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Abstract

Modeling and Force Estimation of Cardiac Catheters for Haptics-enabled
Tele-intervention

Amir Sayadi

Robot-assisted cardiovascular intervention (RCI) systems have shown success in re-
ducing the x-ray exposure to surgeons and patients during cardiovascular interventional
procedures. RCI systems typically are teleoperated systems with leader-follower archi-
tecture. With such system architecture the surgeon is placed out of x-ray exposure zone
and uses a console to control the robot remotely. Despite its success in reducing x-ray
exposure, clinicians have identified the lack of force feedback as its main technological
limitation that can lead to vascular perforation of the patient’s vessels and even their death.
The objective of this thesis was to develop, verify, and validate mechatronics technology for
real-time accurate and robust haptic feedback rendering for RCI systems. To attain the the-
sis objective, first, a thorough review of the state-of-the-art clinical requirements, modeling
approaches and methods, and current knowledge gaps for the provision of force feedback
for RCI systems was performed. Afterward, a real-time tip force estimation method based
on image-based shape-sensing and learning-from-simulation was developed and validated.
The learning-based model was fairly accurate but required a large database for training
which was computationally expensive. Next, a new mechanistic model, i.e., finite arc
method (FAM) for soft robots was proposed, formulated, solved, and validated that allowed
for fast and accurate modeling of catheter deformation. With FAM, the required training
database for the proposed learning-from-simulation method would be generated with high
speed and accuracy. In the end, to robustly relay the estimated forces from real-time imag-
ing from the follower robot to the leader haptic device, a novel impedance-based force
feedback rendering modality was proposed and implemented on a representative teleoper-
ated RCI system for experimental validation. The proposed method was compared with
the classical direct force reflection method and showed enhanced stability, robustness, and
accuracy in the presence of communication disruption. The results of this thesis showed
that the performance of the proposed integrated force feedback rendering system was in
fair compliance with the clinical requirements and had superior robustness compared to the
classical direct force reflection method.

iii



Acknowledgments

This thesis provided me with a unique and unforgettable life experience. It not only en-
hanced my education but also provided me the opportunity to meet a lot of new people and
learn about the culture of different nations. Thanks to the God, the Almighty, for His show-
ers of blessings throughout my research work to complete the research successfully. I am
extremely grateful to my parents, Farideh and Mohammad, for their love, prayers, caring,
and sacrifices for educating and preparing me for my future. Also, I express my thanks to
my sister and brother, Sadaf and Ali, for their support and valuable prayers.

I would like to express my deep and sincere gratitude to my research supervisor, Dr. Javad
Dargahi, for giving me this opportunity to research and providing the facilities needed
throughout this research. I am extending my heartfelt thanks to him for his acceptance and
patience during the discussion I had with him on research work and thesis preparation.

I am extending my thanks to Dr. Amir Hooshiar for all he has done and, in particular, his
support during this research. His dynamism, vision, sincerity, and motivation have deeply
inspired me. He has taught me the methodology to carry out the research and to present
the research works as clearly as possible. I would like to say thanks to my colleagues and
my friends, especially Nima, for their constant encouragement. I would also like to thank
them for their friendship, empathy, inspiration, and everything I have learned from them.
A sincere thank you to Dr. Shahram Shokouhfar for his genuine support throughout my
academic life. It was a great privilege and honor to work and study under his guidance. I
am extremely grateful for what he has offered me.

My special thanks go to my friend Bahar, who has always motivated me to live the way I
love and move towards what I desire.

Thank you amazing staff of Concordia University. As it would be impossible to thank
everyone individually, please accept this acknowledgment as an expression of my deepest
gratitude.

Amir Sayadi

iv



Contents

List of Figures viii

List of Tables xi

Nomenclatures xii

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Cardiovascular Diseases . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Treatment Approaches . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.3 Robot-assisted Cardiovascular Intervention . . . . . . . . . . . . . 4

1.1.4 Clinical Need for Force Feedback . . . . . . . . . . . . . . . . . . 5

1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1 Modeling a catheter as a soft robot . . . . . . . . . . . . . . . . . . 7

1.2.2 Geometric models . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2.3 Force Feedback Rendering for RCI . . . . . . . . . . . . . . . . . 10

1.2.4 Force Estimation: Haptic Cue . . . . . . . . . . . . . . . . . . . . 12

1.3 Problem Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.4 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.5 Research Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.6 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

v



1.7 Thesis Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2 Tip Force Estimation on Soft Flexural Robots through Shape-sensing and Simulation-

based Training with ex-vivo Validation 22

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.2 Objective and Contributions . . . . . . . . . . . . . . . . . . . . . 25

2.2 Simulation and Shape Sensing . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2.1 Finite Element Simulation and Verification . . . . . . . . . . . . . 26

2.2.2 Shape Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Learning-based Force Estimation . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.1 Dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.2 Model Selection and Training . . . . . . . . . . . . . . . . . . . . 32

2.4 ex-vivo Validation Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3 Mechanical Modeling of Soft Tendon-Driven Robots with Large Deformation:

Finite Arc Method (FAM) 38

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1.2 Related Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 Material and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.1 Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.2 Constitutive Equation . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.3 Moment Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.4 Deformation Solution . . . . . . . . . . . . . . . . . . . . . . . . 47

vi



3.3 Validation Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.1 Study I: Simulation-based Validation . . . . . . . . . . . . . . . . 50

3.3.2 Study II: Experimental Validation . . . . . . . . . . . . . . . . . . 54

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Impedance Matching Approach for Robust Force Feedback Rendering with

