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Summary

In recent times, the role of minimally invasive surgery (MIS) in diagnosis and
therapy has significantly increased. The rapid adoption of MIS can be attri-
buted to the considerable benefits offered to patients. This includes reduced
patient trauma, less scarring and faster recovery times. Furthermore, the re-
duced patient trauma enables the treatment of high-risk patients who were
initially denied surgery. However, restricted access, reduced visibility and limi-
ted dexterity of instruments at the treatment location are among the challenges
of MIS. Hence, the demand for new technology such as continuum robots that
can assist the clinician during MIS is significant. Potentially, the control of con-
tinuum robots such as flexible needles, delivery sheaths and steerable catheters
could be used to address challenges associated with MIS.

In this thesis, closed-loop control methods using flexible needles, delivery
sheaths and steerable catheters for percutaneous and cardiovascular interven-
tions are developed. The closed-loop control methods are used to accurately
position the continuum robot at the treatment location and to provide instru-
ment tip stabilization for tissue motions. Feedback of the continuum robot
and target location for closed-loop control is provided by ultrasound images
and electromagnetic tracking. The closed-loop control methods (aided by path
planning) uses continuum robot models for the accurate positioning and sta-
bilization of the instrument tip. Furthermore, the control input is provided to
actuators and mechanisms in order to steer the continuum robot. In order to
evaluate the closed-loop control of continuum robots, an experimental testbed
is developed and used to reproduce a clinical environment.

The proposed closed-loop control methods for continuum robots are evalu-
ated in clinically-relevant experiments. The results obtained from experiments
showed an improved continuum robot tip positioning compared to clinical prac-
tice. In order to avoid sensitive tissue that could be present in surgery, it is
demonstrated that constraints integrated in the control method could be used
to restrict the instrument motion. Furthermore, stabilization of the continuum
robot tip for tissue motions is demonstrated. However, the proposed closed-
loop control method for continuum robots could benefit from improvements
in feedback, control methods, continuum robot design, and instrument stee-
ring mechanisms with actuators. Therefore, with modifications, the proposed
methods could be successfully deployed in clinical practice.
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Samenvatting

In de afgelopen jaren is de rol van minimaal invasieve chirurgie (MIC) bij dia-
gnose en therapie aanzienlijk toegenomen. De snelle toename van MIC is te
danken aan de grote voordelen voor patiënten, zoals minder trauma, kleinere
littekens en snellere hersteltijden. Bovendien zorgt de verminderde schade aan
het lichaam ervoor, dat patiënten met een hoog risico, waarbij aanvankelijk een
operatie niet mogelijk werd geacht, toch behandeld kunnen worden. Echter,
een beperkte toegang, verminderd zicht en gereduceerde behendigheid van het
instrument op de plek van behandeling behoren tot de uitdagingen van MIC.
Hierdoor is de vraag naar nieuwe technologie, zoals continuümrobots, die de
clinicus kan helpen tijdens MIC, aanzienlijk. Mogelijk kan de aansturing van
continuümrobots, zoals flexibele naalden, stuurbare toegangsschede en kathe-
ters gebruikt worden om uitdagingen in MIC te ondervangen.

In dit proefschrift zijn er regeltechnische methoden ontwikkeld voor flexibele
naalden, stuurbare toegangsschedes en katheters in percutane en cardiovascu-
laire interventies. De regelaars worden gebruikt om de continuümrobot nauw-
keurig op de behandellocatie te positioneren en om de instrumenttip te stabi-
liseren tegen beweging van weefsel. Terugkoppeling van de continuümrobot en
de doellocatie worden via echografie en elektromagnetische volgsensoren ver-
kregen. Het regelsysteem (met behulp van pad planning) maakt gebruik van
de eerder genoemde terugkoppeling en van continuümrobot modellen voor de
stabilisatie en positionering van de instrumenttip. Tenslotte wordt het stuur-
signaal van de regelaar door een bedieningsmechanisme met actuatoren ge-
bruikt om de continuümrobot te kunnen sturen. Om de regelsystemen voor
continuümrobots te kunnen evalueren, is er een testopstelling ontwikkeld om
de klinische omgeving te reproduceren.

