curing. After curing, the platform was secured in

a 3D-printed base. The reason for the base was to make the assembly modular and facilitate the

replacement of the catheter and base. In practical cases, the catheter would be a single-patient use

disposable thus such a modular design could help in replacing the catheter.

3.3.2 RCI system overview

At the system level, the RCI system in this study was designed with three modules, i.e., me-

chanical, electrical, and software modules. Fig. 3.3(a) shows the components of the prototyped RCI

system. Four independent stepper motors, identified as M1−4, were used to control the length of

the tendons, i.e., L1−4. The motors were controlled using two independent stepper motor drivers

stacked on two ATMEGA microprocessor (Uno, Arduino Co., MA, USA). Each microprocessors

was also connected to two potentiometers (as rotary encoders) to measure the angle of the shaft of

the motors.
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Fig. 3.3(b) depicts the software architecture used for the feedback control of the motors, trajectory

error estimation, and data storage. The software was composed of two components: the user inter-

face (UI), running on the PC, and the firmware (FW), and loaded on the microprocessors. The UI

was used to acquire the user inputs, i.e., the desired trajectory and the target within the workspace.

The FW role was to receive the desired tendon lengths from UI and relaying the current tendon

lengths back to UI. The control framework, described in Sec. 3.3.3, was implemented in the FW

(low-level implementation) and the trajectory generation and task-space to joint-space mapping (in-

verse kinematic) were implemented in the UI (high-level implementation). Also, for validation

purposes, the trajectory of the tip marker (red sphere at the tip of the catheter) was tracked in re-

altime using the two USB cameras (800 × 600 pixels resolution, model C920, Logitec, Lausanne,

Switzerland) with a stereo-calibration adopted from [197, 198]. The stereo-vision verification on

a chess-board template (depicted in Fig. 3.3(b)) showed an error of ±0.26 mm in detecting the

corners of the squares in the template. It is noteworthy that the position feedback from the camera

tracking served merely as a reference and was not used in the control framework.

3.3.3 Control framework

In order to enable the RCI system to exhibit task autonomy for trajectory following tasks, the

presented control system in 3.5 was proposed. The control goal was to attain and hold a given de-

sired position, P ? in the task-space (global Cartesian) through changing the length of tendons. For

the user’s intuitive inference, the choice of Cartesian task-space was favorable. However, the kine-

matics of the catheter were less complicated in spherical coordinates thus a mapping M : R3 → R2

from Cartesian to spherical coordinates was used. Afterward, the control system would determine

the desired length of a set of tendons (control state) by which the tip of the catheter would reach P ?.

The proposed control framework is a feed-forward system. The utilization of an internal motor shaft

position feedback in the motor drivers M1−4 ensures that the desired tendons lengths are attained.

The same technique has been successfully implemented in [185]. Such a control framework ne-

cessitated a mapping between the desired kinematic state in task-space (θ?, ϕ?) and the joint-space

variables L?
1−4. Such a mapping constituted an inverse kinematic problem. Mechanistic modeling
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Figure 3.5: The proposed learning-based feed-forward control system for position control of the tip
of the catheter.

of the problem involves nonlinearities such as material nonlinearity, internal friction between the

tendons and the body of the catheter, and tendon slacking. As an alternative to the mechanistic ap-

proach, the inverse kinematic problem was divided into learning-based classification and regression

problems. For a given desired position P ?, the classifier, i.e., C(θ?, ϕ?) would determine tendon(s)

to be pulled, while the regressor would determine length of the said tendon(s) (desired lengths).

Therefore, the objective of the inverse kinematics would be to determine the catheter configuration,

i.e. (Ck : i− j, Li, Lj) in joint space, for a given desired position P ? in the task space.

3.3.4 Inverse kinematics

Degrees of freedom

Fig. 3.4 depicts a representative deformation of the catheter, where the Cartesian coordination

system
(
X Y Z

)T

represents the fixed global frame, P is the position of the tip of the catheter,

i.e., the center of the red tip marker marked by the bright +), r is the bending radius, Γ is the bending

plane, and Ob is the center of the bending arc ÔP .