Application in Robot-assisted Interventions 58

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Material and Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.1 Proposed Force Feedback Framework . . . . . . . . . . . . . . . . 61

4.2.2 Impedance Estimation at Slave Module . . . . . . . . . . . . . . . 63

4.2.3 Estimation of Force Feedback at Master Module . . . . . . . . . . 65

4.2.4 Comparison of PID Controller with IMA Controller . . . . . . . . 65

4.3 Validation Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3.1 Experiment I: Impedance Estimation at Slave Module . . . . . . . 68

4.3.2 Experiment II: Comparison of DFR and IMA with Communication

Interruption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Conclusions and Future Works 73

5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Future Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Bibliography 76

vii



List of Figures

1 Conducting system or electrical system of the heart showing the specialised

tissue that stimulates contraction . . . . . . . . . . . . . . . . . . . . . . . 2

2 Ablation treatment with ablation catheter and mapping catheter. To access

the ablation target areas, RFA catheter is passed through the atrial septum. . 4

3 robot-assisted cardiovascular intervention . . . . . . . . . . . . . . . . . . 6

4 model-based haptic feedback approaches . . . . . . . . . . . . . . . . . . . 13

5 Catheter ablation for atrial fibrillation . . . . . . . . . . . . . . . . . . . . 23

6 (a) Blazer II-XP under three-point-bending (3PB) test, (b) deformed shape

of the catheter under axial loads. . . . . . . . . . . . . . . . . . . . . . . . 25

7 Comparison of force-displacement curve between the FE simulation and

experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

8 (a) Representative shape of the deflected catheter and its corresponding

Bezier curve, (b) Bezier shape fitting and Bezier control points for a repre-

sentative set of catheter deformations. . . . . . . . . . . . . . . . . . . . . 30

9 (a) Schematic architecture of ANN model for force estimation, (b) error of

force estimation on test dataset for the trained ANN and SVR models. . . . 33

10 (a) ex-vivo validation test setup, (b) binary segmented shape of the catheter

during ex-vivo test, and (c) comparison of the estimated force with ANN

and SVR models with the ground truth recorded by the UTM. . . . . . . . . 35

viii



11 Distribution of force estimation error for ANN and SVR models in the ex-

vivo test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

12 The schematic shape of steerable ablation catheters in the left atrium during

ablation interventions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

13 Schematic deformed shape of the tendon-driven continuum arm Bezier

spline centerline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

14 The free-body diagram (FBD) of a deformed catheter with multiple circular

arc segments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

15 Eight load cases on a representative flexure for Study I. . . . . . . . . . . . 50

16 Comparison of FAM and FEM results in deflection estimations for eight

load cases on soft flexures. . . . . . . . . . . . . . . . . . . . . . . . . . . 51

17 Distribution of error of deformation estimation with FEM as the reference

along (a) x-direction and (b) y-direction. . . . . . . . . . . . . . . . . . . . 52

18 Effect of segmentation, (a) FAM deflection solution for different number

of segments and (b) absolute tip displacement error for different number of

segments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

19 Setup used in validation study-II (a) patient module, (b) deflected catheter

in the vascular model with the external forces. . . . . . . . . . . . . . . . . 55

20 Comparison of FAM and ground truth deflections in Study II. . . . . . . . . 56

21 RCI system representation with DFR approach used for remote RCI proce-

dures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

22 The proposed RCI system for remote RCI procedures with IMA-based

force feedback. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

23 RCI device used in the experiments: (a) master, (b) slave module. . . . . . 67

24 (a) Inserted length and velocity of the catheter in Experiment I, (b) tracking

performance of IMA, and (c) distribution of force tracking error. . . . . . . 69

ix



25 (a) Force tracking performance of PID-based DFR, (b) force tracking per-

formance of IMA controller, (c) temporal changes in impedance coeffi-

cients used by IMA, and (d) comparison of the force tracking error with

PID-based DFR and IMA controller. . . . . . . . . . . . . . . . . . . . . . 71

x



List of Tables

1 Comparison of FAM and FEM solutions for eight load cases. . . . . . . . . 51

xi



Nomenclatures

Operators
. Dot product
× Cross product
˙(.) Spatial derivative operator with respect to t

(.)′ Temporal derivative operator with respect to s
Greek Symbols

Γ Bending plane
δt Time increment
ν Poisson’s ratio
κ Total curvature
κg Geodesic curvature
λ Curvature control parameter for Bezier shape interpolation
Π Functional for deformation estimation
ϕ Bending angle
Ψ Camera calibration matrix

English Symbols
c Centerline of deformed B-spline
E Elastic modulus
fT ip Tip force vector
I Second moment of inertia
kP,I,D Coefficients of PID controller
mT ip Tip moment vector
p Control points of B-spline
r Radius of curvature
R Rotation matrix
s Normalized curve parameter
t Time
u Horizontal position of pixels in image
v Vertical position of pixels in image
x x-component of the tip position of catheter
y y-component of the tip position of catheter
z z-component of the tip position of catheter

xii



Chapter 1

Introduction

1.1 Background

1.1.1 Cardiovascular Diseases

All around the world, cardiac problems are the leading cause of hospitalization and mor-

tality. Coronary artery stenosis (CAS) is one of the most common cardiac disorders. Car-

diology’s other major clinical issue is arrhythmia, a disturbance of the heart rhythm and

its conduction system [1, 2]. Figure 1 depicts the many components of the human heart’s

conduction system. With a prevalence rate of 0.95 percent, atrial fibrillation is the most

frequent arrhythmia [3]. It is associated with a significant number of hospitalization and

mortality from stroke, sudden cardiac death, heart failure [4]. Atrial fibrillation (AFib)

or arrhythmia is mainly caused by an uneven discharge of signals from pulmonary veins

