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Abstract

Since the concept of the Concentric-Tube Robot (CTR) was proposed in 2006, CTRs have
been a popular research topic in the field of surgical robotics. The unique mechanical de-
sign of this robot allows it to navigate through narrow channels in the human anatomy and
operate in highly constrained environments. It is therefore likely to become the next gen-
eration of surgical robots to overcome the challenges that cannot be addressed by current
technologies. In CSTAR, we have had ongoing work over the past several years aimed at
developing novel techniques and technologies for CTRs. This thesis describes the contri-
butions made in this context, focusing primarily on topics such as modeling, sensorization,
and control of CTRs. Prior to this work, one of the main challenges in CTRs was to
develop a kinematic model that achieves a balance between the numerical accuracy and
computational efficiency for surgical applications. In this thesis, a fast kinematic model of
CTRs is proposed, which can be solved at a comparatively fast rate (0.2 ms) with minimal
loss of accuracy (0.1 mm) for a 3-tube CTR. A Jacobian matrix is derived based on this
model, leading to the development of a real-time trajectory tracking controller for CTRs.
For tissue-robot interactions, a force-rejection controller is proposed for position control
of CTRs under time-varying force disturbances. In contrast to rigid-link robots, instability
of position control could be caused by non-unique solutions to the forward kinematics of
CTRs. This phenomenon is modeled and analyzed, resulting in design criteria that can
ensure kinematic stability of a CTR in its entire workspace. Force sensing is another ma-
jor difficulty for CTRs. To address this issue, commercial force/torque sensors (Nano43,
ATT Industrial Automation, United States) are integrated into one of our CTR prototypes.
These force/torque sensors are replaced by Fiber-Bragg Grating (FBG) sensors that are
helically-wrapped and embedded in CTRs. A strain-force calculation algorithm is pro-
posed, to convert the reflected wavelength of FBGs into force measurements with 0.1 N
force resolution at 100 Hz sampling rate. In addition, this thesis reports on our innovations

in prototyping drive units for CTRs. Three designs of CTR prototypes are proposed, the
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latest one being significantly more compact and cost efficient in comparison with most de-
signs in the literature. All of these contributions have brought this technology a few steps
closer to being used in operating rooms. Some of the techniques and technologies men-
tioned above are not merely limited to CTRs, but are also suitable for problems arising in
other types of surgical robots, for example, for sensorizing da Vinci surgical instruments

for force sensing (see Appendix A).

KEYWORDS: Concentric-Tube Robots, Continuum Robotics, Kinematic Modeling, Kine-
matic Instability, Force and Shape Sensing, Torsion Sensing, Fiber-Bragg Grating Sensors,
Helically-Wrapped FBG Sensors, Position Control of Continuum Robots, Force Control of

Continuum Robots, Swiss-Type Micro Engraving.

1l



Dedicated to:
Yang (Paula) Cheng

v



Statement of Co-Authorship

IEEE copyrighted material in this thesis is used with the permission of the IEEE. The IEEE
requires the following statement to be included as part of this permission: The IEEE does
not endorse any of Western University’s products or services. Internal or personal use
of this material is permitted. If interested in reprinting or republishing IEEE copyrighted
material for advertising or promotional purposes or for creating new collective works for
resale or redistribution, please go to IEEE website to learn how to obtain a License from
RightsLink.

Some material in the thesis has been published in peer-reviewed journal and conference
papers, or is under preparation for publication. My colleagues, Aaron Yurkewich, Dr. Ali
Asadian, Anish Naidu, Abelardo Escoto, Chris Ward and Farokh Atashzar have also served

as co-authors in some of these papers.

Chapter 3: A Fast Torsionally Compliant Kinematic Model of Concentric-Tube Robots

* R. Xu and R.V. Patel, A fast torsionally compliant kinematic model of concentric-
tube robots, in 2012 Annual International Conference of the IEEE Engineering in
Medicine and Biology Society. IEEE, 2012, pp. 904-907.

- Ran Xu - Proposed this project; derived the kinematic model; designed the experi-

mental setup; evaluated the proposed model in experiments.

Chapter 4: Position Control of Concentric-Tube Continuum Robots using a Modified Jaco-

bian Based Approach.

e R. Xu, A. Asadian, A.S. Naidu, and R.V. Patel, Position control of concentric-tube
continuum robots using a modified Jacobian-based approach, in Proc. IEEE Int.
Conf. Robot. Autom. IEEE, 2013, pp. 5813-5818.

- Ran Xu - Proposed this project; derived the kinematic model and its Jacobian; im-
plemented the model and controller in MATLAB code; designed and heat treated the
tubes used in the experiments; helped with the drive unit design; performed experi-

ments and analyzed the results; prepared the majority of the first draft.



- Ali Asadian - Developed the real-time control software; helped with running experi-

ments; drafted the introduction section; reviewed and edited the manuscript.

- Anish Naidu - Designed the drive unit; machined and assembled the robotic setup;

machined the molds for tube shaping.

Chapter 5: Kinematic Instability in Concentric-Tube Robots: Modeling and Analysis

* R. Xu, S.F. Atashzar, and R.V. Patel, Kinematic instability in concentric-tube robots:
modeling and analysis, in Proc. IEEE RAS/EMBS Int. Conf. on Biomed. Rob.
Biomech. IEEE, 2014, pp. 163-168.

- Ran Xu - Proposed this project; modeled the kinematic instability of CTRs; derived
the stability conditions and design criteria for CTRs; performed the simulations and

analyzed the results; prepared the the first draft.

- Farokh Atashzar - Contributed ideas in several steps of the mathematical derivation;

helped with preparing the manuscript.

Chapter 6: Real-time Trajectory Tracking for Externally Loaded Concentric-tube Robots

R. Xu, A. Asadian, S.F. Atashzar, and R.V. Patel, Real-time trajectory tracking for
externally loaded concentric-tube robots, in Proc. IEEE Int. Conf. Robot. Autom.,
2014, pp. 4374-4379.

- Ran Xu - Proposed this project; derived the loaded kinematic model; integrated
force/torque sensors into the CTRs; performed the sensor calibration; performed
the simulations, experiments and analyzed the results; helped with completing the

force-rejection controller; helped with preparing the manuscript.

- Ali Asadian - Prepared the first draft of the manuscript; helped with running experi-

ments; reviewed and edited the final manuscript.

- Farokh Atashzar - developed the first version of the force-rejection controller; helped

with sensor calibration and experiments; helped with preparing the manuscript.

Chapter 7: FBG Sensing in Continuum Robots

vi



R. Xu, A. Yurkewich, and R.V. Patel, Curvature, torsion, and force sensing in con-
tinuum robots using helically wrapped fbg sensors, IEEE Robotics and Automation
Letters, vol. 1, no. 2, pp. 1052-1059, 2016.

R. Xu, A. Yurkewich, and R.V. Patel, Shape sensing for torsionally compliant con-
centric tube robots, in SPIE BiOS. International Society for Optics and Photonics,
2016, pp. 97 020V-97 020V.

Ran Xu - Proposed the design of helically-wrapped FBG sensors; derived the strain-
force model; installed the sensors manually; performed experiments and analyzed
the results; prepared the first draft; helped with the development of the Swiss-type

micro engraver.

Aaron Yurkewich - Developed the Swiss-type micro engraver; installed the sensors
manually; helped with building the experimental setup; helped with most of the ex-

periments; helped with preparing the manuscript.

vil



Acknowledgment

First and foremost, I would like to express my sincere gratitude to my supervisor, Dr. Rajni
V. Patel, for his support, guidance and encouragement over the past few years. I have been
so fortune to pursue my Ph.D. at CSTAR, a one-of-a-kind research lab equipped with state-
of-the-art facilities and equipment, which was established by the remarkable efforts of Dr.
Patel. Since my first day here, he has treated me with incredible patience to allow me to
gradually grow into a strong researcher and engineer. He has provided constant support
throughout all of my research. There are countless times that he has sat down to discuss the
future directions of my work, brainstormed creative solutions, and even helped me polish
the grammar in my writing. He has been great at achieving the perfect balance between
giving me freedom and supervision, which has allowed me to pursue my own interests and
develop unique strengths, while still providing guidance. I could not have asked for a better

supervisor.

It has been a blessing for me to receive support from so many truly kind and talented people
during my Ph.D. I am grateful to my previous supervisor, Dr. Max Meng, who introduced
me to Dr. Patel and has continuously shared his wisdom and given help whenever I asked.
My thanks also go out to the members of our research group in CSTAR: Dr. Mahdi Azizian,
Dr. Ali Asadian, Dr. Iman Khalaji, Chris Ward, Abelardo Escoto, Dr. Farokh Atashzar,
as well as others who have been associated with work at CSTAR, namely Chris Vandelaar,
Anish Naidu, Wesley Johnson, Tom Grainger, Marko Mikic, and Scott Good. It has been
a great pleasure to work with them and I really appreciate all the help they have provided.
I would like to extend my special thanks to my dear friends, Aaron Yurkewich and Kaspar
Shahzada. They helped me move forward and find my path during the most difficult time
of my Ph.D., which I will always remember as I proceed in my future career and personal

life.