De voorgestelde regeltechnische methoden voor continuümrobots zijn geëva-
lueerd door middel van klinisch relevante experimenten. De resultaten van deze
experimenten laten een verbeterde positionering van de instrumenttip zien ten
opzichte van ervaringen uit de praktijk. Daarnaast is er, om sensitief weefsel in
de buurt van de behandellocatie te vermijden, een restrictie opgenomen in de
regelaar. Deze restrictie heeft aangetoond, dat de beweging van het instrument
beperkt wordt, zodat er geen schade aan weefsel kan worden aangericht. Te-
vens is de stabilisatie van de instrumenttip tegen bewegingen van weefsel aan-
getoond. Echter, de voorgestelde besturingsmethoden voor continuümrobots
kunnen profiteren van verbeteringen in feedback, regelaar, continuümrobot
ontwerp en bedieningsmechanisme met actuatoren. Desalniettemin zouden de
voorgestelde regeltechnische methoden, met bovenstaande wijzigingen, succes-
vol toegepast kunnen worden in MIC.
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CHAPTER 1
Introduction

Over the last decades, medical treatment provided by minimally invasive surgery
(MIS) has significantly increased [1–3]. The increased use of MIS can be ex-
plained by the advances in medical technology. Treatment provided by MIS
offers considerable benefits for patients. This includes reduced trauma and im-
proved quality of life. The reduced patient trauma enables the treatment of
high-risk patients who would otherwise be denied surgery. Furthermore, the
reduced patient trauma is often associated with shorter hospital stays. Thus,
reducing the costs and increasing productivity of healthcare [4].

The use of continuum robots such as steerable and flexible needles, delivery
sheaths, endoscopes, laparoscopic devices and catheters can provide a signif-
icant contribution to MIS. Continuum robots can be used in MIS to address
challenges such as limited dexterity of the instrument at the treatment location,
which often impedes successful treatment. The goal of this doctoral research
is on the design and control of continuum robotic methods used in a realistic
clinical environment. Further, the goal is to use novel multi-steerable catheter
technology to enable accurate positioning at a treatment location in order to
assist the clinician during the procedure. The closed-loop control strategies
using continuum robots provided in this thesis aim to improve the capabilities
of MIS in two main research areas. In Part I, the closed-loop control strate-
gies for percutaneous applications using continuum robots (i.e., steerable and
flexible needles) are described. In Part II, the closed-loop control strategies us-
ing continuum robots such as delivery sheaths and catheters for cardiovascular
interventions are presented.

1.1 Clinical applications

In this section, medical applications are described that can benefit from the
use of continuum robots such as steerable and flexible needles, delivery sheaths
and catheters. The scope of the medical applications is limited to percutaneous
and cardiovascular procedures. However, other applications in neurosurgery,
urological and thoracic interventions could be improved by the image-guided
control of continuum robots.

Percutaneous procedures are often performed by instruments such as nee-
dles, which are used for the extraction of tissue or to perform therapy. Needle

3
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Biopsy

needle

Tissue

sample

Area of
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Liver
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core of tissue is
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Needle
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Biopsy

gun

Suspect

area

Needle
Ultrasound probe

Ultrasound probe

Biopsy needlePuncture site

(b)

(d)(c )

(a)

Figure 1.1: Examples of minimally invasive surgical procedures using needles. (a) During
a breast biopsy, a needle is used to remove a small piece of tissue sample for diagnostic
purposes (image courtesy of Healthwise Incorporate, Boise, USA ©). (b) A prostate biopsy
is performed in order to evaluate if the retrieved tissue is malicious (image courtesy of Mayo
Foundation for Medical Education and Research, Rochester, USA ©). (c) A percutaneous
procedure is conducted in order to extract and evaluate liver tissue for signs of damage
or disease (image courtesy of Icahn School of Medicine at Mount Sinai, New York City,
USA ©). (d) A lung tissue biopsy is performed in order to evaluate if a lung disease or
cancer is present (image courtesy of Icahn School of Medicine at Mount Sinai, New York
City, USA ©).

tip placement in biopsy or therapy is often performed using feedback from
medical imaging modalities [5, 6]. Crucial to the success of such percutaneous
procedures is the accurate guidance of the instrument tip to reach the target
tissue. If needle placement is unsuccessful, the instrument should be retracted
and reinserted. Therefore, several attempts may be needed before accurate nee-
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1.1. Clinical applications

Prostate

gland

Needle

releasing

seeds

Figure 1.2: A prostate brachytherapy procedure, the needle is used to insert an encapsulated
radioactive seeds into the prostate, inside or next to the area requiring treatment (image
courtesy of Mayo Foundation for Medical Education and Research, Rochester, USA ©).

dle positioning is provided. Inaccurate instrument tip placement could result in
misdiagnosis during biopsy and unsuccessful treatment of cancer during ther-
apy [7]. Further, inaccurate instrument tip placement could result in unwanted
tissue damage.

