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Chapter 1

Thesis Overview

1.1 Motivation

Flexible medical instruments such as catheters, endoscopes and needles are
utilized in clinical practice for various minimally invasive procedures; some
examples are coronary angioplasty, colonoscopy and brachytherapy, as illus-
trated in Figure 1.1 [1]. Coronary angioplasty is performed to treat blocked
or narrowed coronary arteries due to plaque build up. During the proce-
dure a catheter is inserted through an artery in either the groin or the arm
and pushed to the heart with the aid of �uoroscopy [2, 3]. Colonoscopy is
conducted to diagnose colorectal diseases, an endoscope is inserted into the
colon in order to visually inspect the entire colon [4]. Brachytherapy is a
cancer treatment in which radioactive seeds are placed in or near the treat-
ment site under the guidance of either ultrasound (US), magnetic resonance
imaging (MRI) or computer tomography (CT) [5�7]. Minimally invasive
procedures are preferred to open surgeries because they have similar e�cacy
as open surgery while in�icting minimum trauma which leads to shorter re-
covery time, lower post-operation complications, and lower costs [8,9]. The
instruments utilized for minimally invasive procedures are frequently �exible
because they increase the accessibility to the target site while maintaining
the small incision [10�14]. As a result, �exible instruments are prevalent
in clinical practice and also in research studies, some examples of these
instruments are shown in Figure 1.2.

Flexible instruments improve accessibility, but localization of these in-
struments during a procedure becomes challenging due to the insertion size
and �exibility of the instruments. For example, in coronary angioplasty
once the catheter is inserted into an artery the catheter tip cannot be vi-
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CHAPTER 1. THESIS OVERVIEW

Figure 1.1: Examples of minimally invasive surgeries. a) Coronary angio-
plasty where a catheter is inserted through an artery near the groin and
guided to the heart with x-ray �uoroscopy guidance (images courtesy of
A.D.A.M., Georgia, USA©). b) Colonoscopy which is conducted for diag-
nosis using an endoscope equipped with a camera (image courtesy of Mayo
Foundation for Medical Education and Research, Rochester, USA ©). c)
Brachytherapy for treatment of prostrate cancer. A set of radioactive seeds
are inserted into the prostrate under ultrasound (US) guidance (image cour-
tesy of Mayo Foundation for Medical Education and Research, Rochester,
USA ©).

sually localized and imaging like �uoroscopy must be used to accurately
navigate the catheter to the required location. Similarly for other mini-
mally invasive treatments, the knowledge of the position and orientation of
the �exible instrument is essential; however is di�cult to acquire.

In clinical practice the instruments are localized using medical imaging
equipment such as magnetic resonance imaging (MRI), ultrasound (US), x-
ray �uoroscopy, computer tomography (CT) and endoscopy, see Figure 1.3.
These modalities are e�ective and have certain advantages but there are
also some drawbacks. MRI provides high resolution images however it is
expensive to use due to its high maintenance costs. In addition, all equip-
ment in the MR scanner must be non-ferromagnetic due to the magnetic
�eld generated, thus limiting the equipment that can be used there. Lastly,
the restricted space in the MRI bore can hinder or prohibit instruments'
movements that are required for the procedures [15]. US has the bene�t of
a high update rate, however the images are low in spatial resolution and
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Figure 1.2: Examples of �exible instruments. a) Flex® Robotic System
for colon procedures (image courtesy of Medrobotics, Massachusetts, USA
©). b) Flex® Robotic System for ear nose and throat (image courtesy of
Medrobotics, Massachusetts, USA©). c) Steerable instrument for pediatric
neurosurgery (image courtesy of Georgia Institute of Technology, Georgia,
USA ©). d) An pneumatically actuated �exible instrument called Sti�-
Flop (image courtesy of King's College London, London, UK ©)

often su�er from image artifacts like comet tail or shadowing [16]. X-ray
�uoroscopy can provide close to real-time images and with the aid of con-
trast agent the anatomy of interest can be viewed with high accuracy. The
major disadvantages of �uoroscopy and CT are the harmful dose of X-rays
delivered to the patient and the risk of exposure to X-rays for the interven-
tionalist. Endoscopy and laproscopy have revolutionized minimally invasive
surgery by providing visualization of the surgical site that is accessed per-
cutaneously or via natural ori�ce. The main drawbacks of endoscopy is
the lack of its location information in relation to the anatomy and loop
formation in colonoscopy [4, 15].