I am deeply indebted to my family for their incredible patience and support. My parents

Ying Zhu, and Lijiang Xu, taught me by example, built my confidence, and motivated me

viil



to become the best I could be. They never stopped believing in me and have always been
there to offer help whenever I needed it. Finally, I want to express my sincere gratitude to
my wife, the lovely Yang (Paula) Cheng, the one I have not stopped thinking about since
I first saw her. She has been a source of love and caring, keeping me focussed on what
is important, yet reminding me of the beautiful things in life. It is impossible to properly
acknowledge in words what she means to me and for everything that she has given me. A
new chapter has started and I cannot wait to make it the best for us. This thesis is dedicated

to her with the utmost gratitude and love.

X



Sources of Funding

This research was supported in part by the Natural Sciences and Engineering Research
Council (NSERC) of Canada under Grant RGPIN1345, in part by an NSERC Collabo-
rative Research and Training Experience (CREATE) program Grant #371322-2009 on
Computer-Assisted Medical Interventions (CAMI), and in part by the Canada Research
Chairs Program and a Canada Foundation for Innovation grant. All of these grants were
awarded to Dr. R.V. Patel. The work of R. Xu was supported by a postgraduate scholarship
from the China Scholarship Council (CSC) of the People’s Republic of China.



Table of Contents

Abstract ii
Statement of Co-Authorship \4
Acknowledgment viii
Sources of Funding X
List of Tables Xvii
List of Figures Xix
Nomenclature XXX
1 Introduction 1
1.1 A Brief Overview of Concentric-Tube Robots . . . . . . . .. . ... ... 1

1.2 Modeling, Sensing and Control of CTRs . . . . . . . ... ... ... ... 3
1.2.1 Modeling . . . .. ... 5

1.2.2  Sensing . . . . . . . .. e 10

1.2.3 Control . . . . . . . . e 13

1.3 Remarks . . . . . . . . . e, 17

X1



1.4 Thesis Outline and Contributions . . . . . . . . . . . . . .. ... . .... 19

Bibliography . . . . . . .. L 22
Custom Built Experimental Setups 30
2.1 Tube Shaping Setup . . . . . . . . . ... 31
2.2 Tube Engraving Setup . . . . . . . . . . . 33
2.3 A Custom-built CTR for Needle Insertion Applications . . . . .. ... .. 36
2.4 A Custom-Built CTR for Teleoperated Manipulation . . . ... ... ... 38
2.5 A Low-Costand Compact CTR Design . . . ... ... .......... 41
Bibliography . . . . . . . . .. 44

A Fast Torsionally Compliant Kinematic Model of Concentric-Tube Robots 46

3.1 Introduction . . . . . . . . ... 47
3.2 Kinematic Model . . . .. ... ... 49
32,1 CosseratRod . . . . . ... . 49
3.2.2 Torsionally Compliant Model . . . .. .. ... ... ... .... 51
3.2.3 Fast Torsionally Compliant Model . . . . . . .. ... ... .... 52
33 Experiments . . . . . . . .. ... e e e 54
34 Conclusion . . . . ... 57
Bibliography . . . . . . . . .. 57

Position Control of Concentric-Tube Continuum Robots using a Modified
Jacobian-Based Approach 60

4.1 Introduction and Prior Work . . . . . . . . . . . . ... ... ... ... 61

4.2 A Modified Jacobian-Based Strategy For Position
Control . . . . . .. e 64

Xii



4.2.1 A Fast Torsionally Compliant Model . . . . . . ... .. ... ... 64

4.2.2  Jacobian Derivation for the Concentric-Tube Robots . . . . . . .. 66
4.2.3 The Multi-Step Jacobian Method . . . . . . . . ... .. ... ... 69
4.3 Simulation Study . . . . ... 71
4.4 Experimental Validation . . ... ... ... ... ............. 75
44.1 SetupDescription. . . . . . ... ... 75
442 ExperimentsandResults . . . . ... ... ... ... ...... 76
4.5 Conclusion . . . . ... L 79
Bibliography . . . . . . ... 79

Kinematic Instability in Concentric-Tube Robots: Modeling and Analysis 82

5.1

5.2

5.3

54

5.5

Introduction . . . . . . . ... 83
Kinematic Stability Condition for Two Concentric Tubes . . . . . . . . .. 86
5.2.1 Kinematic Model for Concentric-Tube Robots . . . . . . . .. .. 87

5.2.2 Kinematic Stability Condition for Two-Tube Robots without
Straight Parts . . . . . . ... ... ... ... 88

5.2.3 Kinematic Stability Condition for Two-Tube Robots including Straight

Kinematic Stability Condition for Three or More Concentric Tubes . . . . . 94

5.3.1 Kinematic Stability Condition for Three-Tube Robots without Straight

5.3.2 Kinematic Stability Condition for Three-Tube Robots including

Straight Parts . . . . . . . ... .. 99
5.3.3 Extension to Multiple Tubes . . . . . ... ... ... . ...... 101
Simulation Validation . . . . . . . . .. .. . L L oo 102
Conclusions . . . . . . . . . . L 106



Bibliography . . . . . . . . . 106

Real-time Trajectory Tracking for Externally-Loaded Concentric-Tube Robots109

6.1 Introduction . . . . . . . . .. L 110
6.2 Forward Kinematics and Jacobian in the Presence of an External Point Load 113
6.2.1  Fast Torsionally Compliant Model for the Loaded Robot . . . . . . 113
6.2.2 A Modified Jacobian for the Loaded Robot . . . . . . ... .. .. 117
6.3 The Effect of External Loading and a Dual-Layer Control Approach . . . . 118
6.3.1 The Inner ControlLoop . . . ... .. ... ... .. ....... 118
6.3.2 The Outer Control Loop . . . . . ... ... ... ... ...... 121
6.4 Simulation Study: Trajectory Tracking in the Presence of a Tip Load . . . . 122
6.5 Experimental Study . . . . . ... .. ... 125
6.5.1 SetupDescription. . . . . . ... ... 125
6.5.2 Experimental Results . . . . .. ... ... ... .. ....... 126
Bibliography . . . . . . . . .. 129
FBG Sensing in Continuum Robots 132
7.1 Introduction . . . . . . . ... 134
7.2 Design of Helically-Wrapped FBG Sensor . . . . . .. ... ... ..... 136
7.2.1 Selectionof FBG Sensors . . . . . ... ... ... ... 137
7.2.2  Curvature-Strain Model for Helical FBG sensors . . . . . . .. .. 137
7.2.3  FBG Sensors under Uneven Strain Distribution . . . . . . ... .. 142
7.2.4  Force-Curvature Model of a Single Super-Elastic Tube . . . . . . . 144
7.2.5 Strain-Force Calculation . . . . . ... ... ... .. ... .... 146
7.3 Engraving Helical Grooves on Super-elastic Nitinol Tubes . . . . .. . .. 147

Xiv



7.4 Experimental Validation on a Single Tube . . . . . ... ... ... ... .. 150

7.4.1 Validation on Straight Tubes . . . . . . .. ... ... ... .... 151

7.4.2  Validation on Curved Continuum Robots . . . . . . .. ... ... 153

7.5 Design of a Sensorized Concentric-Tube Robot . . . . . .. ... ... .. 161
7.5.1 Design and Fabrication of a Sensorized Tube Assembly . . . . . . . 161

7.5.2 Experimental Validation on a Concentric-Tube Robot . . . . . . . . 164

7.5.3 Resultsand Discussion . . . . . . ... ... ... .. ... ... 165

7.6 3D Force Sensing in Pre-curved Continuum Robots . . . . . . .. ... .. 167
7.6.1 An Alternative Method for Strain-Force Calculation . . . .. . .. 168

7.6.2 Multi-Plane 2D Force Sensing . . . . . . ... ... ... ..... 171

7.6.3 Robot Design for Optimal 3D Force Sensing . . . . . . ... ... 174

7.7 Conclusions . . . . . . ..o 181
Bibliography . . . . . . . . L 182

8 Conclusion and Future Work 186
8.1 ConcludingRemarks . . . . ... ... ... ... ... ... 186

8.2 Suggested Future Work . . . . . . ... . L L oo 190
8.2.1 Modeling and Control . . . . . . ... .. ... ... ....... 190

8.2.2 Technological Improvements . . . . . . ... ... ... ...... 191

8.2.3 Clinical Applications . . . . . . .. .. ... ... ... 194
Bibliography . . . . . . . . . 195
Appendices 197

XV



A Sensorization of a Surgical Robotic Instrument for Force Sensing 197

A.l Introduction . . . . . . . . . . .. 198
A.2 Design of the Sensorized Surgical Instrument . . . . . . ... ... .... 199
A.2.1 Two Cross-Section Design . . . . . . .. ... ... ........ 200
A.2.2 Force-StrainModel . . . . .. ... ... L. 201

A.3 Experimental Validation of the Sensorized Surgical Instrument . . . . . . . 203
A.3.1 Experimental Setup . . . . . ... ... ... ... ... ... 204
A32 Calibration . . . . . ... .. 204
A33 Evaluation . ... ... ... ... 205