A biopsy is performed in order to extract tissue from breast, prostate, liver
and lung for diagnostic purposes as depicted in Fig. 1.1. A breast biopsy is
performed in order to extract a tissue samples for diagnosis. In order to vi-
sualize both instrument and suspected tissue medical images obtained from
ultrasound, magnetic resonance and mammography are used. The needle is
often inserted under image guidance in order to retrieve several tissue samples.
A prostate biopsy is performed if a prostate-specific antigen blood test or dig-
ital rectal exam indicates abnormalities. Using a needle, the urologist extracts
multiple tissue samples for diagnosis such as cell abnormalities that could be
prostate cancer. In prostate biopsy, the needle is often guided by transrectal
ultrasonography or magnetic resonance imaging. A liver biopsy is a procedure
to remove a small slender core of liver tissue for examination. The needle is
inserted under ultrasound-image guidance for accurate needle placement and
to avoid damage to nearby organs. Subsequently, the retrieved tissue sam-
ples are analysed under a microscope for signs of damage or disease. A lung
biopsy is often considered if abnormalities in the chest are observed during a
computerized tomography scan or chest X-ray. Samples of tissue or cells are
obtained by core needle biopsy or by fine needle aspiration, respectively. The
biopsy needle is guided by computerized tomography scans, fluoroscopy, ulta-
sound or magnetic resonance images to reach the site of the abnormal growth.
The retrieved samples are analysed for malignant tissue. In order to provide
successful diagnosis, accurate needle placement is required, which is often im-
peded my respiration. A needle could be retracted and re-inserted to reach the
site of the abnormal growth. However, multiple needle insertions increases the
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Replacement
valve

Replacement
valve

Left ventricle

Catheter
with baloon

Catheter
with baloon

(a) Transfemoral TAVI (b) Transapical TAVI

Figure 1.3: A minimally invasive surgical approach for the implantation of a prosthetic aortic
valve (image courtesy of Maastricht UMC+, Maastricht, the Netherlands ©). The method
is known as Transcatheter Aortic Valve Implantation (TAVI), which can be employed using
the transfemoral route as depicted in (a) or the transapical route shown in (b).

risk of pneumothorax.

Furthermore, therapeutic procedures such as localized drug delivery, cryother-
apy and brachytherapy are performed in order to provide treatment. Brachyther-
apy is performed by implanting radioactive sources in order to destroy cancer
cells as demonstrated in fig. 1.2. The radioactive sources are used to deliver
a high doses of radiation to a specific area in the prostate gland compared to
conventional external beam radiation. The radioactive sources are implanted
in the prostate gland using a needle, which is guided guided by medical imag-
ing modalities such as ultrasound. If placement of the radioactive sources is
inaccurate, the dose provided to the intended cancer cells may not be sufficient,
which could require additional treatment.

Cardiovascular diseases related to heart valves such as symptomatic aortic
stenosis require treatment. This can be provided by open heart aortic valve
replacement with cardiopulmonary bypass. However, open heart aortic valve
replacement is often considered a high-risk procedure for elderly with comor-
bidities [1, 8, 9]. As an alternative, a minimally-invasive method for the treat-
ment of aortic stenosis is provided by transfemoral (TF) or transapical (TA)
transcatheter aortic valve implantation (TAVI) as depicted in Fig. 1.3 [1–3].
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1.1. Clinical applications

(a) MitraClip placement. In-
set shows the atrial view.

(b) Indirect mitral annulo-
plasty.

(c) Artificial chordae implan-
tation.

Figure 1.4: Examples of minimally invasive surgical procedures for the treatment of degen-
erative mitral valve deceases. (a) A MitraClip is placed on the mitral valve leaflets in order
to provide treatment for severe (commissural) mitral regurgitation (image courtesy of Ab-
bott Laboratories, Chicago, USA ©). (b) Indirect mitral annuloplasty is performed to treat
severe mitral regurgitation caused by mitral annular enlargement. Indirect annuloplasty is
performed by using an implantable mitral annular contour system, which is placed into the
coronary sinus and great cardiac vein (image courtesy of Cardiac Dimensions Pty. Ltd. and
subsidiaries, Sydney, Australia ©). (c) Treatment for mitral valve leaflet prolapse caused
by a damaged or ruptured chordae tendinae is provided by implanting an artificial chordae
using a transapical approach (image courtesy of NeoChord, Inc., St. Louis Park, USA ©).