Due to the relatively larger longitudinal stiffness compared to the bending stiffness, the compression

of the catheter along its spine was neglected. Therefore,
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∣∣∣ÔP ∣∣∣ = 2rθ = 40mm constant. (15)

Also, ~P := ~OP was presented in the global Cartesian coordinates and spherical coordinates as

~P =

(
x y z

)T

∈ S+, (16)

and

~P =

(
ρ θ ϕ

)T

∈ S◦, (17)

where, S+ ∈ R3 and , S◦ ∈ R3 are the Cartesian and spherical representation of the working space

(surface) of the catheter, and ρ ∈ R, θ ∈ [0, π], and ϕ ∈ (−π, π]. The mapping from the Cartesian

coordinates to the spherical and its versa were obtained as:


ρ

θ

ϕ

 =


√
x2 + y2 + z2

arccos( z√
x2+y2+z2

)

arctan 2(y, x)

 , (18)


x

y

z

 =


ρ sin θ cosϕ

ρ sin θ sinϕ

ρ cos θ

 , (19)

where, arctan 2(y, x) is the two-parameter non-singular tangent inverse function defined as

arctan 2(y, x) =



2 arctan

(
y√

x2+y2+x

)
x > 0

2 arctan

(√
x2+y2−x

y

)
x ≤ 0, y 6= 0

π x < 0, y = 0

(20)
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Since the single plane bending condition necessitates Ob ∈ Γ and given that ObO ⊥ ÔP , Ob would

unconditionally remain on the XY -plane throughout the bending. Also, in
4

OObP ,

ρ = 2r sin θ. (21)

Substituting r from Eq. 15 in Eq. 21, yields the following kinematic constraint between ρ and θ:

ρ
θ

sin θ
= 40mm constant. (22)

In fact Eq. 22 describes the locus of the theoretical workspace of the tip of catheter in terms of the

spherical coordinates ρ and θ. Moreover, it shows that the workspace is independent of ϕ. Given

that Ob coincides on the z = 0 plane, the workspace would necessarily be axisymmetric with re-

spect to Z-axis.

Fig. 3.6(a) depicts the theoretical workspace of the catheter at various θs. The shape of the con-

structed workspace is in accordance with the experimental findings in other studies, e.g., [107, 136].

Another deduction of Eq. 22 was that the minimum number of independent coordinates to fully de-

scribe the catheter tip position were (ρ, ϕ) or (θ, ϕ). Therefore, the catheter had two degrees of

freedom. Fig. 3.6(a) depicts the feasible workspace of the catheter overlaid on the theoretical

workspace. The feasible workspace of the catheter was obtained by sequentially pulling the tendons

in all the possible dual tendon configurations, labeled as tendon classes C1 : 1− 2, C2 : 2− 3, C3 :

3− 4, C4 : 4− 1, C5 : 2− 4, C6 : 3− 1. To obtain a complete feasible space, for each Ck : i− j,

tendon i would increment for 1 mm (up to 10 mm) while tendon j would complete a 10 mm sweep.

Meanwhile, the position of the tip of the catheter was tracked using the stereo cameras.

Tendon selection: support-vector-machine classification

It was observed that for a given point in the feasible space, the tendon configuration might not

be unique. In other words, for some points in the feasible region, multiple combinations of tendons

and lengths would lead the tip of the catheter to a similar position. Such circumstances defined a
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(a)

(b)

Figure 3.6: (a) comparison of the theoretical workspace and the feasible workspace of the catheter,
and (b) the distribution of the minimum distance between the experimental tip positions and the
theoretical workspace.
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redundant control space that needed to be resolved. The redundancy was resolved by selecting the

tendon classes C1−4. The selection was performed based on the obtained subspaces for Cks (Fig.

3.7 (a)), such that the least overlap would be observed.

Afterward, a support vector machine (SVM) classifier with a linear kernel was trained with θ and

φ as the features and C1 − 4) as the categories. The dataset of the feasible space, containing the

spherical coordinates of the feasible space (n = 16100), was divided into training and validation

data with a 70 : 30 ratio. The model training and validation was performed using Matlab Classifi-

cation Toolbox (Matlab R2019b, Mathworks, MA, USA). Fig. 3.7 depicts the features space of the

training data, the contour of the classified subspaces on XY -plane, and the confusion matrix of the

SVM classification. With adopting the accuracy metric defined as

accuracy =

(
1−

∑
off-diagonal components∑

all components

)
× 100, (23)

the accuracy of the classifier for tendon class prediction was estimated as 97.3%.