A.4 Experimental Evaluation in Surgical Tasks . . . . . ... ... ... .. .. 207
A4.1 Surgical Task Setup . . . . . . .. ... .. 207
A4.2 Evaluation . .. ... ... 208

A.5 A Method for Installing FBG Sensors inside Surgical Robotic Instruments . 211
A.5.1 Materialsand Methods . . . . . . ... ... oL 213
AS52 Results . ... ... 214

A6 Conclusion . . . . . .. .. 216
Bibliography . . . . . . . . 217
B Mathematical Derivations for Chapter 5 222

XVi



List of Tables

3.1

3.2

33

4.1

4.2

5.1

5.2

6.1

6.2

6.3

7.1

7.2

7.3

7.4

7.5

7.6

Nomenclature . . . . . . . . . . . e 47
Parameters of Four Tube Pairs . . . . . . . . . . .. . ... ... ..... 55
Position Errors of Four Tube Pairs (mm) . . . . . . .. ... ... ..... 56
Nomenclature . . . . . . . . . . . 61
Parameters of the Tubes for Simulations . . . . . . . . .. ... ... ... 73
Nomenclature . . . . . . . . . . . e, 84
Parameters of Concentric-Tube Robots . . . . . . . . . .. ... ... ... 102
Nomenclature I . . . . . . . . . . . . 110
Nomenclature IT . . . . . . . . . . . . . . 111
Parameters of the Two-Tube Robot . . . . . . . . .. . .. .. ... .... 123
Nomenclature I . . . . . . . . . . . . 133
Nomenclature IT . . . . . . . . . . . . . . . 134
Parameters of the Helically-Wrapped FBG Sensors . . . . . . .. ... .. 154
Errors in Curvature and Torsion Measurements . . . . . . . . . . . . ... 158
Errors in Force Measurements . . . . . . . . . . o v v v v 161
Parameters of the Tubes for Simulation Studies . . . . . . ... ... ... 172

Xvil



A.1 Calibrated Parameters

Xviii



List of Figures

1.1

1.2

1.3

(a) Demonstration of the concept of a CTR [1] (© 2010 IEEE). (b) A 3-tube
CTR [2] (© 2009 IEEE). (c) A CTR with an micro-grasper attached at the
tip [SI(©20121IEEE). . . . . . . . . . . . .

Beating-heart intracardiac steerable needle surgery. (a) Steerable needle
enters internal jugular vein in the neck and navigates through the vascula-
ture into the right atrium. (b) Right atrium view of a 5 DOF manipulator
portion of a needle. Arrows mark the patent foramen ovale (PFO) channel
allowing abnormal blood flow from the right to left atrium. Surgery is to
seal this channel. (c) Steerable needle robot consisting of three telescop-
ing sections. (d) Magnified view of a metal-MEMS tissue approximation
device delivered through the lumen of the steerable needle. (e) Teleoper-
ated robot control inside the beating heart is guided by 3D ultrasound. (f)
Postmortem view of sealed porcine PFO channel [17] (© 2012 IEEE). . . .

Demonstration of a CTR extending the tool channel of a brochoscope. (a,
b) A robot that combines bronchoscope, CTR, and bevel steered needle. (c)
steps in deployment involve: (1) deploying the bronchoscope (2) deploy-
ing the CTR to the bronchial wall, puncturing through it, and entering the
parenchyma, and (3) steering the bevel-tip needle to the target under closed-
loop control [18] (© 2015 IEEE). (d, e) Simulation of a single concentric
tube robot reaching two pre-specified clinical targets in the bronchial tubes
of a human lung [S] (© 2012IEEE). . . . . . ... ... ... .......

Xix

4



1.4 Robot-assisted ICH evacuation prototype setup. (a) The robot is positioned

1.5

1.6

1.7

1.8

1.9

and held in place with a passive articulated arm. The aspirator is attached
to the aspiration cannula that enters the brain through a trajectory guide
attached to the skull. A reference frame is rigidly attached to the robot for
optical tracking. (b) The active cannula deployed to the clot and the aspira-
tion tube used to debulk the clot. (c) Blood clot is shown prior to beginning
the experiment, (d) progress midway through the removal experiment, and
(e) the same area after aspiration [13] (© 2013 IEEE). . . . . . . .. .. ..

An illustration of the robotic system for HOLEP. The surgeon is able to po-
sition and angle the endoscope while simultaneously controlling two CTRs
that extend from its tip. (a, b) The CAD design of the robotic surgical setup.
(c) Distal end of the actual CTRs and endoscope [15] (© 2014 IEEE).

Effect of torsional twisting when two curved tubes are combined. Tube
coordinate frames are denoted by F;(s). The relative z-axis twist angle be-
tween frames a(s) varies from a maximum «(0) at the base to a minimum
a(L) at the tip. The central angles [3; are proportional to the precurvature
and to the tube length L [1] (© 2010 IEEE). . . . . . . . ... ... .. ..

Snapping analysis through video tip tracking [32]. Green marks (left)
show the traced distal end of an unstable tube pair that snaps at a certain
point, and red marks (right) show the traced distal end of a stable tube pair
(©O20141IEEE). . . . . . . e

Contour plots of the energy landscape as the angular difference between the
tube bases is increased. Angular difference between the base inputs of the
two tubes is listed in the upper right corner of each plot. For small angular
differences, there is only one global minimum. As the angular difference
approaches 180°, two appear. Beyond 180°, the new minimum becomes

the global minimum, and eventually the only minimum [2] (© 2009 IEEE).

Continuum robot inserted inside a porcine heart. (a) Experimental set
up; (b) 3D ultrasound image showing both the left atrium and the curved
robot [39] (© 2012 1IEEE). . . . . . . . . .. . ... ..

7

9

1.10 Schematic of wire braided polymer tube with surface mounted optical fibers [44]

(©20141EEE). . . . . . . . . e

XX

12



1.11

1.12

1.13

1.14

2.1

The unilateral control block diagram of a teleoperated CTR; 6#; and [; are
the joint space variables of the i" tube [1] (© 2010 IEEE). . . . . ... ..

The control block diagram of the closed-loop system. The inequality con-
straints on the joint space variables C'(q) < b are converted into equal con-
strains C'(§) = b, then applied to the inverse kinematic control algorithm.
D and D, are positive definite diagonal matrices, J, is the augmented con-
straints Jacobian matrix and (log g)¥ returns the 6D vector representation
of g [SI](©20141IEEE). . . . . . . . .. ... .

(a) Simulation of a CTR in a neurosurgery environment executing the mo-
tion plan that calculated from the proposed sampling-based approach based
on the Rapidly-Exploring Roadmap. The robot is inserted through the nos-
tril and guided toward the pituitary gland (highlighted in green) in the skull
base while avoiding skin, bone, blood vessels, and healthy brain tissue. (b,
¢, d, e) Simulation of a CTR in four different spherical obstacle environ-
ment [S4] (© 2011 1IEEE). . . . .. ... ... ... ... ... ...

(a) Block diagram of the stiffness controller. (b) Continuum robot repre-
sented as a space curve (solid line). W is world coordinate frame, while
B,P, T, and T are robot body frames. T and T are tip frames without and
with the application of tip wrench F', respectively. Coordinate transforma-
tions are denoted by gy, g;;, and g;,. (c) Robot in contact with environment.
The stiffness controller implements a virtual linear spring at the robots tip.
Desired actuator positions are such that when robot is deflected from un-
loaded tip configuration T to configuration 7', the desired tip spring force
is generated, and the desired tip orientation is achieved [23] (© 2011 IEEE).

Molds used for shaping Nitinol tubes. From left to right, they are made of
a half inch aluminum plate, two 1/4 inch low-carbon steel sheets (lid and
the bottom pieces), and a half inch low-carbon steel plate. (a) Top view of
the three molds (b) Side view of the three molds. . . . . . . ... ... ..

XXi

15

18



22

2.3

24

2.5

2.6

2.7

3.1

3.2

33

4.1

4.2

(a) A commercially available Swiss-type CNC lathe, Citizen-Cincom K16
(Marubeni Citizen-Cincom Inc., United States). (b) A view of the ma-
chine’s full size. (c, d) The CAD design of our desktop micro-engraver (e)
The actual setup of the developed desktop micro-engraver. The machining
process can be monitored using a microscope through the viewing window
onthe supportblock. . . . .. . ... ... L 34

(a, b) The CAD design of a 6DOF CTR drive unit using high precision
linear and rotary stages. The parts in grey are commercial products and the
rest of the parts are custom built. (c) The actual robotic setup using two

linear and two rotary stages. . . . . . . . .. ... 36

(a) The CAD design of the CTR drive unit for teleoperated operations. The
components in grey are commercial products and the ones in purple are
custom designed parts. (b) The CAD model except for the linear stages (c,
d) Side view and front view of the actual 6 DOF robotic setup controlled
by a haptic device (Touch X, Geomagic, United States). . . . . . . ... .. 39

(a, b) A side-by-side view of the actual and virtual robot, which was pro-
grammed using the Virtual Reality Modeling Language (VRML) in Simulink.