(PVs) and will lead to serious heart-related complications. Cardiovascular diseases are the

leading cause of death in the USA (39%) [5]. According to the American Heart Associ-

ation, 2.7 million Americans have AFib, and according to current research, this number

is expected to rise to 12.1 million by 2030 [6]. Electrocardiographic (ECG) analysis will

provide a comprehensive picture of the patient’s heart health. When heartbeats are not in
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Figure 1: Conducting system or electrical system of the heart showing the specialised tissue
that stimulates contraction. Contraction of the heart is usually initiated by the sinoatrial
node (or SA node) and for this reason it is considered to be the heart’s natural pacemaker.

sync, it has called cardiac arrhythmia. The pace of the beats is either quicker or slower

than typical [7]. Some arithmetic heartbeats, such as ventricular fibrillation and tachycar-

dia, pose a severe threat to the patient’s life. Aberrant electrical characteristics of the heart

produce arrhythmias, and sudden death can occur due to exercise or mental stress in some

situations [8]. Atrial fibrillation is a frequent arrhythmia that affects people in their later

years. Genetics and family history can also happen in a structurally normal heart, known

as lone atrial fibrillation [9].
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1.1.2 Treatment Approaches

In general, there are two types of arrhythmia therapies accessible today: medication ther-

apy and non-drug therapy [10]. Antiarrhythmic drugs (AAD) have been the subject of

several studies. Despite advances in technology, AADs are an effective medication ther-

apy in treating ventricular arrhythmias [11]. Surgical ablation is a non-drug treatment for

cardiac arrhythmias that has been replaced by several modalities of electromagnetic tran-

scatheter ablation procedures. It is being hindered as a technique in which the muscles

cause unwanted pulses or movement in the heart. Radiofrequency (RF) ablation is the most

effective and widely used method. DC shock, laser, microwave, and ultrasound are some

of the other modalities [12]. Although RFA-assisted pulmonary vein isolation is the most

successful treatment for symptomatic patients, the success rate relies on the extent of the

lesion and a thorough understanding of left atrial wall thickness (LAWT) [13]. The average

human atrial wall thickness was observed to be roughly 2 mm [14]. M. Bishop developed

a novel approach for measuring the (LAWT) in 2015 [15], which involved solving the

Laplace equation over a finite element mesh of the left atrium obtained from a segmented

computed tomographic angiography (CTA) dataset.

Radiofrequency ablation [16], a well-known and well-accepted therapy for problems such

as arrhythmia, is performed using catheters inserted into the heart chamber. The use of

steerable catheters in cardiology, neurology, and endovascular diagnosis and treatment is

expected (see Fig 2). The treatment of arrhythmia is the most common application of steer-

able catheters [17]. The Real-Time Contact Force Curve has been shown to predict the

size of a radiofrequency lesion, which is used to treat arrhythmias [18]. Dingfei et al.[19]

suggested a Computer-assisted arrhythmia recognition system to detect and categorize ar-

rhythmias. Moreover, the results demonstrated that autoregressive modeling (AR) was a

feasible solution to cardiac arrhythmias with reasonable accuracies.
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Figure 2: Ablation treatment with ablation catheter and mapping catheter. To access the
ablation target areas, RFA catheter is passed through the atrial septum.

1.1.3 Robot-assisted Cardiovascular Intervention

Minimally invasive surgery is a type of surgery in which a tiny incision is made in the pa-

tient’s body, and surgery is performed using something like a laparoscopic device through

small diameter trocars inserted into the wound. The trocar is a sharp-edged medical and

surgical device used to access to internal blood vessels and cavities. Minimally invasive

surgery provides several advantages over open and regular operations, including a lower

risk of patient damage, a faster recovery time, and cheaper healthcare expenditures. The
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improvements described in minimally invasive surgery are often obtained through improv-

ing surgical instrument skill and agility and incorporating robot systems such as manip-

ulators, control, and routing. In addition, by scaling the movement of the master and

slave robots, the robot structure may reduce the surgeon’s handshaking. The results of

the robotic-assisted operations were described as positive and successful. In 2013, Giora.

W et al. reported a success rate of 98.8% when using these novel ways to execute percuta-

neous coronary intervention (PCI) [20]. Compared to traditional techniques, enhanced PCI

was found to be both safe and effective [21]. Aside from the benefits that new catheteriza-

tion procedures provide, there are some drawbacks to this new approach. During Robotic-

assisted procedures, loss of touch is a significant problem [22]. While the manipulator

treats or diagnoses the patient, the haptic input between the manipulator’s hands and the

organ within the patient’s body is lost and must be compensated. The manipulator con-

trols the position by spinning the proximal section of the catheter outside the patient’s body

while obtaining natural input from his or her hand when doing manual catheterization. As

depicted in Fig. 3, this configuration lowered X-ray exposure to the operator and staff while

it imposed new health hazards on the patient, mainly due to haptic feedback loss throughout

the process [22]. Furthermore, the vibration transmitted by a catheter with force at the tip

of the catheter has a significant risk of being misinterpreted [23]. The high learning curves

involved with endovascular catheterization are another risk. Synthetic models, animals,

cadavers, and virtual reality (VR) simulators are some of the teaching approaches used in

this field [24, 25, 26].