Tendon length estimation: neural network regression

In the control framework, the next step was to determine the desired length of each tendon

through neural network regression. To this end, four individual neural networks, denoted as NNk,

(k = 1 · · · 4), were trained with the classified (θ, ϕ)T as input and (Li, Lj)
T as output for the four

tendon classes, i.e., Ck : i − j. In addition to the input and output layers, each NNk network

had ten hidden layers (with five neurons each) with fully connected architecture. The training

was performed using the damped least-square method, a.k.a. Marquard-Levenberg algorithm in

Matlab Neural Network ToolBox (Matlab R2019b, Mathworks Inc., MA, USA). Similar to the

classification, the dataset was divided with 70 : 30 ratio for training and validation, respectively.

Table 3.1 summarizes the adjusted goodness-of-fit (adj-R2) and error of prediction for each NNk.
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(a)

(b)

(c)

Figure 3.7: (a) Feature space constructed by θ and φ. The figure shows that at relatively large θ, φ
determines the choice of tendon class, (b) the contour of the classified feasible space on XY -plane,
and (c) confusion matrix for tendon class prediction resulting from the validation data (n = 4830).
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Table 3.1: Goodness-of-fit (adj-R2) and average percentage of prediction error (Ē%)for the neural
networks NN1−4.

Ck :
i− j

adj-R2 Ē%

Li Lj Li (mean ± SD) Lj (mean ± SD)

NN1 : 1− 2 0.97 0.97 3.1± 0.5 3.5± 0.4
NN2 : 2− 3 0.99 0.94 2.8± 0.4 4.2± 0.3
NN3 : 3− 4 0.94 0.98 4.4± 0.6 4.7± 0.6
NN4 : 4− 1 0.97 0.98 3.6± 0.2 4.3± 0.3

Control loop implementation

A robotic system with level-2 autonomy should keep the surgeon in the control loop for su-

pervisory privileges, i.e., task initiation and termination, and trajectory selection. To meet this

requirement, the proposed control framework was implemented in the user interface (UI) software

using object-oriented and multi-thread programming techniques. In order to increase the computa-

tional efficiency of the control loop, the SVM classifier C(φ?, ϕ?), four neural networks NN1−4,

and trajectory update loop were implemented in parallel. Thanks to the parallelization, the control

loop in UI exhibited an average refresh-rate of 164 ± 12Hz. Also, at the microprocessor level, the

refresh-rate of the tendon length control loop was set to 1 kHz.

3.4 Experimental Validation

Experiment I: trajectory tracking

To study the performance of the proposed position control framework, the system was tested in

tracking four desired trajectories. The trajectories were of circular, triangular, infinity sign, and spi-

ral shapes and were denoted by T◦, T4, T∞, T∂ , respectively. Also, two time periods of 5s and 10s

per repetition were set to simulate slow and fast tasks, respectively. Each trajectory was repeated ten

times at each speed. The trajectories were defined in preprocessing with fifty intermediary points

in the Cartesian task-space such that the XY -projection of the intermediary points would be within

the XY -projection of the feasible workspace (Fig. 3.6(b)). Coding lines to define the trajectories
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are presented in Appendix A.

Each trajectory was tested in an individual test session such that the test sessions would include ten

repetitions of the slow tasks followed by ten repetitions of the fast task. During the tests, the UI

would update the desired position P ? on-line according to the temporal sequence of the intermedi-

ary points in each trajectory and the control loop would solve the inverse kinematics for each of the

intermediary points in realtime. As a reference for comparison, the position of tip of the catheter

was tracked with the stereo cameras during the tests.

Fig. 3.8 depicts the desired and experimental trajectories demonstrated by the proposed RCI system

and Table 3.2 presents the performance of the control system in terms of root-mean-square (RMS)-

error (average of five repetitions), error range, and time-lag in the fast and slow tasks for the four

trajectories. Also, Fig. 3.9 depicts the change of the length of tendons L1−4 for one repetition of T◦

task with slow speed.
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Table 3.2: Summary of the performance of the control system for the tip position of the catheter in
four trajectories with slow and fast speeds.

Trajectory RMS-error (mm) Error range (mm) Time-lag (s)