(c) The developed CTR prototype in a positioning task controlled by a hap-

tic device. (d) The developed CTR prototype in a surface pattern tracking

task. . ..o e 40

CAD design of a low-cost and compact CTR drive unit. (a) View of the

main components of the proposed drive unit. (b) View of the overall robot. . 42

Assembly of the third prototype of CTR drive unit (except for the outer case) 43

Cosseratrod . . . . . . . . . .. e 49
Body frames of tubeiand the Ist. . . . ... ... ... .......... 50
Experimental setup for evaluating kinematic model. . . . . . . . . ... .. 56
(a) Cosserat beam (b) cross section of a concentric-tube robot showing co-

ordinate frames associated with the 1% and the i tubes. . . . . . ... . .. 64

Links and sub-links of a concentric-tube robot. . . . . . . . ... ... .. 67

Xxil



4.3 Function approximation using a multi-step approach. . . . . . .. ... .. 70

4.4  The relationship between boundary conditions: u;, (L) with respect to u;. (0)
as a function of the rotation angle in a two-tube robot. . . . . . . . . .. .. 72

4.5 Trajectory tracking using (a) two-tube (blue:outer tube, green: inner tube)
(b) three-tube concentric-tube robots (blue:outer tube, green: middle tube,

red: innertube). . . . . . .. 74

4.6 Trajectory tracking using conventional Jacobian and modified multi-step

Jacobian approach in the two-tuberobot. . . . . . .. ..o 74
4.7 Our concentric-tube robot setup. . . . . . . . . .. ... 76

4.8 Desired and experimental trajectories in XY, XZ, and YZ planes (linear
trajectory, final tip position = [41.59 37.51 —0.31]7 mm). . . . ... ... 77

4.9 Desired and experimental trajectories in XY, XZ, and YZ planes (sinusoidal
motion, final tip position = [—0.02 18.76 — 1.12)T mm).. . ... ... .. 78

4.10 Desired and experimental trajectories in 3D (final tip position = [2.329 47.79 19.65]
mm, final desired position=[0 50 20| mm). . . . ... .. ... ..... 78

5.1 Demonstration of the possible multiple solutions for two tubes with a straight
section. The blue and red arrows represent the rotational angles of the two
tubes at that location. . . . . . . .. .. ... .. .. ... ... .. 93

5.2 Simulation results for a two-tube robot with straight sections. Note that a
large number of different [; were tested in the program, only a few of them
were plotted here. (a) position of the robot tip in X direction; (b) magnified
view of (a) around the snapping area; (c) position of the robot tip in Y
direction; (d) magnified view of (c) around the snapping area. X and Y
axes are defined inFig. 5.1 . . . . ... ... ... ... ... .. 103

5.3 Tip position (in Y direction) of a three-tube robot without straight parts.
Note that a large number of different ;93 were tested in program, only a

few of them were plotted here. . . . . . .. ... ... ... ........ 105

xxiii



54

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

7.1

7.2

Tip position (in Y direction) of a three-tube robot with straight parts. Note
that a large number of different /; were tested in the program, only a few

of them were plotted here. . . . . . .. ... ... ... ... ....... 105

(a) A loaded concentric-tube robot consisting of ¢ links or tubes each of
which is composed of p sub-links [3]; (b) the robot’s cross section showing

coordinate frames associated with the 1% and the j® tubes [9]. . . . .. .. 115
Control block diagram for the proposed tracking algorithm. . . . . . . . .. 121

Simulation of the tip position X = [X, X, X,]” tracking using four con-
trol strategies: (a) unloaded Jacobian, (b) loaded Jacobian .J, (c) loaded

Jacobian J plus Awtal, and (d) the dual-layer approach. . . . . .. ... .. 123

Simulation of the tip deflection: comparison between the total deflection

and the Jacobian-related component. . . . . . . .. .. ... oL, 124
A view of our concentric-tube robotic system. . . . . ... ... ... .. 125

Model validation: comparison between measured and predicted tip posi-

tions using loaded and unloaded schemes. . . . . . .. ... ... ..... 127
Regulation using the inverse unloaded Jacobian approach [3]. . . . . . . .. 127
Regulation using the proposed dual-layer control approach. . . . . . . . .. 128

Estimated tip force components during trajectory tracking using the pro-

posed dual-layer control approach F,,, = [F, F, F.]*. ... ... ... .. 128

Tip tracking error using the proposed dual-layer control approach. . . . . . 128

Demonstration of the curvature-strain model for helical-wrapped FBG sen-
SOTS. Ky 18 the curvature vector commonly used for representing the bend-
ing radius and the direction of bending. u,, is the curvature vector used
for deriving the curvature-strain model presented in this work. Note that
Nugyl| = [|Kayll = Roe - - - o o o oo 138

(a) The dashed lines are the strain values calculated from the previous
model in subsection 7.2.2; the solid lines are from the new model; (b) the

time-varing force that applied at the tip of therobot. . . . . . . . . ... .. 143

XXiv



7.3

7.4

7.5

7.6

7.7

7.8

7.9

Signal flow digram for Strain-Force Calculation. The boundary conditions
in red blocks are the inputs of the model chain. One of the outputs of this

calculation is the tip force measurement (the blue block). . . . . . ... ..

(a) The CAD model of the engraving system. (b) A magnified view of the
support block. (c) The 3D-printed support block. (d) The actual customized

ENgraving SySteIm. . . . . . . . . ..o e e e e e e e e e e e

(a) Experimental setup for straight-tube torsion validation. (b) Magnified
view of fiber embedded in grooved tube. (c) Experimental setup for pre-
curved tube analyses. The robot base denoted (X, Y}.), and is rotated —45°
with respect to the world frame (X, Y,,). (d) Magnified view of the pre-

curved tube with helical grooves. . . . . . . .. .. ... ... ...,

The torsion measurements (blue) when the motorized stage rotates in a
clockwise direction (a) and a counter-clockwise direction (b). The red lines

are the linear best-fit to the measurementdata. . . . . . . . . . .. ... ..

(a) Demonstration of the effects of increased bending on the distortion of
the FBG sensor output signal. (b) An example of a reflected spectrum with
peak distortion. (c) Comparison between the noise from a 1 mm FBG (blue
line) and a5 mm FBG (red line). . . . . . . ... ... ... ... .....

The solid lines are the wavelengths reflected from three FBG sensors that
are helically-embedded in a curved tube. The wavelength output of each
FBG was biased at the beginning of the test. The dashed lines are the corre-
sponding values from the force-curvature-strain model using the calibrated

parameters listed in Table 7.3. . . . . . . ... .. ... ... . ... ...

The solid lines represent the measured curvature and torsion values using
helically-wrapped FBG sensors. The dashed lines are the theoretical val-
ues calculated from the model described in subsection 7.2.4. (a) plots the
measured and theoretical values of (u, — ,) under a series of loading; (b)

and (c) display (u, — 1) and (u, — ), respectively. . . . ... ... ...

XXV

147

156



7.10

7.11

7.12

7.13

7.14
7.15
7.16

7.17

7.18

7.19

Demonstration of the accuracy and repeatability in bending curvature and
torsion measurement. A weight of 100 g was used at the distal tip of the
pre-curved Nitinol tube for (a), (b) and (c). A weight of 50 g was used for
(d), (e), and (f). The red, blue, and green solid lines are the measurements
of u,, ag, and 7, divided by the theoretical value. A ratio of 1 between the

measured and theoretical value is denoted by a dashed line. . . . . . . ..

Demonstration of the resolution in bending curvature and torsion measure-
ments. The pre-curved Nitinol tube was positioned at 45° relative to gravity
and weights of 120 g, 130 g, 135 g, 137 g, and 138 g were suspended at
the tip in (a), (b) and (c). Weights of 70 g, 100 g, 120 g, and 137 g were
used for (d), (e), and (f). The red and blue lines show the measured bending
curvatures, u,, 1/Ry,. The green lines show the measured torsion, 7. The

yellow line denotes the mean value at each incremental load over 5 seconds.

The red lines represent the amount of gravity force applied at the tube tip
while the motorized stage rotates a full revolution. The blue lines are the
force measurements in the direction of gravity (F) while the green lines

are the force measurements in the other direction (£7). . . . ... ... ..

Two set of weights were put on the tube tip to test the resolution of the
proposed force sensing technolgoy. In (a), the weights are 120g, 130g,
135g, 137g, 138g. In (b), the weights are 70g, 80g, 85g, 87g, 88g. The
blue lines are the measured forces using FBG sensors and the red lines are

the theoretical gravity values. . . . . . ... ... ... ... ........
Demonstration of the design concept of a sensorized concentric-tube robot.

The sensorized tube assembly and components. . . . . . . ... ... ...
[llustration of the sensitivity of the sensorized CTR in force sensing

(a) The experimental setup for force sensing calibration and validation; (b)

vertical loading senario; (c) horizontal loading scenario. . . . . . . . .. ..

The wavelength output when the inner tube translates relative to the outer
tube (biased at the beginning). . . . . . . .. .. ... ... .. ...

Comparision of the theoretical force values (red) and the measured force

values from the sensorized CTR (blue). . . .. . .. ... ... .. ....