TAVI performed using the transapical approach provides a minimally-invasive
method with direct surgical access through the apex of the heart for the re-
placement of the aortic valve. In TA-TAVI procedures, complications such as
prosthetic valve malpositioning have been reported [10]. The malpositioning
and deployment of the prosthetic aortic valve implant could result in peri-
prosthetic aortic regurgitation, valve embolization and occlusion of arteries.
Addressing the malpositioning prosthetic valve often requires conversion to
surgical aortic valve replacement with cardiopulmonary bypass or a valve-in-
valve procedure [11]. Hence, the success of the procedure is highly dependent
on the accurate prosthetic valve orientation, positioning and deployment.

Similar to aortic valve replacement, open heart surgery via sternotomy is
used to enable repair strategies in order to provide treatment to a degenerative
mitral valve disease. The aim of a repair strategy is to restore the original mi-
tral valve function and to preserve the natural hemodynamics. Further, repair
strategies reduce the risk of embolism and minimize the need for long-term
anticoagulation, which is beneficial for the quality of life of the patient [12,13].
Although, superior surgical access to the deceased mitral valve is provided by
open heart surgery via sternotomy, the procedure is associated with severe pa-
tient trauma. Thus, high-risk patients with comorbidities are often excluded
from surgery [14]. As an alternative, limited minimally-invasive methods for
mitral valve repair are available [15–18]. Minimally-invasive methods without
cardiopulmonary bypass are often impeded by beating-heart motions and re-
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Chapter 1. Introduction

quires the attention of the clinician, whose accuracy deteriorates for complex
repetitive motions up to 60 beats per minute [19]. Hence, technology is required
that enables and assists the clinician to perform minimally-invasive mitral valve
repair.

A number of MIS mitral valve repair strategies are presented in Fig. 1.4.
MitraClip therapy is a repair strategy without cardiopulmonary bypass for
high risk patients with severe (commissural) mitral regurgitation. The therapy
uses a MitralClip to grasp and clamp the mitral valve leaflets, which results
in a double orifice of the mitral valve. Ultrasound imaging is used to evaluate
MitraClip placement by considering the mitral valve efficiency and the leaflet
capture. The MitraClip can be repositioned in order to find the optimal re-
duction of mitral regurgitation. The Carillon Mitral Contour System provides
indirect annuloplasty for high risk patients with severe mitral regurgitation
caused by mitral annular enlargement. The implantable mitral annular con-
straint device is used to improve the function of the mitral apparatus from the
venous anatomy of the heart (i.e., coronary sinus and great cardiac vein). The
mitral annular constraint device uses distal and proximal anchors connected
by a shaping ribbon in order to reshape the mitral valve annulus. The Neo-
Chord artificial chordae delivery system is used to provide repair treatment for
high risk patients with severe mitral regurgitation caused by an elongated or
ruptured native chordae tendinae. The artificial chordae is implanted using
a transapical approach under ultrasound image guidance. The mitral valve
leaflet is grasped by the delivery system, while multiple artificial chordae are
placed to re-suspend the prolapsed segment.

1.2 Challenges and proposed methods

In the majority of the medical interventions, the MIS approach is considered
to be a challenge. One of the major challenges in MIS is the reduced visibility
at the treatment location, which often impedes the proficient execution of the
procedure [18]. Another considerable challenge is the limited dexterity of the
instrument at the treatment location. Dexterity of the instrument at locations
that are often considered to be confined is necessary for the adequate treat-
ment of the disease. In percutaneous needle interventions, several retractions
and reinsertions may be needed before accurate needle placement is provided.
Inaccurate needle tip placement could result in misdiagnosis, unwanted tis-
sue damage, complications and unsuccessful treatment. Furthermore, in car-
diovascular interventions, the absence of cardiopulmonary bypass requires the
clinician to cope with the beating heart motions [19]. The aforementioned chal-
lenges pose significant constraints on the capabilities of both instrument and
clinician.