T◦
Slow 0.56± 0.41 (-0.84,1.07) 0.41
Fast 0.73± 0.43 (-1.24,1.4) 0.38

T4
Slow 0.31± 0.24 (-0.35,0.47) 0.37
Fast 0.40± 0.20 (-0.54,0.81) 0.43

T∞
Slow 0.62± 0.54 (-1.05,1.14) 0.44
Fast 0.84± 0.44 (-2.31,1.24) 0.41

T∂
Slow 0.46± 0.39 (-0.89,1.26) 0.34
Fast 0.52± 0.31 (-0.76,1.21) 0.40

Average
Slow 0.49± 0.48 (−0.78, 0.99) 0.39
Fast 0.62± 0.35 (−1.17, 1.16) 0.41

The results showed that the system was fairly accurate in following the desired trajectories as

the average RMS-error for the four trajectories was 0.49±0.32 and 0.62±0.36 mm for the slow and

fast speeds, respectively. Also, the time-lag between the input and output was consistent among the

trajectories with an average of 0.4s for all trajectories. A limiting factor in estimating the time-lags

was the frame-rate of the cameras, i.e., 33± 5 Hz, as the image frame time-stamps were used as the

synchronization benchmark. Therefore, the computed time-lag might have been smaller than the

reported values. Another finding in this experiment was that the system was more accurate at slow

speeds than fast speed trajectories.

However, for both the speeds the accuracy was within the acceptable practical precision of ±1 mm,

[19]. Moreover, small spikes in the temporal variation of the tip position of the catheter, e.g. Fig.

3.9 at t = 4s and t = 8s, were due to the change of tendon classes. At these time instances, the

controller switched the classes thus, the tendon lengths before and after these instances was esti-

mated by different neural networks. Nevertheless, the spikes are relatively small and decreased with

the trajectory progressing farther from the tendon class boundaries. Author sought such switches

between the tendon classes as a source of deviations from the planned trajectory observed in the

experiments.
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Experiment 2: target reaching

The second experiment was performed on a freshly excised bovine myocardial tissue. Four arbi-

trary target points denoted as P1−4 in Fig. 3.10(a), were selected and marked manually. Afterward,

each point was selected on the top- and side-view live images in the user interface software and

registered as a target. The test procedure was that after selecting each specific point the UI would

determine if the point is within the catheter’s reach and if so it would plan a direct path. Upon the

user’s approval, the system would initiate the task to hit the point, i.e., P1−4, maintain the target

position for three seconds, return to its resting position, i.e., P◦ = (0, 0, 40)T , and repeat the task

for four repetitions.

This experiment was to replicate a robot-assisted ablation intervention with level-2 autonomy, where

the surgeon would only specify the pre-planned location of the target point(s) on intraoperative im-

ages for ablation, based on which the robot would reach to the position, hold the position for the

period on ablation (typically less than 30s) and move to a resting position.

Fig. 3.10(b) shows the variation of tip position of the catheter in Cartesian task space for a rep-

resentative point P3 and Table 3.3 summarizes the position of P1−4, temporal average maintained

positions in repetitions, RMS-error of in reaching tasks, and the repeatability of reached positions

(standard deviation of the accumulative average reached positions for all repetitions).

The results of experiment II showed that the RCI system was successful in autonomous reaching

to the pre-planned targets with a spatial error of 0.75 mm, i.e., the norm of the average RMS-error

for P1−3. Also, the system was capable of ignoring P4 as being out of the feasible zone of the

catheter. Moreover, the system showed fairly repeatable target hits with a spatial repeatability of

±0.52 mm ,i.e., the norm of repeatability of x, y, and z.
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Figure 3.9: The desired and attained change in the length of the tendons for T◦ task. Tendon classes
were automatically selected by the classifier so as to follow a full circle.
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(a)

(b)

Figure 3.10: (a) marked positions on the bovine myocardial tissue for reaching tasks, P1−4, and (b)
Cartesian tip position of the catheter in four repetitions to reach P3.
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3.5 Conclusions

The goal of this study was to propose and validate a control framework with level-2 autonomy

(task autonomy) for kinematic control of flexible ablation catheters. Also, it was hypothesized

that through learning-based classification and regression, the inverse kinematics of the soft catheter

could be captured within the practical precision, i.e., ±1 mm. Also, with a one-time preoperative

calibration (training), the material and geometric nonlinearities involved in the deformation of the

catheter, e.g., friction, large deformation, were captured and compensated. Thus, simplifying the

catheter model.

All the modules of the RCI system in this study were developed in-house thus allowed for maximal

software-hardware integration. Author believes that such integration was a key in the observed

accuracy of the system. The validation study for the trajectory tracking and target reaching also

showed fair accuracy and repeatability for position control of the catheter. More specifically, this

study exhibited better spatial accuracy and repeatability compared to [136, 146, 199, 200, 187],

where in all the cases the accuracy and repeatability were not sub-millimeter. Another promising

finding was that the proposed control system did not exhibit a dead-zone at the proximity of the

resting position. Such a dead-zone has been reported in other studies, e.g., [136] and have been

sought related to the slack of the tendons. Moreover, the distributed implementation of the control

system, i.e., the inverse kinematics in the user interface module and tendon length control in the

firmware, allowed for multi-thread computation parallelization of the control system. Such a multi-

thread parallelization was crucial in reaching the small time-lag.