XX Vi

159

162
163

. 164



7.20

7.21

7.22

7.23

7.24

7.25

7.26

7.27

Comparision of the force values measured using Nano17 (red) and the sen-
sorized CTR (blue). . . . . . . . . . . . . . . . .

Signal flow diagram for two strain-force calculation methods. (a) Previous
strain-force calculation method. (b) Alternative Strain-force calculation
method. The red blocks represent the inputs of these calculations and the

blue ones are outputs. . . . . . ..o

Demonstration of the performances of the two proposed strain-force calcu-
lation methods with and without added noise. (a) The signal flow of the
simulations. (b) The strain values of the FBG sensors when the robot is
under load. (c) Force measurements using these strain-force calculation

methods developed. . . . . . . . ... ... ...

Lateral and axial forces for straight robotic tools (a) and pre-curved robotic
tools (b). . . . . . . e

Three examples of unobservable forces. In these cases, the force vector
cannot be decoupled into two elements by using strain sensors on a single

CIOSS-SECHION. . . .+ © v v v e o e e e e e e

Simulation studies for 3D force sensing, using curvature measurements of
two sensorized cross-sections. (a) Simulation signal flow. (b, ¢, d) Simula-
tion results when the noise level is zero. (e, f, g) Simulation results when
the noise level is around 2% of the curvature signals. (d, g) Condition num-
bers of Jox in Eq. (7.46), which is the update strategy for the strain-force

calculation. . . . . . . .. e

Pre-curved continuum robots with multiple sensorized cross-sections for
2D or 3D force sensing. The red marks represent the sensorized cross-

SECHONS. .+ v v v v v e e e e e e e e

Demonstration of the relation between condition number and noise ampli-
fication in curvature-force calculations. (a) The condition number is 2.6;

(b) the condition numberis 5.8. . . . . . . . . ... ... ... ...

XX Vil

179



7.28 Condition number map for designing the shape of a sensorized continuum
robot; (a) two sensorized cross-sections for measuring 2D unobservable
forces; (b) two sensorized cross-sections for 3D force sensing; (c, d, e)

three sensorized cross-sections for measuring 2D unobservable forces. . . .

8.1 Conceptual design of an electric tube shaping setup. . . . . . .. ... ..

8.2 (a) Full size virtual operating room developed in Unity (purchased from
Unity Asset Store). (b) Magnified view of the virtual CTR developed by

OUE EIOUP. .+« o v v v v e e e e e e e e e e e e e e

8.3 Needle-tipped catheter for intramyocardial injection . . . . . . . .. .. ..

A.1 (a) A 3D view of the sensorized da Vinci instrument (b) A cross-sectional
view of the sensorized tool with two FBG sensors located with an angular

difference of v. . . . . . . .
A.2 A side view of the sensorized da Vinci Instrument. . . . . . ... ... ..
A.3 Tllustration of the 3D printed installation guide for FBG alignment. . . . . .

A.4 The experimental setup for calibrating and evaluating the sensorized instru-

MEeNt. . . . . oL e e e e e e e e e e e e e e e e e e

A.5 (a)Force values measured from the FBG and Nano17 sensors in response to
a series of weights applied to the sensorized instrument (b) Error histogram

of the FBG force measurement. . . . . . . . . . . . . . . . ... ... ...

A.6 Demonstration of the performance of the two cross-section FBG sensing
under different loading disturbances. (a) I’y values measured from FBG
and Nano17 sensors under a varying axial loading (b) F'x values measured
from FBG and Nanol7 sensors under varying force coupling about the Y

AXIS. o v o e e e

A.7 Demonstration of custom made testbeds for three surgical tasks. (a) One-
handed suture knot tightening testbed (b) Hem-O-Lok tightening testbed
(¢) Tumor localization by palpation testbed. . . . . . . ... ... ... ..

XXViii

206

209



A.8 Illustration of the definition of the mean peak force, representing the ap-
plied tension to the suture. (b) Histogram of the force error measured
from a group of six subjects performing one-handed suturing tasks with
and without VFE. . . . . . . . .. oo 210

A.9 The force profiles of one novice (a) and one expert surgeon (b) when per-

forming Hem-O-Lock tightening, measured by the FBG sensors. . . . . . . 211
A.10 Sensorized instrument mounted on a da Vincirobot . . . . . . .. ... .. 212

A.11 (a) Disassembled da Vinci instrument; (b) paper template; (c) folded paper
template (d) rear view of the sensorized instrument after reassembly. . . . . 213

A.12 Experimental setup for evaluating the performane of force sensing. . . . . . 215

A.13 Comparision of the force measurements from the force/torque sensor (dot)

and the sensorized instrument (solid). . . . . . . . ... ... ... .... 215

A.14 Comparision of the theoretical force values (red) and the measured values

from the sensorized instrument (blue). . . . . . . . . ... ... ... ... 216

XXiX



Nomenclature

2D 2 Dimensional

3D 3 Dimensional

AR Augmented Reality

ABS Acrylonitrile Butadiene Styrene

CAD Computer-Aided Design

CAMI Computer-Assisted Medical Intervention

CpPU Central Processor Unit

CREATE Collaborative Research and Training Experience
CSTAR  Canadian Surgical Technologies and Advanced Robotics

CT Computed Tomography

CTR Concentric-Tube Robot

CNC Computer Numerical Control
DOF Degrees of Freedom

EDM Electrical Discharge Machining
EM Electromagnetic

FBG Fiber-Bragg Grating

FEM Finite Element Model

HoLEP Holmium Laser Enucleation of the Prostate
ICH IntraCerebral Hemorrhage

IPM Inches Per Minute

IPT Inches Per Tooth

MRI Magnetic Resonance Imaging

NSERC  Natural Sciences and Engineering Research Council
OCT Optical Coherence Tomography

XXX



ODE
RAM
RF
RMS
RPM
SFM
UDP
VFF
VR
VRML

Ordinary Differential Equations
Random Access Memory
Radio Frequency

Root Mean Square

Revolutions Per Minute
Surface Feet per Minute

User Datagram Protocol

Visual Force Feedback

Virtual Reality

Virtual Reality Modeling Language

XXX1



Chapter 1

Introduction

1.1 A Brief Overview of Concentric-Tube Robots

Concentric-tube robots (CTRs) consist of a set of pre-curved elastic tubes with incremen-
tal differences in diameter, as shown in Fig. 1.1. By translating and rotating one tube
with respect to the other(s) the shape of the robot as well as the position and orientation
of its tip can be accurately controlled. Because of this unique design, the robot is able
to generate complex 3D curvatures to navigate through winding lumens and steer inside
soft tissue. This feature makes CTRs suitable for minimally and non-invasive surgery and
therapy [1-3]. The concept of extending curved needles from outer shafts has been im-
plemented in several hand-held medical products to enlarge the surgical workspace and
provide better directional control (e.g. StarBurst® and Osteo-Rx®). However, this idea was
not extensively studied until a series of modeling and control algorithms were developed
from a robotics perspective [1, 2, 4]. Using these techniques the robot is able to provide
clinicians with high dexterity in extremely constrained environments, allowing them to ac-
complish demanding surgical tasks. Compared to the traditional tools used in minimally
invasive surgery such as needles and catheters, CTRs can achieve significantly better bal-

ance between flexibility and rigidity in certain applications. Through proper robot design
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2.39 mm

Figure 1.1: (a) Demonstration of the concept of a CTR [1] (© 2010 IEEE). (b) A 3-tube
CTR [2] (© 2009 IEEE). (c) A CTR with an micro-grasper attached at the tip [5](© 2012
IEEE).

and control strategies, the robot body could potentially be made compliant while exerting
sufficient force at the robot’s tip. Further functionality can be offered by installing minia-
ture end-effectors such as graspers and specialized tools at the tip of the robot [6-8], and
a wrist can be added close to the distal end to regenerate human-like manipulation [9].
These advantages have motivated researchers to evaluate the effectiveness of CTRs in per-
forming surgical procedures such as cardiac surgery [7, 8, 10-12], brain surgery [6, 13],

bronchoscopic interventions [14], and trans-urethral surgery [15, 16].

Fig. 1.2 demonstrates the application of a CTR in beating heart robotic surgery [7, 8, 10—
12]. The robot is inserted into the vascular system through a small incision in the neck
and navigated to the right atrium of the heart. A tissue approximation device carried by
the CTR is deployed at the foramen ovale channel to maintain a permanent seal. The fea-
sibility and performance of the proposed robotic system was evaluated in trials involving
porcine models under 3D ultrasound guidance. In Fig. 1.3, endoscopic-CTR systems are
developed to access the peripheral regions in the lung from the inside of bronchi and bron-
chioles. In these designs, CTRs are extended from the tool channel of the bronchoscope,

which reduces the incision size and the risks of lung collapse. A new approach to improve
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Figure 1.2: Beating-heart intracardiac steerable needle surgery. (a) Steerable needle enters
internal jugular vein in the neck and navigates through the vasculature into the right atrium.
(b) Right atrium view of a 5 DOF manipulator portion of a needle. Arrows mark the patent
foramen ovale (PFO) channel allowing abnormal blood flow from the right to left atrium.
Surgery is to seal this channel. (c) Steerable needle robot consisting of three telescoping
sections. (d) Magnified view of a metal-MEMS tissue approximation device delivered
through the lumen of the steerable needle. (e) Teleoperated robot control inside the beating
heart is guided by 3D ultrasound. (f) Postmortem view of sealed porcine PFO channel [17]
(© 2012 IEEE).

intracerebral hemorrhage management is proposed by designing and implementing an in-
terchangeable 2-tube CTR. As shown in Fig. 1.4, it is possible to remove around 90% of the
hemorrhage through a needle-size incision similar to a standard brain biopsy. A bi-manual
robotic system was developed in [15], as shown in Fig. 1.5, to facilitate prostate surgeries,
specifically, a procedure called Holmium Laser Enucleation of the prostate (HoLEP). Two
CTR arms were used to maximize the dexterity of the endoscopic tools under the constraint

of urethral channels.