There has been extensive research conducted on alternative methods
of localization in order to enhance the current state-of-the-art. One ap-
proach is to combine multiple modalities so that the short comings of one
is mitigated by the other. An example would be utilizing CT, US and
electromagnetic (EM) tracking to acquire the position of the surgical in-
strument [17]. The drawback of this approach is that EM tracking works
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CHAPTER 1. THESIS OVERVIEW

Figure 1.3: Medical imaging equipment utilized in practice for localization.
a) Computer tomography (CT) scanner (Philips, Eindhoven, Netherlands).
b) Ultrasound (US) scanner (GE Healthcare, Illinios, United States) c) Mag-
netic resonance imaging (MRI) scanner (Siemens-healthineers, Erlangen,
Germany). d) Endoscope (Pentax Medical, New Jersey, Unites States). e)
X-ray �uoroscopy (Siemens-healthineers, Erlangen, Germany).

within a limited space and the tracking accuracy degrades signi�cantly in
the presence of metallic objects such as surgical instruments [18]. Another
approach is to use endoscopic images to localize the instrument tip within
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the anatomy, but this approach su�ers from drift and loss of tracking in
case of occlusions, shadows and fast motion [19]. For �exible instruments
that are been developed by research groups, various sensing methods are
utilized for localization, such as pressure sensors for pneumatically actuated
instruments like Sti�-Flop, sensors to measure cable lengths for cable driven
instruments such as Flex® Robotic System. Moreover, a novel inductive
sensor composed of elastomer and liquid metal in a helical structure has
been developed for sensing bend and tensile deformation in soft cylindrical
instruments [20]. The issue with these methods is compatibility within the
operating environment, for instance sensors on the instrument are required
to be sterilizable and the novel sensor utilizes liquid metals which are not
bio-compatible thus are unsafe [20].

The sensors that are highly suitable for the clinical environment are the
ones inscribed in optical �bers. This is because optical �bers are immune to
electromagnetic interference, chemically inert, nontoxic, small in diameter,
light weight, and �exible. They are used most commonly in endoscopes to
transmit light to the operating area for the scope camera. Moreover, they
are also used for pressure, temperature, oxygenation, blood �ow, electrocar-
diogram and force measurements [21�23]. In addition, they can be utilized
in various manner for sensing shape and position of �exible instruments [24].
The compatibility of optical �bers with the medical environment make them
a natural choice as localization sensors in medical instruments. This thesis
focuses on using �ber Bragg gratings (FBG) for sensing tip pose, that is
position and orientation, of �exible instruments. The objective is to ac-
quire robust localization which is essential for e�ective minimally invasive
procedures. The next section presents the literature on shape and position
sensing of �exible medical instruments using FBG sensors.

1.2 Literature Review

The origins of �ber Bragg gratings lie in experiments conducted in 1978
by Hill et al. at the Canadian Communications Research Center [25]. It
was discovered that exposing germanium doped �ber to argon-ion laser ra-
diation lead to the �ber re�ecting back some intensity of the input light.
Moreover, it was established that the refractive index of the �ber can be
altered and creating a periodic perturbation of the refractive index lead
to the �ber re�ecting back a narrow-band of the light wavelength. This
periodic perturbation is termed the Bragg gratings and the re�ected wave-
length is called the Bragg wavelength, as shown in Figure 1.4. Further
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Figure 1.4: Fiber Bragg grating sensor re�ects back a narrow-band of light.
The central wavelength of the re�ected spectrum is called the Bragg wave-
length, λB. The spectra utilized consists of the optical power P for every
wavelength λ.