For further improvement of this study, researchers are encouraged to replace the stepper motors with

servo-motors which would facilitate dynamic torque control on the catheter. Also, releasing the two-

tendon drive condition and allowing for more tendons to be pulled simultaneously would increase

the feasible space of the catheter. Nevertheless, the latter may incur considerable compression in

the catheter’s spine and violate the constant bending radius assumption. Furthermore, increasing the

number of tendons would have a double effect worth the investigation. On one side more tendons

would potentially lead to finer control of the pose of the catheter. Nevertheless, more tendons would

worsen the redundancy of the catheter. Consequently, it would increase the tendon driving classes
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and the occurrence of the switching between the classes factorially. The latter was sought as a

source of deviation from the planned trajectories in this study.

Another extension of this work would be adding a linear degree of freedom to the base of the

catheter, e.g., as proposed in [136]), or adding a second set of tendons terminated midspan of the

catheter length. Such extensions would expand the feasible space of the catheter spatially, however

would increase the degrees of freedom and might change the kinematics of the catheter.
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Chapter 4

Sensor-free Force Control of

Tendon-driven Ablation Catheters

through Position Control and Contact

Modeling

4.1 Abstract

In the present study a sensorless force control framework for tendon-driven steerable catheters

was proposed and validated. The hypothesis of this study was that the contact force between the

catheter tip and the tissue could be controlled using the estimated force with a previously validated

displacement-based viscoelastic tissue model. The tissue model was used in a feedback control loop.

The model estimated the contact force based on a realtime estimation of catheter-tissue indentation

depth performed by a data-driven inverse kinematic model. To test the hypothesis, a tendon-driven

catheter (φ6×40mm) and a robotic catheter intervention system were prototyped and characterized.

Three validation studies were performed to test the performance of the proposed system with static

and dynamic inputs. The results showed that the system was capable of reaching to the desired force

with a root-mean-square error of 0.03± 0.02N for static tests and 0.05± 0.04N for dynamic inputs.
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The main contribution of this study was providing a computationally cheap and sensor-free force

control schema for the tendon-driven catheters with ablation applications.

4.2 Introduction

4.2.1 Background

Cardiac arrhythmia is known as the prime cause of heart disorders and hospitalization [201].

Catheter ablation procedure has been widely adopted as an effective interventional treatment for

cardiac arrhythmia [202]. Thanks to its minimally invasive approach and long-term effectiveness,

ablation therapies are adopted at an increasing pace globally [202]. Fig. 4.1 shows a schematic view

of the ablation catheter inside the right ventricle. During this procedure, arrhythmatic cardiac cells

are inactivated through freezing (cryo-ablation) or burning (radio-frequency ablation). Studies have

shown that maintaining contact force between 0.1–0.3 N, is necessary for effective ablation and to

avoid tissue perforation [31, 19]. However, with the state-of-the-art robotic catheter intervention

(RCI) systems, surgeons lose the direct touch on the catheter and are less situation-aware of the

catheter-tissue interaction forces [172].

With the emergence of semi-autonomous RCI, the role of force-estimation methods has become

more prominent, as the the need for force control of the catheter has increased. To this end, re-

searchers have proposed various force estimation methods based on beam theory [173], differential

geometry [174], and multi-body dynamics [203] approaches. Also, heuristic models such as neural

networks [193] and Gaussian mixture models [136] have been investigated for force estimation on

flexible catheters. While mechanistic models offer high accuracy and mechanical plausible results,

they are often computationally expensive and sensitive to nonlinearities such as dead-zone and ma-

terial hyperelasticity. On the other hand, heuristic models are often computationally fast and easy

to implement. Nevertheless, training of the models and physical interpretation of the model param-

eters is demanding [19].

Moreover, utilization of sensors on the catheter is not favorable as it complicates the manufacturing

process, limits the range of motion of the catheters, and increases the cost of disposal catheters
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Figure 4.1: The schematic shape of steerable ablation catheters in the right atrium during ablation
interventions.