1.2 Modeling, Sensing and Control of CTRs

This chapter reviews recent developments in concentric-tube robotics by researchers other
than our group, focusing on modeling methodologies, sensing modalities and control ar-
chitectures. The advantages and drawbacks of various methods are discussed in order to

guide the selection of application-specific control strategies for current use and the devel-
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()

A

Figure 1.3: Demonstration of a CTR extending the tool channel of a brochoscope. (a, b) A
robot that combines bronchoscope, CTR, and bevel steered needle. (c) steps in deployment
involve: (1) deploying the bronchoscope (2) deploying the CTR to the bronchial wall,
puncturing through it, and entering the parenchyma, and (3) steering the bevel-tip needle
to the target under closed-loop control [18] (© 2015 IEEE). (d, e) Simulation of a single
concentric tube robot reaching two pre-specified clinical targets in the bronchial tubes of a
human lung [5] (© 2012 IEEE).

Robot Tracking
Frame

a
Passive
Articulated Arm

Trajectory Guide

Figure 1.4: Robot-assisted ICH evacuation prototype setup. (a) The robot is positioned
and held in place with a passive articulated arm. The aspirator is attached to the aspiration
cannula that enters the brain through a trajectory guide attached to the skull. A reference
frame is rigidly attached to the robot for optical tracking. (b) The active cannula deployed
to the clot and the aspiration tube used to debulk the clot. (c) Blood clot is shown prior to
beginning the experiment, (d) progress midway through the removal experiment, and (e)
the same area after aspiration [13] (© 2013 IEEE).
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Figure 1.5: An illustration of the robotic system for HOLEP. The surgeon is able to position
and angle the endoscope while simultaneously controlling two CTRs that extend from its
tip. (a, b) The CAD design of the robotic surgical setup. (c) Distal end of the actual CTRs
and endoscope [15] (© 2014 IEEE).

opment of more advanced algorithms to improve the performance of this technology. The

contributions by the author are discussed in detail in the rest of this thesis.

1.2.1 Modeling

Understanding the mechanical interaction between pre-curved elastic tubes is essential to
designing CTRs and controlling them during surgical interventions. Developing an accu-
rate and practical kinematic model is fundamental to optimizing the robot structure and

designing model-based control algorithms.

Simplified Models

In the early days of concentric-tube robotics, several kinematic models were derived by
simplifying the mechanical effects of tube interactions. In [19], a kinematic model was
derived from purely geometric relations, which constrained tube selection such that the
outer tubes could be considered infinitely stiff compared to the inner tubes. A kinematic
model was then developed that relaxed this constraint, calculating the resultant bending

curvatures of the robot regardless of stiffness ratios between tubes [20]. In both methods,
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the position of the distal end was expressed by the multiplication of a series of transfor-
mation matrices from the base. This followed the conventional kinematic form of tradi-
tional rigid-link robots and resulted in closed-form forward and inverse kinematic models.
Through experimentation, it was shown that considering torsion in the kinematic model
could increase the model accuracy [2, 21], and a model was proposed that accounted for
torsion along the straight portions of the tubes by minimizing an energy function. Although
this kinematic model must be evaluated numerically, the differential kinematic model has
a closed-form [22]. While more detailed models have been proposed since, these initial
models are still used in some applications. As long as the features of the CTR meet certain
assumptions these simplified models work effectively with the minimum computational
cost and reduce the complexity in designing control schemes. In Intracerebral Hemorrhage
Evacuation only one straight and one curved tube is required to access the whole clot [13],
and the purely geometric model has been used with sufficient accuracy. In another case, as
shown in [23], a model that neglected torsion was used for real-time stiffness control as the

bending effect was dominant.

Geometrically Exact Models

Fig. 1.6 demonstrates the torsional twisting along the curved section of a tube pair. It can
be seen that the angle difference between the two tube «/(s) varies significantly along the
shaft of the tubes, which attributes to the final shape of the robot. In order to include this
twisting effect into a kinematic model, a geometrically accurate rod theory called Special
Cosserat Rod Theory, is used as an optimal tool for modeling the bending, and twisting
of concentric-tubes with arbitrary pre-curvatures [1, 4, 24]. Based on this general theory,
a torsionally complaint kinematic model was developed and has shown high accuracy in
experiments [1, 4, 24]. Considering that CTRs will experience frequent interaction with
their environment during surgical interventions, this model was further extended to include

the effects of distributed external loading [4, 25]. There are still some assumptions associ-
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Combined

Tube 1 Tubes

Figure 1.6: Effect of torsional twisting when two curved tubes are combined. Tube coor-
dinate frames are denoted by F;(s). The relative z-axis twist angle between frames «(s)
varies from a maximum «(0) at the base to a minimum «(L) at the tip. The central angles
[, are proportional to the precurvature and to the tube length L [1] (© 2010 IEEE).

ated with this model, such as assumption of shear deformation, elongation, and clearance
between the tubes being negligible; however, these assumptions hold in almost all CTR
designs. The drawback to this model is its high computational cost, as its kinematic calcu-
lations are formulated as a set of differential equations with two-point boundary conditions.
Additionally, extra calculations have to be performed since the outputs of this model are
tube curvatures, not positions and orientations of the distal tip. To address these chal-
lenges, a Fourier series approximation approach was proposed to evaluate the positions
and orientations of the robot [1]. This method provides real-time performance but requires
pre-computation of a large dataset of position and orientation information over the entire
workspace. When the robot is under unknown external loading, it is not practical to pre-
compute all possible kinematic solutions. A framework for calculating the Jacobian and
Compliance matrix efficiently was proposed in [26] for general continuum robots allowing
a servo rate of 40 Hz for a three-tube CTR. The models mentioned above do not take fric-
tion into account, although the amount of friction involved is significant as the tubes move

with respect to each other in a telescoping manner. It has been shown through further mod-
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elling that including friction into the kinematics will improve the model accuracy [27]. The
experimental results presented in this work match the model’s output more closely when
the friction is assumed to consist of lumped torques concentrated at the robot boundaries

as opposed to distributed torques along the body of the robot.

Kinematic Instability

Kinematic instability in CTRs, commonly referred to as the snapping problem [1, 2], is a
specific phenomenon that does not exist in conventional rigid-link robots. It occurs when
the accumulated torsional energy is too large for the current tube configuration to support.
As shown in Fig. 1.7, at the snapping point, the tip of the robot jumps from one equilibrium
position (with a higher potential energy) to another (with a lower potential energy). This
fast motion of the tip cannot be controlled by the motors connected to the tubes. Therefore,
it can be very damaging in a surgical environment, and addressing the issue appropriately
is essential. In [2], kinematic instability is described as the bifurcation of the potential
energy function. Fig. 1.8 shows an example of analyzing the stability of a 2-tube CTR
using energy function, in which, the contours are the potential energy levels of a tube pair,
and 1); is the tip orientation of the i** tube. It can be seen that for these two tubes under
test, in most rotation angles, the energy function only has one local minimum, resulting in
an unique tip orientation for the robot. However, when the two tubes are 180° apart, two
local minimums exists, which means the tip orientation of the robot becomes non-unique.
A stability condition is derived based on this energy method; however, the energy function
only considers the torsion in the straight sections of the tubes, which limits this method
to tubes with small curvatures. Another way of interpreting the snapping phenomenon is
that the solution of the forward kinematic model loses its uniqueness [1]. Following this
concept, a stability condition for a tube pair was derived from the analytical solution of
the forward kinematics. This condition was extended to a two-tube robot with varying

pre-curvatures [28]. A general stability condition for a robot with an arbitrary number of
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Trace of the distal end

Figure 1.7: Snapping analysis through video tip tracking [32]. Green marks (left) show the
traced distal end of an unstable tube pair that snaps at a certain point, and red marks (right)
show the traced distal end of a stable tube pair (© 2014 IEEE).

Figure 1.8: Contour plots of the energy landscape as the angular difference between the
tube bases is increased. Angular difference between the base inputs of the two tubes is
listed in the upper right corner of each plot. For small angular differences, there is only one
global minimum. As the angular difference approaches 180°, two appear. Beyond 180°,
the new minimum becomes the global minimum, and eventually the only minimum [2]
(© 2009 IEEE).

tubes was not discovered yet, but a design test was found in an implicit form [29, 30].