In this thesis, sensor-guided control strategies for continuum robots such as
steerable and flexible needles, delivery sheaths and catheters are proposed in
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order to address challenges in MIS such as limited visibility, dexterity and tissue
motions. By sensor-guided control, the continuum robot could be positioned at
the treatment location with accuracy and stabilized for tissue motions. By con-
sidering percutaneous procedures, methods for needle placement using closed-
loop control updated by path planning are proposed. Furthermore, methods
for cardiovascular applications are proposed. This includes the stabilization of
an instrument for beating heart motions. The instrument tip stabilization for
beating heart motions could provide a virtually-still treatment location, which
enables the clinician to perform surgery as if the heart stopped beating. Fur-
ther, the proposed continuum robotic steering methods are evaluated in clinical
relevant experimental testbeds.

1.2.1 Related work

Tangible improvements in MIS are offered by technological advances in con-
tinuum robotics such as steerable and flexible needles, delivery sheaths, endo-
scopes, laparoscopic devices and catheters, which are often assisted by sensor-
guided control [20]. By considering percutaneous MIS, improvements have been
provided by continuum robots such as steerable and flexible needles [21]. Unlike
traditional rigid needles that are restricted to move along a straight path from
the needle entry location to the clinical target, flexible needles with an asym-
metric (e.g., bevel) tip enable controlled insertion along curved paths [22–27].
The asymmetric forces distributed at the needle tip during insertion enable the
needle to deflect along a curved path. For bevel-tipped needles, the deflection
occurs in the direction of the bevel tip [28–30]. Further, by orienting the needle
during the insertion, the direction of deflection can be controlled, which allows
for the needle to be steered towards an intended treatment location [31]. Hence,
improved targeting accuracy is offered by continuous adjustments of the needle
trajectory [32–35].

Some of the needle concepts described in literature are depicted in Fig. 1.5.
An actuated curved stylet needle (Fig. 1.5(a)) is used to automatically steer
towards a target [23]. The needle is steered by retracting and extending the
curved stylet from the cannula in order to move straight or along a curved
path, respectively. The curved stylet needle steering method is developed for
percutaneous interventions such as biopsy and localized drug delivery. A pro-
grammable bevel concept (Fig. 1.5(b)) inspired by a wasp is used to steer the
needle towards a target [26]. The needle comprises of four bevel-tipped seg-
ments that are interlocked and controlled in order to steer the needle in a
desirable direction. The bend radius and direction is controlled by the offset
between needle segments. The envisioned applications of the programmable
bevel needle concept are keyhole neurosurgery, tissue biopsy and drainage of
liver abscesses. An actuated conical tip (Fig. 1.5(c)) is used to steer the needle
to in a desired direction [36]. The flexible needle with conical tip mounted on a
ball joint is controlled by four tendons. Fiber Bragg Grating sensors integrated
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(a) (b) (c)

(d) (e)

Figure 1.5: Examples of steerable needle concepts. (a) Curved stylet needle-steering concept:
Showing the stylet withdrawn and extended [23] (image courtesy of Okazawa et al., © 2005
IEEE). (b) A programmable bevel needle concept inspired by a wasp [26] (image courtesy
of Ko et al., © 2011 IEEE). (c) An actuated needle concept with a controllable conical
tip [36] (image courtesy of Roesthuis et al., © 2015 IEEE). An alternative concept is the
concentric-tube robot. The concentric-tube robot is capable of puncturing, while dexterity
is offered. Concentric-tube robot designs are provided in (d) by Webster III et al. (image
courtesy of Webster III et al., © 2009 IEEE) [37] and in (e) by Dupont et al. (image courtesy
of Dupont et al., © 2010 IEEE) [27].

along the needle shaft provide shape reconstruction, which is used in a steering
algorithm. The needle with actuated conical tip could potentially be used in
applications such as tissue biopsy and brachytherapy.