[172]. As an alternative, sensor-free, a.k.a. sensorless, force estimation methods have been devel-

oped. Such methods, e.g., [189], rely on shape sensing of the catheter and relating the tip forces

on it. The shape sensing necessitates utilization of image processing or embedding sensors in the

catheter body [19]. Studies have shown that shape-based methods may be highly sensitive to the

shape estimation errors [172].

4.2.2 Contributions

Alternatively in this study, a sensor-free force control schema was proposed and validated.

The proposed method builds upon our previous studies on estimating the contact force with a

displacement-based viscoelastic model in [17] and kinematic control of the flexible catheter with a

learning-based inverse kinematic method in [204]. The main contribution of this study was propos-

ing a computationally, sensor-free, and displacement-based force control schema with accounting

66



Figure 4.2: Proposed contact force control schema.

for the mechanical properties of the tissue. A realtime accurate viscoelastic contact model estima-

tion schema was proposed and validated in [165, 17].

4.3 Material and Methods

4.3.1 Contact Model

The proposed force control schema is depicted in Fig. 4.2. The catheter was assumed to be

in an initial contact with the tissue and the force control schema was based on finding the desired

indentation depth, ud, to generate a desired force, Fd, from the catheter-tissue contact model. The

contact model was adopted from [17] and was a generalized Kelvin-Voigt (GKV) viscoelastic model

with three GKV units and with the nonlinearity power of p = 5. The displacement-based contact

model is presented in Eq. 24.

Kx(t) + Cẋ(t) = −f(t), (24)

where, K and C are the stiffness and viscous friction material matrices, f(t) was the contact force,

and x(t) =

(
u(t) x1(t) x2(t) x3(t)

)T

, was the state displacements. Contact for necessitated

model parameter identification to obtain the tissue-specific material matrices.

To this end and to simulate the myocardial tissue, a 14mm-thick sheet of viscoelastic silicon-rubber

material with shore hardness of 20-OO (Ecoflex
TM

00-20, Smooth-on Inc., PA, USA) was fabricated.

Same material has been used in similar studies as myocardial tissue phantom, e.g., [165]. Adopting

the optimization schema proposed in [17], the mechanical properties of the phantom tissue, i.e.,
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contact model parameters, were identified with a goodness-of-fit of R2 = 0.94% and root-mean-

square (RMS) error of 0.03± 0.02 (Eq. 25–26).

K =



0.25 0 0 0

−0.47 0.47 0 0

0 −0.52 0.52 0

0 0 −0.74 0.73


N

mm
(25)

C =



0 0 0 0

−16.46 16.46 0 0

0 −8.72 8.72 0

0 0 −1.98 1.98


Ns

mm
(26)

4.3.2 Catheter Tip Position Control

For the experimental tests, a spring loaded catheter with silicon rubber body was fabricated

with 40 mm length and 6 mm diameter. These dimensions were selected so as to cover the required

workspace inside the right atrium [196]. Fig. 4.3(a) shows the assembly of the fabricated catheter.

Precise controlling the catheter tip to reach a desired indentation state, (ud, u̇d)T , was essential for

the force control. Therefore, a neural network learning-based schema based on the findings of [204]

was adopted to determine the desired length of each tendon, (l1−4d , l̇1−4d )T , for a given desired inden-

tation depth, (ud, u̇d)T . The desired indentation depth, i.e., as tip position
(

0,−ud(t), 0)T
)

) was

the input to the neural network and the tendons length were the output. The fitting was performed

between the input and output using a fully connected architecture with ten hidden layers and five

nodes per layer. The training dataset was based on the Cartesian feasible space obtained in [204].

The cross-validation showed a goodness-of-fit of R2 = 0.98 for the neural network fitting.
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(a) (b)

(c)

Figure 4.3: (a) assembly of the fabricated spring-loaded catheter and the driving tendons, (b) the
fabricated catheter under cantilever bending test, (c) the system architecture used for the validation
studies, (d) the RCI system used for the validation studies.
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4.3.3 Force Estimation and Control

For a given desired force, Fd, Eq. 24 was solved incrementally for a time step of δt. The

incremental expression of Eq. 24 was

x(t+ δt) = x(t)− δtC−1
(
(0 Fd 0)T + Kx(t)

)
. (27)

The time step was determined in realtime as the absolute time difference between two indentation

evaluations. Time step was constant 0.01s as the indentation refresh frequency was set to 100Hz

in the control loop. Feeding the updated ud(t + δt) to the tendon length control loop, the RCI

system would follow the incremental changes in the tendon lengths. Also, as for calculating the

force feedback for compensation, Eq. 27 would be directly evaluated with the current lengths of the

tendons lk=1−4
k and estimated force Fm would be compared with the desired force for compensation.