Optimization techniques for designing stable CTRs are developed in [28, 31].
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In the cases where the robot has an unstable region in its workspace, stability can be guar-
anteed by avoiding these regions in path planning or control schemes [30, 31, 33, 34]. The
method used in [31, 33] is called a ”’s-curve” stability test that requires significant pre-
computation before path planning. To release this constraint, an online stability measure
that can be used together with a controller or a motion planner is proposed for the unloaded
CTRs in [30]. For CTR under large external loadings, a more general testing method was
developed, which consists of a second order sufficient condition, and a separate necessary
condition for evaluating the stability of CTRs [34]. Numerical simulation results showed
the effectiveness of using this testing method to design stable paths for CTRs. These tech-
niques give more flexibility in designing the tube parameters; for example, highly-curved
tubes can be used to navigate and operate in extremely constrained environments. Although
various formulations and algorithms have been developed to guide in the design and control
of a CTR and ensure stability, the friction effect is still ignored, and how to ensure that the
differences between theoretical and experimental results are sufficiently small is an open
problem. Another way of improving the kinematic stability of a CTR is by redesigning the
structure of the tubes. By manipulating the overall Poisson’s ratio the stability condition
can be met for tubes with high curvatures. Several feasible solutions were illustrated re-
cently, such as tubes with grooved patterns [32, 35], and multi-layer helical tubes [35]. One
concern about this method is that grooved patterns on the surface of the tube will reduce
the rigidity at the tip of the robot. Tip rigidity is one of the advantages that concentric-
tube robots have over other flexible tools such as catheters. The balance between rigidity
and kinematic stability should be considered in designing CTRs according to their specific

applications.

1.2.2 Sensing

High-frequency, high signal-to-noise ratio feedback is essential for improving the perfor-

mance of continuum robots due to the nonlinear uncertainties in the kinematic model. For
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surgical applications, this is especially important since the safety of the robotic system is

strongly related to this.

Position and Shape Sensing

Commercially available electromagnetic (EM) tracking has been shown to be a feasible so-
lution for real-time position feedback in CTRs since the small-size tracker can be directly
integrated within tubular shafts [6, 23]. In addition, embedding multiple EM trackers or
motorizing a single EM tracker along the lumen of a CTR could provide useful informa-
tion for reconstructing the 3D shape of the robot. The disadvantage of this modality is
that the measurement accuracy of the EM tracker can be degraded by other ferro-magnetic
components in the surrounding area. In the worst-case scenario, when the accumulated
errors are high, the output signal could be discontinuous, which could cause control in-
stability. Imaging feedback is widely used in medical robotic control and navigation, and
various shape-sensing and reconstruction techniques have been developed for CTRs based
on different imaging modalities such as fluoroscopy [36, 37], and 2D and 3D ultrasound
imaging [38—40], as shown in Fig. 1.9. MR compatible CTRs have also been designed in or-
der to use MR imaging for position feedback [41]. Most of these techniques have not been
used in closed-loop control; possible reasons include time delay caused by low-sampling
rate and high computational cost for image processing. As an alternative, Fiber Bragg
Grating (FBG) based sensing seems promising because of its small size and multiplexing
capabilities, as well as sterilizability and immunity to EM interference. In recent years,
these sensors have been used in various needle-based robotic applications [42, 43], such
as a detachable 3D shape sensing tool consisting of a polymer substrate and FBG sensors
for continuum robots [44]. Fig. 1.10 demonstrates the design concept of this shape sens-
ing tool. A wide range of surgical instruments can benefit from this technology, because
it does not require modifications on the mechanical structures as long as the instruments

have a hollow channel. The determination of optimal locations for placing multiple FBG
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Figure 1.9: Continuum robot inserted inside a porcine heart. (a) Experimental set up; (b)
3D ultrasound image showing both the left atrium and the curved robot [39] (© 2012 IEEE).
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Figure 1.10: Schematic of wire braided polymer tube with surface mounted optical
fibers [44] (© 2014 IEEE).

sensors according to the mechanical parameters of CTRs is discussed in [45].

Force Sensing

In order to control robot-tissue interaction, it is important to have force measurements with
high speed and precision. Because of the flexibility of CTRs, intrinsic force sensing [46]

techniques can be used to convert the deflection of the flexible continuum robot into force
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measurements through kinematic models [23]. An extended Kalman filter approach was
developed to enhance the measurement accuracy in the presence of sensing noise and mod-
eling uncertainties [46]. However, the sampling rate of EM trackers and imaging modalities
is not usually sufficient for calculating time-varying interaction forces and quality visual or
EM feedback is not always available in a surgical environment. At present, commercially
available force sensors are not compact enough to attach to the tip of CTRs as space is
extremely limited. In [47], a novel miniature tip force sensor was developed that measured
both the magnitude and contact angle; however, this sensor does not allow interventional
tools to pass through. Optical strain sensors are another good choice for robots with hous-
ing constraints. As in shape sensing, FBG-based strain sensors have revolutionized force
sensing technologies for medical robotics [48, 49] and implementations in CTRs are ex-

pected in the coming years.

1.2.3 Control

To perform surgical tasks such as tissue manipulation and drug delivery advanced real-time
control schemes need to be designed based on comprehensive knowledge in tube modeling
and robot control. In contrast to traditional rigid-link robots, the position and force control
of CTRs are coupled together in the sense that the deflection of the robot is determined by
both actuation and external loading, which increases the difficulty in controller design. The
limitations of commercially available sensing technologies for position and force feedback
in surgical tools make it even harder to design a reliable controller that can handle time-

varying interactions between the robot and the environment.

Control of the Tip

In the literature, the tip of a CTR has been controlled mainly through solving the inverse

kinematics or Jacobian and then sending the joint space values to the low-level motor con-
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Figure 1.11: The unilateral control block diagram of a teleoperated CTR; 6#; and [; are the
joint space variables of the i*" tube [1] (© 2010 IEEE).

troller. To achieve real-time performance, the computationally efficient techniques men-
tioned in the previous sections are used [1, 26]. In those methods it is assumed that the
inverse kinematic model is accurate enough such that the position errors will be com-
pensated for using appropriate feedback. The stability of these control strategies in the
presence of modeling errors is not analyzed. In [50], a new control strategy designed at
the actuator level is proposed, where the errors in Cartesian space can be reduced using
approximate kinematics. In a tele-operation scenario, the position error of the robot’s tip
can be compensated for by the operator. Bilateral control schemes for CTR have not been
studied extensively in the literature; a unilateral architecture is commonly used as shown

in Fig. 1.11.

In order to avoid singularities and undesired regions in task space while controlling the
position of the robot, Jacobian-based control strategies combined with inequality con-
straints [51] or a damped least-squares approach [6] have been developed such that the
calculated velocities satisfy these constraints. An inverse kinematic control scheme that
includes inequality constraints on joint variables (C'(¢) < b) was proposed, as shown in
Fig. 1.12. Experimental results showed that this algorithm can control the movement of the

robot’s tip while avoiding snapping regions.
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Figure 1.12: The control block diagram of the closed-loop system. The inequality con-
straints on the joint space variables C'(¢) < b are converted into equal constrains C (q) = b,
then applied to the inverse kinematic control algorithm. D and D, are positive definite
diagonal matrices, .J, is the augmented constraints Jacobian matrix and (log g)Y returns the
6D vector representation of g [51] (© 2014 IEEE).

Control of the Robot’s Shape

In clinical applications, the body of the CTR would need to navigate inside organs or
through curved lumens of the human body. Therefore, the position of every point along
the robots shaft should be precisely controlled to avoid damage to delicate tissue and or-
gans, and several motion planning algorithms have been developed to address this [52-54].
A sampling-based motion planner that employs a torsionally compliant kinematic model
was proposed in [54], which leads a CTR to its target with the minimum probability of ob-
stacle collision. Simulation results for this method for spherical objects and a neurosurgery
environment are shown in Fig. 1.13. This method was further extended to an online motion
planner for systems with teleoperation architectures [55]. In this way, surgeons would only
need to direct the tip of the robot during a surgical procedure and the computer program
would provide the collision avoidance strategy. A three-stage lung access system [56] uses
a motion plan technique similar to the one above to navigate a steerable needle extended
from a bronchoscope and a CTR to the peripheral areas in the lung. The previously men-
tioned motion planners rely on geometric information calculated from preoperative images.
Intraoperative updating of the motion plans according to image and sensor feedback is still

under investigation.
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Figure 1.13: (a) Simulation of a CTR in a neurosurgery environment executing the motion
plan that calculated from the proposed sampling-based approach based on the Rapidly-
Exploring Roadmap. The robot is inserted through the nostril and guided toward the pitu-
itary gland (highlighted in green) in the skull base while avoiding skin, bone, blood vessels,
and healthy brain tissue. (b, ¢, d, e) Simulation of a CTR in four different spherical obstacle
environment [54] (© 2011 IEEE).