1.1.4 Clinical Need for Force Feedback

Guidewire oversteering and rupture in the arteries or heart chamber can occur if the surgeon

does not have a good sense of touch [27]. Other studies described the robotic intervention

as a costly procedure that most persons with cardiac problems cannot afford [28]. It is
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Figure 3: robot-assisted cardiovascular intervention [22]

worth noting that, despite the opposing viewpoints in robotic-assisted novel approaches,

the quantity and diversity of treatments are growing [29]. When it comes to the relevance

of force feedback, a study has shown that keeping the contact force between the ranges of

20±10 grf is critical for the success of robotic operations [30]. Two significant ways for

providing haptic feedback in teleoperations have been developed: sensor-based and model-

based, or in other words, direct and sensorless techniques. The first option is to place a

sensor at the contact site and detect the forces and torques [31], which could then be re-

produced in a separate module distant from the patient to provide feedback to the surgeon.

When constructing force sensors for sensing contact force, thickness, flexibility, sensitivity,

and mass-fabrication capabilities are essential considerations. Normal and tangential forces

should be detected by force sensors used in RF ablation catheters, and only a few research

have been conducted to create such force sensors [32]. Valdastri et al. developed a cutting

tool incorporating triaxial force-sensing for minimally invasive procedures in 2007 [33].

The sensor’s outside diameter was less than 3 mm, allowing it to be put through a 9 French

catheter guide. Ex-vivo muscle tissue cutting studies were used to assess the sensor’s per-

formance. The third option is to calculate the force and estimate it using a computer model

6



[34]. Regarding RFA limitations, it is worth noting that longer procedure times are linked

to consequences such as asymptomatic cerebral lesions (ACL) and perforation, and it was

observed to occur in roughly 41% of individuals after RF ablation [35].

1.2 Literature Review

1.2.1 Modeling a catheter as a soft robot

Three broad groupings of probable design techniques for robots have been presented based

on the comprehensive design options [36]. The first set of robots classified as conventional

manipulators are discrete robots. The number of separate joints enhances the manipula-

tor’s DOF and mobility, resulting in the second category of robots, known as serpentine

robots. Hyper-redundant manipulators fall under this group. The third type of robot is a

continuum robot because it lacks distinct joints and stiff linkages. The manipulator, like

biological trunks and tentacles, constantly bends along its length. Unlike traditional robots,

which create motion at discrete joints, the motion of the final group is achieved by bending

the robot across a specific segment. Model-based haptic feedback [22] is a type of con-

tinuum model in which the force is approximated using computing, live imaging, sensor

boundary conditions, and a mechanical model of the catheter. Nakamura et al. [37] were

the first to introduce a system that used high-speed cameras and tracking markers mounted

on the heart surface to assess heart motion using a vision sensor. Because the output and

findings are directly tied to the treatment and life of the patient, a real-time and precise

solution is required to avoid any potential patient harm [38]. Different continuum mod-

els for continuum robots were introduced, for example, in 2003, a continuum backbone

section enduring a considerable deflection was studied based on the dynamics of a planar,

and a vibration-damping setpoint controller was established on this very dynamic analysis

[39]. Bryan. A. et al. published a new approach for kinematic analysis of Multisection
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Continuum Robots in 2006 [40]. By mapping inputs like tendon lengths or pneumatic

pressures to robot shape, kinematics allows real-time shape control. In the final results, the

new technique took into account bending and varied orientations. By ignoring shear ef-

fects and out-of-plane warping of the cross-section due to the catheters’ great slenderness,

Bernoulli-Euler beam theory was employed to analyze the large deflection of a steerable

catheter. This approach was proved to be capable of successfully predicting the contact

force at the tip of the catheter in a steady-state situation, with an error claimed to be less

than 5% [41]. Although the findings were promising, their model did not adapt to numerous

point loads or wall contact circumstances during a robotic PCI. Gao et al. [26] suggested

a linear finite element model using Bernoulli-Euler elements to predict the contact force in

their virtual reality-based Robotic Catheter System for training purposes.

The second group is Multi-body dynamics models, which are effective because of their

simplicity and computational efficiency [22]. Different groups have proposed a semi-

analytical methodology to simulate guidewire motion in the vasculature with two key com-

ponents, such as the finite element method (FEM), mass-spring modeling approach, and

multi-body dynamics [42]. A new method for describing guide wire forms, as well as a

two-dimensional parameterization of the guidewire. The final findings were said to be in

good accord with the experimental findings. In 2009, Ganji et al.[17] suggested a Multi-

body dynamics model with stiff linkages and joints to forecast catheter tip location under

the assumption of continuous catheter curvature. The FEM computing procedure is often

time-consuming, but it is also realistic [43]. Tissue modeling has been shown to bene-

fit from mass-spring models. The majority of existing research in this area is based on

root mean squared error (RMSE), but only a few have looked at dice similarity coefficient

[44]. They also proposed a hybrid mass-spring model with mass particles connected by

non-bendable springs, as well as a multi-body system made up of rigid bodies and joints.

Because a robot comprises numerous elements connected by joints, multibody dynamics

8



is a good fit for controlling it [45, 46]. A.Shabana published a comprehensive study of

flexible multibody dynamics in 1997 [47]. It is shown that multibody dynamics is an inter-

disciplinary field encompassing rigid body dynamics, continuum mechanics, finite element

technique, and numerical, matrix, and computer approaches. The three primary techniques

utilized in flexible multi-body dynamics are the floating frame of reference formulation,

the incremental finite element formulation, and the large rotation vector formulation.