Alternative concepts such as the concentric-tube robots (Fig. 1.5(d) and
Fig. 1.5(e)) combine the puncturing capabilities provided by needles and the
dexterity offered by catheters [27,37]. The robot is based on a concentric com-
bination of precurved elastic tubes (e.g., nitinol). The individual tubes can
be independently translated axially and rotated at the base, which enables
the concentric-tube robot to reach a desired treatment location. Potential
medical applications of the concentric-tube robots are fetal surgery, cardio-
vascular surgery, transnasal skull base surgery and transgastric surgery. Dur-
ing insertion, medical imaging modalities such as Ultrasound (US), Magnetic-
Resonance (MR), Computed Tomography (CT) and fluoroscopy can be used
for feedback of both instrument and treatment location [38–45]. The feed-
back can be used as an input in motion and path planning algorithms in order
to compute feasible paths of the needle, which allows for obstacle avoidance
and minimization of tissue damage [46–53]. The combination of steerable and
flexible needles with path planning updated by images obtained from medical
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(a) (b) (c)

(d) (e) (f)

Figure 1.6: Examples of continuum robot concepts for medical interventions (a) Example
of a tendon driven catheter (image courtesy of Camarillo et al., © 2008 IEEE) [58]. (b)
Example of a tendon driven catheter with integrated shape sensing sensors (image courtesy
of Roesthuis et al., © 2013 IEEE) [59]. (c) Example of a hydraulically actuated multi active
link catheter (image courtesy of Bailly et al., © 2005 IEEE) [60]. (d) Example of a highly
articulated surgical snake robot (image courtesy of Tully et al., © 2011 IEEE) [61]. (e)
Example of a platform for single port access surgery, which comprises of a 3D stereo vision
module and two dexterous arms (image courtesy of Simaan et al., © 2013 IEEE) [62]. (f)
Example of a robotic platform which comprises of a video endoscope and two articulated
arms (image courtesy of Bardou et al., © 2010 IEEE) [63].

imaging modalities, can be considered a significant step forward in the devel-
opment of MIS capabilities [53–57].

Similar to steerable and flexible needles, continuum robots such as catheters
have provided contributions to MIS [17, 18]. Continuum robotic catheters are
capable of improving existing and enabling future MIS procedures. A num-
ber of the continuum robotic catheter concepts documented in literature are
presented in Fig. 1.6. The tendon-driven continuum manipulator (Fig. 1.6(a))
modelled by Camerillo et al. is capable of articulating motions in order to pro-
vide dexterity [58]. The catheter is actuated by four tendons that are equally
spaced on the manipulator perimeter. Further, the catheter inner and outer
diameters are lined with laminated plastics for the use in medical applications.
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The tendon-driven continuum manipulator could potentially be used for med-
ical applications in cardiovascular surgery. A tendon-driven manipulator with
integrated shape sensing (Fig. 1.6(b)) is documented by Roesthuis et al. [59]. A
total of twelve Fiber Bragg Grating sensors are distributed over four fibers that
are embedded on the flexible nitinol backbone of the manipulator. The strain
measurements provided by the Fiber Bragg Grating sensors are used for 3D
shape reconstruction. The reconstructed shape of the manipulator is used in
closed-loop control. The tendon-driven manipulator could potentially be used
to target difficult-to-reach locations in the human body. A hydraulically actu-
ated multi active link catheter (Fig. 1.6(c)) is presented by Bailly et al. [60].
The catheter comprises of two bases that are interconnected by equally spaced
bellows. The catheter is bend by hydraulic pressure variations in the indi-
vidual bellows. The hydraulically-actuated catheter is developed for endovas-
cular aortic aneurysm treatment. Further, a highly articulated surgical snake
robot (Fig. 1.6(d)) is described by Tully et al. [61,64]. Although not considered
a catheter, the snake robot provides stability and maneuverability by using six
actuators. The snake robot is steered towards a location while maintaining its
shape in 3D space. This is achieved by each individual link that moves into
the configuration of the link in front of it. Note, that the articulated design
maintains it shape in 3D, while instantaneous change of the bend angle requires
planning to move from one configuration to another. The highly articulated
surgical snake robot is developed for applications such as cell transplantation
by intramyocardial injection, epicardial ablation and epicardial lead placement
for resynchronization. An insertable robot end effectors platform (Fig. 1.6(e))
is described by Ding et al. and Simaan et al. [62, 65, 66]. The insertable robot
comprises of two dexterous arms and a 3D stereo vision module, which are
controlled by 21 actuators. The insertable robot end effectors platform can be
folded into a configuration with a diameter of 15 mm, which allows for platform
insertion through a trocar or natural orifice. Further, the robot is designed to
perform tasks such as intracorporeal suturing and knot tying. The insertable
robot end effectors platform is developed for medical applications in single port
access surgery and natural orifice trans-luminal endoscopic surgery. Note, that
the insertable robot end effectors platform arms are considered stiffer than a
catheter, while the backbones are controlled by push-and-pull actuation. Bar-
dou et al. presented a multiple sections flexible endoscopic system (Fig. 1.6(f))
in order to improve endoscopic tasks and workspace [63]. The system comprises
of a main endoscope with endoscopic camera and two flexible hollow arms. The
arms are attached to the endoscope and provide additional degrees of freedom
and triangulation of the instruments which can translate and rotate inside each
arm. The multiple sections flexible endoscopic system is developed for medi-
cal interventions in natural orifice trans-luminal endoscopic surgery. Further,
the kinematics of the aforementioned continuum robotic catheter designs have
been documented in literature [27,31,58,63,65,67,68]. The continuum robotic
designs offer dexterity, enable clinically relevant tasks such as suturing and