To reduce tube-tissue forces and avoid collisions with the tube body during tool insertion
a follow-the-leader approach has been proposed [1, 31, 57, 58], where the body of the
robot is controlled to conform to the path created by the prescribed tool tip trajectory.
This deployment manner is automatically achieved when the stiffness of the outer tube
dominates all the inner tubes [13, 19]. For CTRs in general, this is not straightforward
to achieve since the movement of the tip is usually generated by varying the shape of
the robot shaft. To address this issue, conditions have been derived for follow-the-leader
deployment [31, 57]. Experimental results showed the feasibility of this method, provided

the pre-curvatures and actuation sequences are appropriately designed [31, 58].

Control of Interaction

The control schemes mentioned above are for the situations where the robot moves in free

space or with minimal environmental contact. However, in surgical procedures, intensive
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tool/tissue interactions may be involved.

A stiffness control algorithm for CTRs is described in [23], and evaluated in an experimen-
tal setup. As shown in Fig. 1.14, the robot is controlled to behave as a linear virtual spring
with respect to an arbitrary point /), in the environment. The control law starts from cal-
culating the desired tip force (F? = K4(P* — Pr.)), according to the pre-defined stiffness
and real-time tip position and orientation feedback. This force value is then converted to
the desired deflection and orientation gtflt as the input for the inverse kinematics position
controller. In the end, the outputs of the position controller drive the actuation unit of the
CTR to achieve this deflection and orientation. This algorithm can be generalized to other
surgical continuum robots as long as the robot behaves as a single elastic rod. Experimental
results with good accuracy and dynamic response were obtained for a two-tube robot. This
method can be extended to an impedance control strategy to provide proper damping to the
system. For this purpose a velocity-based controller should be considered as an addition to

the proposed control scheme in order to stabilize the robot in both the position and velocity

domains.

1.3 Remarks

Kinematic modeling provides the fundamental knowledge to facilitate the design and con-
trol of CTRs for surgery. The dominant mechanical phenomena (i.e. bending and torsion)
have been well modeled with high accuracy but real-time performance still requires im-
provements. Other mechanical effects may also be significant but the deciding factors for
when these effects cannot be neglected have not been addressed in the literature. For ex-
ample, in some surgical applications, tubes with high curvatures may be necessary, and in
these applications nonlinear elasticity and friction may need to be considered. In addition,
the kinematic accuracy of specially designed tubes, such as grooved tubes with patterns

and multi-layer helical tubes, has not been evaluated experimentally. Based on the pro-
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Figure 1.14: (a) Block diagram of the stiffness controller. (b) Continuum robot represented
as a space curve (solid line). W is world coordinate frame, while B, P,T, and T' are
robot body frames. T and T are tip frames without and with the application of tip wrench
F, respectively. Coordinate transformations are denoted by gy, g;;, and ¢;,. (c) Robot in
contact with environment. The stiffness controller implements a virtual linear spring at the
robots tip. Desired actuator positions are such that when robot is deflected from unloaded
tip configuration T to configuration 7', the desired tip spring force is generated, and the
desired tip orientation is achieved [23] (© 2011 IEEE).

posed kinematic models, a series of control schemes have been developed for performing
surgical tasks using CTRs. These methods usually assume that a CTR moves at low speeds
and the contact force is minimal. For situations in which the robot and the tissues/organs
have complex interactions, algorithms for stiffness control have been proposed but position
control under force disturbances is still needed. Other valuable control strategies that are
widely used in medical robotics such as force control, impedance control, and haptics in
teleoperation have not yet been applied for this type of robot. This could be the result of
uncertainties in modeling and limitations in current sensing technologies. With recent and
future developments in position, shape and force sensing, the control architecture could be

improved to incorporate this additional information, thereby enhancing the performance of
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these robots and enabling their use in the next generation of devices for surgical interven-

tions.

1.4 Thesis Outline and Contributions

From the literature review in previous sections, it can been seen that the fundamental the-
ories concerning CTRs are still at an early stage compared to those for conventional rigid
manipulators. In addition, specialized sensing technologies for CTRs have not received
enough attention. In this thesis, novel techniques and technologies in modeling, sensoriza-
tion and control of CTRs are proposed and evaluated, and will fill in several of the gaps
in the current literature, thereby resulting in significant improvements on the performance
and functionality of CTRs for surgical or interventional procedures. The theoretical contri-
butions of the thesis include: (1) the most computationally efficient torsionally compliant
kinematic model for CTRs [59, 60]; (2) the first general design criteria that guarantee sta-
bility of a CTR in its entire workspace [61]; (3) the first force-rejection control scheme
for CTRs [62]; and (4) the first intrinsic force sensing algorithm for CTRs using FBG sen-
sors [63]. The following are the contributions in technological advancements of the work
described in the thesis: (1) the first CTR with force sensing capability [62]; (2) the first
micro-engraver that can fabricate micro patterns on flexible thin tubes [63]; (3) the first sen-
sorized continuum robot with torsional sensing capability [63, 64]; (4) the first sensorized
CTR using embedded FBGs (Chapter 8); and (5) one of the most cost effective, portable
and compact CTR drive unit (Chapter 2), which is easy to integrate with other robotic plat-
forms. The details of these contributions are discussed in the following paragraphs and in

the rest of the thesis:

* Chapter 2 presents overall descriptions of all the custom-made experimental setups
used to complete the work presented in this thesis. Because the nature of this research

is to improve a growing technology for future surgical procedures, many components
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of the robotic setup had to be custom-made. For shaping the Nitinol tubes, a series
of aluminum and steel molds were built for temperature controlled heat treatment.
Three robot prototypes were built for the purpose of validating the kinematic models,
control techniques, sensorization capabilities of CTRs. In addition, the manufactur-
ing process for embedding FBG sensors into the thin-walled Nitinol tubes was not
available. This is an key step to developed sensorized CTRs. Hence, a special micro-
engraving machine was designed and built, in order to machine helical patterns on a

flexible hollow tube for embedding FBG sensors.

» Chapter 3 describes a computationally efficient kinematic model developed by ap-
plying piecewise linearization on the torsionally compliant kinematic model. Prior
to the author’s work, the computational efficiency of the torsionally compliant kine-
matic models of CTRs was too low to be used in real-time trajectory tracking, force
control and teleoperation, not to mention online motion planning and redundancy
resolution. The fastest calculation speed reported was 40 Hz for a three-tube CTR.
For this reason, off-line computation was often used for real-time control problems.
To overcome this deficiency, our fast kinematic model was developed. The computa-
tion time for solving this kinematics model is generally less than 3 ms in MATLAB
scripts and 0.2 ms in C++ programming for a three-tube robot with minimum loss of
accuracy. To date, it is still the most efficient algorithm in literature for computing

the kinematics of a CTR.

* In Chapter 4, the Jacobian matrix of the computational efficient kinematic model
(developed in Chapter 3) is presented along with simulation and experimental results.
This augmented Jacobian includes the velocity mapping between joint and Cartesian
spaces, as well as the relations between the changes of torques at the proximal and
distal ends of the robot. A robot prototype was built from two linear and two rotary
stages for testing the Jacobian matrix in several control tasks. A Jacobian-based

controller is proposed to command the position of the robot’s tip while avoiding the
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singularity regions.

* Chapter 5 contains a local disturbance analysis performed on the kinematic model
of a CTR. A general stability condition is proposed for CTRs having multiple tubes
with and without transmission sections. Prior to this work, there was no general
design criteria for a CTR with arbitrary number of tubes, such that the kinematic
stability can be guaranteed in the entire workspace. The proposed stability condition
overcomes this problem. Simulation studies showed that this condition can evaluate
stability of CTRs in the entire workspace without the need for solving the forward
kinematics. Although this condition becomes more conservative when the number
of tubes increases, its concise form provides an intuitive interpretation of the role of
each tube parameter, such as curvature, length, stiffness, and Poisson’s ratio, in the

stability of a multi-tube robot.

* Chapter 6 discusses the technologies and techniques for controlling a CTR under
time-varying tip force disturbances. Although the position controllers mentioned
previously were shown to be valid, they did not evaluate the effects of time-varying
force disturbances that are typically present in surgical applications. These distur-
bance could have a negative effect on targeting accuracy and ultimately the effective-
ness of the therapy. In order to resolve this problem, the deflection of a CTR under
external disturbances is estimated from force sensing and kinematic modeling, in
which case the effect of time-varying disturbances can be compensated by reshaping

the desired trajectory corresponding to the deflection.

» Chapter 7 presents the first design of a continuum robot that integrates helically-
wrapped FBG sensors. The bending curvatures and torsional twisting in the robot’s
shaft can be accurately measured by these sensors. It is also the first work discussing
FBG-based force sensing on pre-curved continuum robots, especially concentric-
tube robots. A curvature-strain model is proposed to relate the strains in the helically-

wrapped sensors to the curvature and twist of the robot shaft. For measuring tip forces
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in large deflecting continuum robots, the cosserat rod theory is adapted to develop a
force-curvature-strain model. The unsymmetrical nature of the pre-curved structures
introduces a non-linearity in the force-strain relationship, which is also included and
calibrated in this model. One of the most important problems in designing FBG-
based sensing technology is that of fiber protection. In this chapter, a unique design
of a sensorized tube assembly is proposed, such that the FBG sensors are protected
from the “cutting forces” during the telescopic motions of a CTR. The feasibility of

3D force sensing in continuum robots is studied via simulations.
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