Furthermore, the apparent compressive stiffness of the phantom tissue was estimated as kt = 0.10

Nmm−1 using Eq. 28, while a cantilever bending test depicted in Fig. 4.3(b) showed that the

bending stiffness of the catheter at its tip was kb = 1.1Nmm−1. The comparison validated the

negligible contact-induced bending deflection of the catheter.

kt =

(
3∑

i=0

1

Kii

)−1
(28)

4.4 Experimental Validation

4.4.1 Experimental setup

Fig. 4.3(c) shows the RCI system developed for the experimental validations. The control

system was implemented in parallel in two Arduino Uno microprocessors hooked to four rotational

encoders for the tendons length feedbacks and stepper motor driving. Also, the neural network

and image acquisition systems (used for documentation) were implemented in the user interface in

.Net C# environment. Also, a six-DoF ATI Mini40 force sensor was used as the benchmark for

the comparison. Moreover, a linear motor was used to change the height of the phantom tissue to

simulate the motion of the heart. Two markers, red and blue, were used to measure the relative
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Figure 4.4: The desired force and the desired force for Experiment I.

distance of the catheter tip (as a measure of indentation) in realtime.

4.4.2 Experiment I: constant force

To test the system, three validation studies were performed. In the first study, the desired force

value was changed from 0N to 0.1, 0.2, and 0.3N at 10s intervals. The system would change

the indentation depth autonomously to achieve the desired force. Fig. 4.4 shows the desired and

achieved contact forces for Experiement I. The system exhibited fair following of the desired input

with an RMS-error of 0.03± 0.02 N. Also, the maximum absolute error was 0.07 N. Moreover, the

output shows a lag of 0.24s at the stepping times, i.e., 10s, 21s, and 32s.

4.4.3 Experiment II: sinusoidal force

In the second experiment, the desired force was sinusoidal with 0.5, 1, and 1.5Hz frequency,

0.2N mean, and 0.1N amplitude. These frequencies were selected to cover the lower bound and

upper bound of the arrhythmatic heart beating frequencies, i.e., 30 and 90 beat-per-minute, respec-

tively. Fig. 4.5 depicts the desired and achieved forces. The RMS-error for 0.5, 1, and 1.5Hz inputs

were 0.04 ± 0.02, 0.03 ± 0.02, and 0.05 ± 0.03 N, respectively, while the maximum errors were

0.06, 0.07, and 0.15 N, respectively. The average lag time estimated at the peaks of the curves were

0.13, 0.27, and 0.31 s, respectively.
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(a)

(b)

(c)

Figure 4.5: Desired versus the achieved contact force for (a) 0.5Hz, (b) 1Hz, and (c) 1.5Hz sinu-
soidal input.

72



4.4.4 Experiment III: constant force on a moving tissue

In the third study, the linear stage was moved sinusoidally with 1 and 1.5Hz frequency and

10mm amplitude. This study was to simulate the heart motion. As in practice, ultrasound imaging

is available and the heart motion is monitored, video imaging was used as a replication of the

ultrasound. The objective of the third study was to achieve and maintain a constant desired force

of 0.2N. Fig. 4.6 shows the achieved contact force and indentation depth (obtained from the video

cameras). The system achieved the average force of 0.19N and maintained it with±0.04 N variation

for 1Hz and achieved 0.23 N and maintained ±0.04 N for 1.5Hz test.

4.5 Conclusions

The aim of this study was to propose and validate a sensor-free force control schema for tendon-

driven ablation catheters. The validation results showed that the system was capable of controlling

the contact force with an average rms-error of 0.04 ± 0.05N for constant and sinusoidal desired

forces and with 0.02 ± 0.04 N RMS-error on the moving sample. Since the required control range

of the force is 0.2± 0.1N, authors sought the performance acceptable for the intended application.
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(a)

(b)

Figure 4.6: Results of force control while the contacting phantom tissue moves sinusoidally with
(a) 1Hz, and (b) 1.5Hz frequency. The desired force for both the cases was 0.2 N.
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Chapter 5

Conclusion and Future Works

5.1 Conclusions

In this thesis, a n− generalized Kelvin-Voigt viscoelastic model was developed and introduced

in chapter 2, to estimate the viscoelastic behaviour of the heart wall tissue. The referred mechanical

model could be optimized and characterized for any desired viscoelastic-like tissue to adopt the

behaviour and estimate either the displacement induced by a known force or the amount of force

in the result of a known displacement input. The forward and inverse solutions were presented and

the results were validated by comparing the results in an ex-vivo test. The optimization method was

postulated a particle swarm optimization (PSO) technique which is a global optimization method.