The third group is particle-based dynamic models, which are mostly used to mimic the

deformation of vascular tissue, as well as catheters and surgical instruments [48]. It is a

macroscopic approximation of a continuous, in a sense. To properly approximate a catheter,

angular springs were put in between consecutive stiff linkages. Haptic feedback and accu-

rate force feedback control are two important variables in recreating the behavior of tissue

in contact with the catheter in a robotic surgical interventional procedure [49]. Model-free

and model-based approaches are the two primary types of vessel segmentation techniques

[50]. For example, C. Florin used a particle-based technique to describe the full segmen-

tation of the coronaries [5]. On the other hand, S. Cotin developed a physics-based model

consisting of a collection of linked beam components, a particle-based technique to model

and analyze the catheter, capable of simulating bending, twisting, and other deformations

in real-time [50].

1.2.2 Geometric models

A deformable structure’s dynamic equations, whether in large or small deformation, are

extremely nonlinear. Modern digital computers play a significant role in studying flexible

body structures because of their nonlinearity and huge dimensionality [47]. The essential

premise in geometric modeling is that the entire structure and shape rely on the location of

some specified points on the structure, known as critical points. However, the key points
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are not totally located on the structure and might be anywhere in space. Piecewise differ-

entiable continuous curves exemplify this approach for analyzing the structure of steerable

catheters. Motion equations might be derived using the Lagrangian equation of motion

based on kinetic, potential, and friction or viscoelastic energies depending on the stated

critical points [22]. In terms of dynamic analysis, a flexible beam, such as a soft robotic

arm or a steerable catheter (which is considered a beam), has an unlimited number of de-

grees of freedom. Therefore, it is attempted to minimize the number of degrees of freedom

(DOF) needed to represent displacements and deformations by modeling [51, 52]. The

guidewire was simulated, and the ultimate location of the guidewire was estimated using

a series of linked vertices [53], which depended on fundamental physics. By applying the

identical forces to the vertices, the sets of vertices replicate the guidewire. After a few

rounds, the forces are in equilibrium, and the least energy position is obtained. Wen. T. et

al. used the nonlinear elasticity of the Cosserat rod in 2012 [54]. The Cosserat centerline

curve was utilized to simulate the instrument’s bending and twisting. The instrument’s dis-

tal tip is shorter and more flexible (3 cm), and it is modeled using a more computationally

efficient generalized bending model.

1.2.3 Force Feedback Rendering for RCI

As mentioned before, Cardiac Arrhythmia has been one of the most causes of hospitaliza-

tion in terms of cardiac-related disease. The catheter ablation procedure, which has been

widely adopted as an effective interventional treatment for atrial fibrillation (AF) and has

expanded widely from the initial stages of investigation to a commonly performed abla-

tion procedure in many health centers throughout the world [55],[56]. During the abla-

tion, arrhythmic cardiac cells are inactivated by either freezing (cryo-ablation) or burning

(radio-frequency ablation). Robotic catheter intervention (RCI) systems have been widely

designed and introduced [57], where the surgeons lose the direct touch on the catheter and
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the contact, the force needs to be estimated for the sake of effective treatment [58]. Mini-

mally invasive surgery (MIS) has revolutionized in treatment of atrial fibrillation (AF) that

researches across the world carried out researchers to increase the dexterity in MIS proce-

dures and priority is given to MIS over conventional surgeries because of less discharging

time of the patients and minimal lesion, minimizing trauma specifically for those suffering

from anemia. Lack of haptic (force and tactile) feedback provided to the surgeons is con-

sidered as a major limiting factor in MIS. While catheteriziation, the excessive force could

hurt the damaged tissue, and insufficient force may result in a half-baked treatment[59][60].

Studies have shown that to have by monitoring the changes in the shape of the deflectable

distal shaft of the catheter effective treatment and to avoid tissue perforation maintaining a

stable constant force at the range of 0.1–0.3 N, is necessary [22].

Despite all the benefits offered by MIS, this procedure suffers from one significant re-

striction: the shortage of the force control. Force control falls into force measurement

and force estimation. piezo-resistive [61, 62], Optical[63, 64], piezo-electric[65, 66], and

capacitive[67, 68] materials could provide accurate force feedback in catheterization proce-

dures. To measure the force at the point of contact between the cardiac tissue and surgical

device, a force sensor could be deployed [69], where a miniaturized Piezo Force Sensor was

used to measure the force. Some sensor-less force estimation methods were deployed [70],

where the feasibility of the force estimation was investigated using investigates the feasi-

bility of estimating the force that the catheter tip in touch with the heart tissue. To forecast

the force at the contact point various methods were deployed such as heuristic methods

[45], where a displacement-based viscoelastic model was introduced. Other researchers

proposed that the data on the contact-tissue force can be accumulated from the variations

in the catheter’s position/shape and orientation of the distal, where the contact-tissue force

can be controlled by altering the flexion of the distal shaft [70, 41, 71].
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In comparison, sensor-based techniques provide high accuracy, refresh rate, and re-

sponse time to the surgeons. While model-based approaches are less complicated, more

adaptable, and significantly cheaper, and mainly supply more information about the state

of distributed force and deformation throughout the catheters. Sensor-less methods are

mathematically complicated in simulating the catheters and guide-wires and requiring the

extraction of catheters’ mechanical properties, vessels, and motion of the vasculature dis-

cretization length [22]. The implementation of sensors to obtain the force feedback at

the catheter tip requires miniaturizing the sensor over the cardiovascular catheter. This

may carry barriers to manufacturing the sensors in terms of sizing, MRI compatibility, and

the catheter’s structural flexibility. In contrast with model-based approaches, sensor-based

methods are less dependent on unknown mechanical characteristics such as the catheter’s

stiffness or structure. They can provide fast feedback to the surgeons[72]. It is worth noting

that sensor-embedded catheters’ availability, high cost, and sterilizability are considered the

premiere limitations of sensor-based techniques[73].