12



1.3. Objectives

Figure 1.7: Manipulation of a minimally-invasive instrument (i.e., steerable guidewire) for
potential use in minimally-invasive surgery. The depicted device has been developed by
DEAM Corporation, Amsterdam, the Netherlands in collaboration with the Bio-Inspired
TEchnology (BITE) research group of Delft University of Technology, Delft, the Netherlands
(image courtesy of the BITE research group of Delft University of Technology, Delft, the
Netherlands ©).

provide improved targeting accuracy, while patient trauma is minimized. In
order to provide intuitive control of the continuum robotic catheter, advanced
control strategies are combined with catheter steering mechanisms and actua-
tors [69]. A well investigated topic for the use of continuum robotic catheters is
the compensation of tissue motion [70–72]. Often predictive control strategies
are used in order to address the repetitive respiration and the beating heart
motions [73–76]. Another investigated topic is the interaction between catheter
tip and tissue using force sensors, which is documented in literature [77, 78].
In the aforementioned works, the continuum robotic catheter methods are of-
ten assisted by feedback from medical imaging devices such as US, MR, CT
or fluoroscopy [2, 32, 39–41, 44, 79]. By combining continuum robotic catheters
with advanced control strategies aided by feedback from medical images, intu-
itive and accurate instrument tip positioning can be provided, which can be
considered a major step forward in MIS procedures [44,69,80,81].

1.3 Objectives

The research provided in the thesis is conducted within the Instrument for Min-
imally Invasive Techniques (iMIT) program under the project multi steerable
catheters (MULTI), which aims to develop and control continuum robots for
minimally-invasive interventions [82,83]. The objective of the iMIT program is
to enable clinicians to reach, evaluate and treat any location within the human
body using a single instrument as depicted in Fig. 1.7. As part of the iMIT pro-
gram, the MULTI project goal is the development and the closed-loop control
of continuum robots in a realistic clinical environment.
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Minimally-invasive surgery on the beating heart is one of the strong drives
behind catheter development. Coronary artery balloon dilations form a golden
standard, but complex cardiac catheter interventions are still rare. Main dif-
ficulties are the absence of vessel wall support, making it hard to position the
catheter tip precisely, and the complex 3D shape of the ventricles requiring
intricate catheter maneuvers that are impossible to carry out with existing de-
signs. The added effect of blood flow and tissue motion caused by respiration
and heartbeat makes it hard to use catheters for complex interventions such
as mitral valve annuloplasty procedures, cardiac tissue resection, atrial septal
defect closures and precision cardiac biopsies and transcatheter aortic-valve
implantation (TAVI). The aim of the MULTI project is to develop novel multi-
steerable catheter technology to enable accurate positioning within a beating
heart under electromechanically-assisted manual control by a clinician.

1.4 Contributions

The main contributions of this thesis are provided by:

• The development of an ultrasound-guided needle insertion method as-
sisted by continuous path planning, which is capable of obstacle avoid-
ance in order to reach a moving target. The integration and testing of the
path planning algorithm was achieved in collaboration with the Compu-
tational Robotics Research Group in North Caroline University at Chapel
Hill, USA.

• The development of a model predictive control strategy used to stabilize
the robotically-actuated delivery sheath tip for beating-heart motions,
which is based on pre-operative patient data.

• The design of a catheter steering module capable of robot actuation of
a wide range of tendon-driven catheters such as a steerable and flexible
catheter.

• Presenting the electro-magnetic and ultrasound guided stabilization meth-
ods of a steerable and flexible catheter tip for beating heart mitral valve
motions.