The results indicated that the proposed contact model was computationally cheap and favorable for

realtime applications.

Next, a steerable flexible tendon-driven catheter and a robotic catheter intervention system were

designed and developed. The learning-based inverse kinematic schema was shown to be a favorable

option for achieving a level-2 autonomy (task autonomy) for RFA catheters. The system showed

sub-millimeter position resolution and accuracy. Also, the proposed learning-based classification

and regression, successfully resolved the redundancy of the proposed robotic system.

From a practical point of view, with a one-time preoperative calibration (training), the material and

geometric nonlinearities involved in the deformation of the catheter, e.g., friction, large deforma-

tion, could be captured pre-operatively.
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All the modules of the RCI system in this study were developed in-house thus allowed for maximal

software-hardware integration. The author believes that such integration was key in the observed

accuracy of the system. The validation studies for the position control and force control demon-

strated fair accuracy and repeatability of the proposed RCI system. More specifically, this study

exhibited better spatial accuracy and repeatability compared to the similar reported studies, wherein

all the cases the accuracy and repeatability were not sub-millimeter. Also, the system was capable of

attaining and maintaining the desired force profiles in both static and dynamic conditions. Another

promising finding was that the proposed control system did not exhibit a dead-zone at the proximity

of the resting position, which is unprecedented. Moreover, the distributed implementation of the

control system, i.e., the inverse kinematics in the user interface module and tendon length control

in the firmware, allowed for multi-thread computation parallelization of the control system. Such a

multi-thread parallelization was crucial in reaching the small time-lag.

In summary, with this research a generalized force control schema for the RFA catheters was pro-

posed and validated. The proposed system is accurate within required the practical force range, i.e.

0.2 ± 0.1 N and spatial position resolution, i.e., 1mm. It is also easy to implement and does not

require employment of sophisticated mechanical models and/or force sensors. Most importantly,

the author sought this study as a demonstration of the level-2 autonomy for the next generation RCI

systems.

5.2 Future Studies

To the best of author’s knowledge, this work was the first to propose a force control schema for

the tendon-driven RFA catheters. Therefore the author acknowledges its limitations in assumptions

and implementations. A summary of the propositions for the future work to address the limitations

are as follows:

(i) the dynamic model validated in chapter 2, was developed based on experimental measurement

of the force-displacement response of the myocardial tissue. Although Hooshiar et al. [165]

have proposed a low profile sensor for obtaining the required force information in realtime, in
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practice, such a force sensor might increase the complexity of the catheter and include mea-

surement uncertainties. Therefore, an extension of this work could be to include an online

parameter estimation module to the system to correct the estimated model parameters intra-

operatively using an adaptive schema, e.g., such as proposed in [126].

(ii) another improvement would be to investigate the feasibility of impedance-matching optimiza-

tion procedure, as an alternative to the force-displacement matching, for parameter identifi-

cation. Such an impedance model would decrease the number of contact model parameter to

three, i.e., inductive, resistive, and capacitive impedances, thus further simplify the contact

model.

(iii) another improvement of this study would be to replace the stepper motors with servo-motors

which would facilitate dynamic torque control on the catheter. Also, releasing the two-tendon

drive condition and allowing for more tendons to be pulled simultaneously would increase

the feasible space of the catheter. Nevertheless, the latter may incur considerable compres-

sion in the catheter’s spine and violate the constant bending radius assumption. Furthermore,

increasing the number of tendons would have a double effect worth the investigation. On one

side more tendons would potentially lead to finer control of the pose of the catheter. Never-

theless, more tendons would worsen the redundancy of the catheter. Consequently, it would

increase the tendon driving classes and the occurrence of the switching between the classes

factorially. The latter was sought as a source of deviation from the planned trajectories in this

study.

(iv) Another extension of this work would be adding a linear degree of freedom to the base of the

catheter, or adding a second set of tendons terminated midspan of the catheter length. Such

extensions would expand the feasible space of the catheter spatially, however, would increase

the degrees of freedom and might change the kinematics of the catheter.
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Appendix A

A. Coding lines developed in MATLAB

to define the desired trajectory
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Appendix B

B. Coding lines developed in MATLAB

to solve the tissue dynamic model
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