Figure 1.5: Examples of con�gurations using �ber Bragg grating (FBG)
sensors a) A bundle of 3 single core �bers. b) A multi-core �ber with
straight cores. c) A multi-core �ber with helical cores.

research also showed that the Bragg wavelength alters based on the strain
and temperature experienced by the �ber once the grating is created. This
phenomenon has lead to the use of Bragg gratings as strain and tempera-
ture sensor [25]. Fiber Bragg gratings are used in many industries, however
this section focuses on its application in medical instruments for shape and
position sensing.

In the literature, various con�gurations of FBG sensors are proposed in
order to sense shape and position of medical instruments. Three common
con�gurations are illustrated in Figure 1.5. Sefati et al., Ryu et al., Wang et
al. and Moon et al. use a bundle of single core optical �bers that are
inscribed with FBG sensors; the bundle is such that the sensors are parallel
to each other and the sensors are aligned such that they are co-located
[26�29]. This con�guration can also be realized in multi-core �bers with
straight cores as proposed in Barrera et al., Bronnikov et al. and Zhang
et al. [30�32]. The advantages of multi-core �ber are that it has a smaller
overall diameter than a �ber bundle of single core �bers, it is mechanically
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stronger and the FBG alignment is more accurate [30,31,33]. An issue with
parallel FBGs is that the twist sensing is weak as observed by Duncan et
al. [34]. In order to sense the twist more accurately, FBG sensors have
been placed in a helical shape either by inscribing the sensors in multi-core
�ber with helical core or by winding single core �ber with FBGs in helical
slots [35�37]. The wavelength shift in each FBG sensor can be related
to the strain on the sensor by the con�guration of the sensors [30, 38�40].
The curvature and twist which create the shape of the �ber are determined
based on the sensor con�guration geometry and the calculated strains on
the co-located FBG sensors [28, 38, 41]. The position of the �ber in 3D
space is derived from the shape most frequently by integrating the curvature
vector, however the use of Frenet-Serret frames is also common [42, 43].
Moreover, a few studies have also used parallel transport or Bishop frames
for reconstructing the �ber's position [44].

These techniques have been used in numerous instruments developed
for clinical applications. Xu et al. sense the shape and also the tip force
of a concentric tube robot [35]. Liu et al. use FBG sensors to sense large
de�ection in manipulators for minimally invasive surgery [45]. Accuracy
of needle position using FBG is shown by Henken et al. and Roesthuis et
al. [46,47]. Real time needle tracking using FBG sensors for brachytherapy
is conducted by Battisti et al. [48]. FBG sensors have also been applied
for endovascular procedures by Jäckle et al. [49]. Automatic insertion of
medical instruments with FBG sensors for feedback in close loop control
has been demonstrated by Shahriari et al., Abayazid et al., and Roesthuis
et al. [50�52]. Research in FBG sensors for medical applications has been
extensive and it continues to be an interesting topic due to its high potential
in enhancing medical instruments. As an example, the Philips' Fiber Optic
Real Shape (FORS) project that utilizes FBG sensors for 3D visualization
of a catheter for cardiovascular procedure has been through human trials
and is in preparation for the market [53]. The research in this thesis also
adds to the literature and its main contributions are presented in the next
section.

1.3 Main Contributions

The research in this thesis is part of a Horizon 2020 European project called
Enhanced Delivery Ecosystem for Neurosurgery (EDEN2020) [54]. The ob-
jective of the project is to provide a step change in the technology for
minimally invasive neurosurgery. An artistic impression of the EDEN2020
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Figure 1.6: Artistic impression of the Enhanced Delivery Ecosystem for
Neurosurgery (EDEN2020) project platform. The steerable catheter is con-
trolled by the surgeon using a haptic device. The graphical user interface
displays the catheter's tip pose acquired from �ber Bragg grating sensors.