1.2.4 Force Estimation: Haptic Cue

Computer-controlled systems that mix discrete and continuous phenomena are known as

haptic interfaces. The force feedback occurs in a distinct virtual area, but the human-

device contact occurs continually. Real or virtual interaction can generate rendered forces

(as in virtual reality simulation). The control and stability difficulties in force feedback

are always the same, regardless of the type of the initially displayed interaction [74]. The

motor driving current is proportional to the force feedback for the most known devices that

adopt impedance like physical systems [75]. It is usually sufficient to utilize open-loop

force control to feedback the force [76]. However, because the rendered forces quality is

strongly impacted by these concerns, actuation and transmission system selection should
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Figure 4: model-based haptic feedback approaches [77]

be carefully considered in the design process to offer low friction, backlash-free, well-

compensated gravity effect master console. Clinical trials have raised serious concerns

regarding the lack of haptic input during robotic operations [78, 79]. For example, Seto et

al. [80] and Smilowitz et al. [21] compared the haptic feedback-free robotic intervention

to blind catheter and guidewire control. Furthermore, the lack of haptic input in robotic

intervention is associated with poor hand-eye coordination [81]. As a result, a surgeon’s

geometric vision of the catheter and vessels is hampered and the excessive contact force

between the catheter and the vascular wall has been linked to a significant risk of emboliza-

tion, perforation, thrombosis, and dissection in studies [49, 82, 23]. Uncertainty concerning

the catheter insertion force and depth has been cited as a reason for robotic treatments be-

ing halted. For example, Rafii-Tari et al. [23] recently discovered that beginner and expe-

rienced interventionists in five frequent robotic interventional procedures had considerably

distinct force-time signatures. They also discovered that the pulling force for beginners

was up to six times greater than for professionals. On the other hand, other studies have
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found that delivering force feedback to a surgeon during simulated aortic cannulation can

reduce the contact force between the catheter and the aorta by up to 76 percent [83].

Sensor-based and model-based also known as direct and sensorless, haptic teleopera-

tion for robotic interventions have been implemented utilizing two unique methodologies.

The haptic forces and torques, also known as haptic feedback, are used in the sensor-based

method. Sensors in the patient module (slave) measure haptic cues, which are then dupli-

cated (rendered) by a haptic device in the surgeon module (master). The haptic stimulation

is calculated using a computer model in the model-based method [34]. (see Fig. 4). In

addition, a mechanical model of the catheter (and guidewire) is frequently included and

an image processing engine for shape sensing and a force/torque estimate module. How-

ever, proximal force/torque and position/orientation inputs are required in the model-based

method to limit the model with correct boundary conditions. Force/torque sensors and po-

sition/orientation encoders are used to receive such feedback. The model formulation and

solution schema dictate which boundary condition is used [49]. Fig. 4 depicts the system

architecture for model-based haptic telerobotic cardiovascular intervention.

The method of reproducing estimated or measured forces for a computer user to ex-

perience the true feeling of an item is known as haptic rendering [34]. The haptic device

is the device with which the user interacts and which forces are created and conveyed to

the user’s hand. As seen in Fig. 4, haptic rendering is achieved using a closed-loop force

control system. Many haptic devices have been proposed for robotic intervention, such as

general-purpose multiple-DOF devices and custom-designed devices.

Six-DOF Phantom devices (3DSystems Inc., SC, US) were among the first systems to

be employed as control and haptic interface for active catheter insertion [84]. Similarly,

catheter insertion forces have been relayed to the surgeon’s hand using Omega haptic de-

vices (Force Dimension, Nyon, Switzerland) [85]. Phantom devices are built as serial
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robotic mechanisms that create torque and force feedbacks using numerous capstan mech-

anisms and separate DC motor current management (one motor per DOF). This architecture

enables this device family to offer a broad kinematic range in working space. However, the

total system rigidity, has been weakened by the serial architecture.

On the other hand, the Omega device is built on a delta-based parallel mechanism that reg-

ulates forces and torques by controlling current on several motors at the same time. The

device’s stiffness has been enhanced, and it has become fundamentally symmetric along the

X, Y, and Z axes. On the other hand, Omega devices have a smaller workspace. Nonethe-

less, within the catheter insertion force range (0-2N), and spatial resolution (0.1 mm) [23],

both devices provide dependable industry-standard solutions for haptic feedback. Both

systems are very well-maintained, and manufacturers provide extensive software devel-

opment kits (SDK). The SDKs allow a designer to operate the device at both high-level

(requiring the least programming abilities) and low-level (requiring greater programming

abilities). Clinicians think that using a pen-like (stylus) interface for robotic intervention,

as employed in the Phantom and Omega systems, is counter-intuitive for surgeons and will

result in lengthier learning curves [58, 80]. As a result, researchers have created intuitive

haptic interfaces to satisfy better clinical needs [86].

For force control and haptic rendering, studies have looked at active, semi-active, and pas-

sive actuation [86]. The type of actuation to use is significantly dependent on the applica-

tion and the required force range. For example, the haptic device can comply freely with

the user (at zero current) or aggressively resist the user’s movements using active actua-

tion, such as DC motors (at the maximum current). Active actuation, on the other hand, is

susceptible to instability, backlash, force inadequacy, and jitter, as well as energy loss [87].

Therefore, the use of semi-active actuation to improve the stability of motor-driven devices

has been proposed. It is accomplished by using a DC motor and a mechanical brake at the

same time. The integrated brake dampens the system’s vibrations and improves stability
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[88]. However, it comes at the cost of a reduced peak force and decreased agility [87, 88].

Haptic rendering is achieved in passive actuation by modulating the resistance to motion,

such as viscous friction on the catheter. Yin et al. [87, 89] used a medium filled with a

magneto-rheologic-fluid (MRF) as the haptic interface. A catheter was inserted into the

medium, and the current in a coil encircling the medium was used to alter the viscosity of

the MRF. As a result, viscous friction on the catheter (resistance to motion) was adjusted

so that the user’s total insertion force equals that measured on the slave side [89]. Never-

theless, the development of haptic interfaces is still in its infancy, and it is expected that the

introduction of wearable haptic solutions will open a new front for a more intuitive haptic

supply for cardiovascular intervention.

1.3 Problem Definition

As mentioned before, during the last five years, robot-assisted cardiovascular intervention

(RCI) systems have been introduced to reduce the health risks for patients and surgeons.

RCI systems typically are teleoperated system with leader-follower system architecture that

have moved the surgeon to a few meters away from the X-ray source. RCI has significantly

reduced the risk factors for surgeons. However, clinicians have identified the lack of force

feedback as its main technological limitation. The objective of this thesis was to develop,

verify, and validate mechatronics technology for real-time accurate and robust haptic feed-

back rendering for RCI systems. The focus of the studies in this thesis was on robot-assisted

catheter ablation procedure which is amongst the most recently adopted RCI procedures.
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1.4 Research Objectives

Since the original motivation of this work was to develop, verify, and validate mechatronics

technology for real-time accurate and robust haptic feedback rendering for RCI systems,

the objectives of this research were categorized into three main groups.

(1) To develop, implement, and validate the force estimation method to estimate contact

force along with the endovascular devices that is accurate with less than 10% full-

scale error within the operational range of contact forces, i.e., 0–0.2 N..

(2) To develop a mechanistic model for tendon-driven ablation catheters to simulate the

deformation of the ablation catheter in contact with atrial tissue that can be solved

fast to perform in real-time, i.e., the minimum refresh rate of 25 Hz.

(3) To develop, implement, and validate an intuitive haptic enabled surgeon module that

shows enhanced stability, robustness, and accuracy in the presence of communication

disruption. It should exhibit a haptic rendering refresh rate of at least 25 Hz and be

accurate with less than 10% error of the desired force.

1.5 Research Scope

(1) Developing a force estimation method for endovascular devices based on training

multiple learning-based models in a learn-from-simulation framework by simulation

dataset of the deformation of the ablation catheter in contact with atrial tissue.

(2) Developing a new mechanistic model i.e., finite arc method (FAM) for tendon-driven

ablation catheters based on mechanics of soft robots.

(3) Developing a novel impedance-based force feedback rendering modality to repre-

sent teleoperated RCI system for experimental validation that can enhance stability,
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robustness, and accuracy in the presence of communication disruption.
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1.7 Thesis Layout

This thesis is prepared in manuscript-based style according to the "Thesis Preparation and

Thesis Examination Regulations for Manuscript-based Thesis" of the School of Graduate

Studies of Concordia University, and consists of the following chapters:

Chapter 2: presents a real-time tip force estimation method based on image-based shape-

sensing and learning-from-simulation is provided. To this end, a generalized image-based

shape-sensing technique for flexural robots was developed using the Bezier spline inter-

polation method. Afterward, the deflection of a commercial catheter subjected to a series
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of tip forces was simulated using nonlinear finite element modeling. Next, two indepen-

dent data-driven models, i.e., artificial neural network (ANN) and support vector regression

(SVR), were trained with a dataset with the Bezier spline control points as the inputs and

tip forces as the output. For validation, the trained models were used for real-time tip force

estimation while the catheter was pressed against porcine atrial tissue. The test was per-

formed using a universal testing machine that recorded the groundtruth contact force. This

chapter is based on a manuscript accepted in the 2021 IEEE International Symposium on

Medical Robotics (ISMR) hosted on the campus of Georgia Tech:

• Amir Sayadi, Hamidreza Nourani, Mohammad Jolaei, Javad Dargahi, and Amir

Hooshiar. Force Estimation on Steerable Catheters through Learning-from-Simulation

with ex-vivo Validation", in The 2021 International Symposium on Medical Robotics

(ISMR) hosted on the campus of Georgia Tech from 17-19 November, Atlanta, USA,

In-press, 2021.

The second and third author of this manuscript assisted in the preparation of the experi-

mental setup and the fifth author was an academic advisor. The contents of this manuscript

were not used by any of the co-authors in their graduate theses.

Chapter 3: presents a new mechanistic model, i.e., finite arc method, for planar soft flex-

ural robots with external driving, e.g., tendon-drive, was proposed and validated. To this

end, first the robot was modeled as a finite number of arcs, each with a constant bending

curvature, hence the name finite arc methods (FAM). Afterwards, using Bezier shape ap-

proximation method, the deformation was parameterized and the kinematics and balance

equations of the robot were derived. To find the deformation of the robot, a sequential

algorithm was proposed. The deformed shape of the catheter was then reconstructed by se-

rially constructing the arcs from the base toward the tip of the flexural robot. This chapter

is based on a manuscript under review in IEEE International Conference on Robotics and

Automation (ICRA), Philadelphia (PA), USA:
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• Amir Sayadi, Javad Dargahi, Renzo Cecere, and Amir Hooshiar. Mechanical Model-

ing and Analytical Solution of Soft Tendon-Driven Robots with Large Deformation:

Finite Arc Method (FAM). In the IEEE International Conference on Robotics and

Automation (ICRA) from 23-27 May, Philadelphia (PA), USA, under review, 2022.