platform is shown in Figure 1.6. One of the aims is to utilize a novel steer-
able catheter in minimally invasive neurosurgery such that the surgeon has
control over both the position and orientation of the catheter's tip. This
feature provides the ability to approach a target such as a tumor from a
desired angle and also facilitates avoidance of critical structures. Moreover,
the project aims to develop and integrate the following key areas of tech-
nologies: pre-operative MRI and di�usion MRI imaging; intra-operative ul-
trasound; robotics assisted catheter steering; brain di�usion modeling and a
pre-commercial prototype of a robotics assisted neurosurgical product [54].
The research in this thesis is utilized in the EDEN2020 project for steering,
with robotics assistance, the novel catheter that is produced for this project.
In order to accurately steer the catheter, knowledge of its tip pose, that is
the position and orientation of its tip, is essential. Thus, acquiring the tip
pose of a catheter was a research goal of this thesis and that lead to the
following contributions:

1. Shape and position measurements with FBG sensors in multi-core
�bers (Chapter 2) [55].

2. Acquisition of tip pose using multi-core �bers with FBG sensors (Chap-
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ter 3) [56].

3. Comparison of measurement accuracy between two FBG inscribed
multi-core �bers; one with straight cores and the other with helical
cores (Chapter 4) [57].

4. Tracking a magnetically actuated catheter with a multi-core �ber with
FBG sensors (Chapter 5) [58].

5. Force sensing based on shape measurements acquired from a bundle
of single core �bers with FBG sensors (Chapter 6) [59].

The following chapters give details on the above mentioned contribu-
tions. Chapter 2 and 3 utilizes multi-core �ber with straight cores that
have co-located FBG sensors and the curvatures of the �ber are derived
from the FBG strain measurements in conjunction with their position on
the �ber's cross section. In the experiments for Chapter 2, the instrument
is sensorized with several multi-core �bers and the curvatures of all the
�bers are merged to get the instrument's curvature. Next, using Frenet-
Serret equations the instrument is reconstructed in Euclidean space and
that gives the position of all the points along the length of the instrument.
Chapter 3 extends the technique in Chapter 2 to acquire orientation in addi-
tion to position and utilizes Bishop frames instead of Frenet-Serret frames.
For the experiments, the tip pose of four multi-core �bers are compared
against ground truth values of the �ber tips. In Chapter 2 and 3 multi-core
�bers with straight cores were used, however the FBGs were not sensitive
to shear strain. In order to measure shear strain the FBGs are inscribed on
multi-core �bers with helical cores. In Chapter 4, a comparative study is
conducted between a multi-core �ber with straight cores and a multi-core
�ber with helical cores. Both �bers have FBG sensors and the accuracy of
the �bers in measuring curvature, twist and pose are compared. The �bers
are modeled as elastic rods and equations for elastic rods are applied to get
the tip pose of the �bers. The curvature and twist is calculated based on
the FBG measurements and their position on the �ber's cross section. In
Chapter 5 and 6, the techniques from Chapter 2 and 3 are applied to track
a catheter's tip and estimate its tip force. In Chapter 5, a single multi-
core �ber in conjunction with ultrasound images are used to track the tip
of a magnetically actuated catheter. Chapter 6 presents an algorithm to
estimate the forces at a �exible instrument's tip based on the shape of the
instrument. Lastly, Chapter 7 concludes the thesis with a discussion of the
results and future work.
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Shape and Pose Sensing

In the previous part, the literature was reviewed and the moti-
vation for the research was presented. This part discusses the
theoretical framework developed in order to meet the research
goals of this thesis. Chapter 2 gives the algorithms used to ac-
quire the shape and position of a multi-core �ber with FBG
sensors. This work is extended in Chapter 3 where in addition
to shape and position, the �ber's tip orientation is also acquired.
Lastly, Chapter 4 is a comparative study on shape sensing using
straight and helical core �bers. This part shows that shape and
pose measurements are feasible with FBG sensors. The work
described in this part is based on the following peer-reviewed
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