The third and fourth authors of this manuscript contributed as scientific advisors.

Chapter 4: presents an impedance-based force feedback approach was proposed and val-

idated. Initially a fast impedance identification method for estimating the impedance of

cathetervasculature interaction at the slave module of such systems was obtained. Af-

terward, a force feedback approach based on matching the mechanical impedance of the

master module with the identified impedance was implemented. The proposed force con-

trol method was experimentally studied for a robotassisted remote catheter insertion task.

Also, the performance of the proposed method was experimentally compared to the con-

ventional direct force reflection approach. This chapter is based on a manuscript presented

during the 8th International Conference on Control, Mechatronics and Automation (IC-

CMA), Moscow, Russia, IEEE, 2020:

• Amir Sayadi, Amir Hooshiar, Javad Dargahi. Impedance Matching Approach for

Robust Force Feedback Rendering with Application in Robot-assisted Interventions.

In the 8th International Conference on Control, Mechatronics and Automation (IC-

CMA), Moscow, Russia,, pages 18-22, IEEE, 2020 [90].

The second author of this manuscript contributed as an academic advisor.

Chapter 5: This chapter demonstrates the conclusions and proposed extensions for the

future works, which can be carried by referring to the current study.
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Chapter 2

Tip Force Estimation on Soft Flexural
Robots through Shape-sensing and
Simulation-based Training with ex-vivo
Validation

Monitoring and control of the contact force at the tip of soft flexural robots is of high ap-

plication need, e.g., the tip force on radiofrequency ablation (RFA) catheters. In this study,

a real-time tip force estimation method based on image-based shape-sensing and learning-

from-simulation is provided. To this end, a generalized image-based shape-sensing tech-

nique for flexural robots was developed using the Bezier spline interpolation method. Af-

terward, the deflection of a commercial catheter subjected to a series of tip forces was

simulated using nonlinear finite element modeling. Next, two independent data-driven

models, i.e., artificial neural network (ANN) and support vector regression (SVR), were

trained with a dataset with the Bezier spline control points as the inputs and tip forces as

the output. For validation, the trained models were used for real-time tip force estimation

while the catheter was pressed against porcine atrial tissue. The test was performed using

a universal testing machine that recorded the groundtruth contact force. The comparison

showed that the ANN model had a mean-absolute-error of 0.0217 ± 0.0191 N, while the

SVR model exhibited a mean absolute error of 0.0178± 0.0121 N and a correlation coeffi-

cient of 0.991. Moreover, the proposed method showed a minimum computational refresh
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Figure 5: Catheter ablation for atrial fibrillation

rate of 646 Hz (ANN) and 917 Hz (SVR) during the validation experiment. The perfor-

mance of the proposed method was in compliance with the clinical requirements of RFA

therapy.

2.1 Introduction

2.1.1 Background

Cardiac arrhythmia caused by atrial fibrillation (AFib) is one of the most prevalent cardiac

diseases and can result in embolism, myocardial infarction, and death. The catheter abla-

tion approach, e.g., radiofrequency ablation (RFA), cryoablation (CRA), and pulsed-field

ablation (PFA), has become the gold-standard treatment for AFib worldwide [22]. During

the ablation, undesired electrical pulsations within the atrium and around the pulmonary

vein entrance to the atrium are suppressed through atrial ablation. Atrial ablation involves
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degeneration of the atrial tissue through cold or hot burning or through electroporation phe-

nomena. Secondary to ablation, the atrial tissue becomes electrically inert and blocks the

propagation of undesired electrical pulses from pulmonary veins into the atrium.

Atrial ablation is typically performed using manual catheters, however, robotic catheter in-

tervention (RCI) systems have been introduced in the last decade for more precise mapping

and ablation tasks [57, 22]. One of the technical challenges of ablation therapy has been

the inability to precisely control the contact force between the catheter tip and atrial tissue

[58, 22]. To alleviate this limitation, studies have proposed using sensor-equipped catheters

using piezoresistive [69, 94, 46], piezoelectric [65], capacitive [68] and optical-based sen-

sors [64, 95]. Nevertheless, the cost burden, manufacturability, and miniaturization have

limited the adoption of sensor-equipped catheters by clinicians.

As an alternative, the sensor-free approach, especially image-based force estimation based

on shape-sensing, has been proposed in the literature [77]. Such methods typically rely

on a heuristic or mechanistic model of the catheter. The model is solved inversely to find

the unknown tip contact forces using the real-time images of the deflected catheter. In a

series of early studies, Khoshnam et al.[70, 71] showed the feasibility of image-based force

estimation using a heuristic Gaussian mixture model. Their results however were not to the

desired accuracy for clinical validation mainly due to the model insufficiency. In another

study, Back et al.proposed a mechanistic inverse model of the RFA catheter and showed

favorable accuracy in planar in-vitro tests. However, their method relied on tracking fidu-

cial markers on the catheter that might not be possible with X-ray fluoroscopy images. In

recent studies, Jolaei et al.[56, 45, 96] proposed a hybrid learning-mechanistic method for

displacement-based control of contact force on RFA catheters. Their results showed force

control with more than 85% accuracy and 90% repeatability. Nevertheless, the mechanistic

part of their model relied on real-time characterization of atrial tissue that might be prone

to practical difficulty and error. Recently, the author proposed a mechanistic model of the
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