• The development of a beating heart model with a realistic interior, which
is capable of mimicking beating heart motions and systemic circulation
in order to provide a realistic cardiac environment for minimally invasive
mitral valve repair surgery using steerable and flexible catheters.

Within the context of the thesis, the following articles are published or under
consideration in the international peer-reviewed journals:
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• G.J. Vrooijink, M. Abayazid, S. Patil, R. Alterovitz, and S. Misra, Nee-
dle path planning and steering in a three-dimensional non-static
environment using two-dimensional ultrasound images, Interna-
tional Journal of Robotics Research, 33(10): 1361-1374, September 2014.

• M. Abayazid, G.J. Vrooijink, S. Patil, R. Alterovitz, and S. Misra, Ex-
perimental evaluation of ultrasound-guided 3D needle steering
in biological tissue, International Journal of Computer Assisted Radi-
ology and Surgery, 9(6): 931-939, November 2014.

• G.J. Vrooijink, A. Denasi, J.G. Grandjean, and S. Misra, Model predic-
tive control of a robotically-actuated delivery sheath for beat-
ing heart compensation, International Journal of Robotics Research,
36(2): 193-209, April 2017.

• G.J. Vrooijink and S. Misra, Sensor-Guided Stabilization of a Steer-
able and Flexible Catheter Tip for Beating Heart Mitral Valve
Motions, IEEE Transactions on Medical Robotics and Bionics, 2019
(under review).

The following papers were published at international peer-reviewed conferences:

• G.J. Vrooijink, T.T.M. Ellenbroek, P. Breedveld, J.G. Grandjean, and
S. Misra, A preliminary study on using a robotically-actuated
delivery sheath (RADS) for transapical aortic valve implanta-
tion, in Proceedings of the IEEE International Conference on Robotics
and Automation (ICRA), Hong Kong, China, pages 4380-4386, May-June
2014.

• G.J. Vrooijink, M.P. Jansen, M.L. Tolhuisen, J.G. Grandjean, and S.
Misra, Ultrasound-guided stabilization of a robotically-actuated
delivery sheath (RADS) for beating heart mitral valve mo-
tions, in Proceedings of the IEEE International Conference on Biomedi-
cal Robotics and Biomechatronics (BioRob), Singapore, pages 73-79, June
2016. (Best Conference Paper Award).

• G.J. Vrooijink, H. Irzan, and S. Misra, A beating heart testbed for
the evaluation of robotic cardiovascular interventions, in Proceed-
ings of the IEEE International Conference on Biomedical Robotics and
Biomechatronics (BioRob), Enschede, the Netherlands, pages 1076-1082,
August 2018.

The following abstract submission was published at a local conference:

• G.J. Vrooijink, J.G. Grandjean, and S. Misra, Closed-loop control of a
robotically-actuated delivery sheath (RADS) for cardiovascular
applications, in Proceedings of the of the 5th Dutch Biomedical Engi-
neering Conference, Egmond aan Zee, The Netherlands, January 2015.
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1.5 Outline of the thesis

The thesis is divided into three parts. The chapters of Part I and II are provided
by the aforementioned papers, which are published or under consideration in
international peer-reviewed journals and conferences. Part I, II and III of this
thesis are outlined as follows:

In Chapter 2 (Part I), the work describing robotic needle interventions for
minimally-invasive surgery is presented. A system capable of autonomously
and accurately guiding a steerable needle using path planning and ultrasound
feedback is provided. A rapidly exploring random tree-based motion planner is
used to continuously compute a feasible needle path in order to reach a target.
In experiments, the needle is steered around moving obstacles towards a moving
target.

In Part II, the sensor-guided control methods of continuum robots for
minimally-invasive cardiovascular interventions are provided. The control meth-
ods described in Part II consider continuum robots such as a robotically-
actuated delivery sheath and a steerable and flexible catheter. Part II consists
of three chapters.

In Chapter 3 (Part II), a model-predictive control (MPC) strategy is pre-
sented, which is used to compensate the robotically-actuated delivery sheath
(RADS) tip for beating heart motions at a treatment location. Further, kine-
matic models and on-line ultrasound segmentation methods of the RADS are
provided and integrated in the MPC strategy.

In Chapter 4 (Part II), electro-magnetic and ultrasound guided stabilization
methods of a steerable and flexible catheter (SFC) tip for beating heart mitral
valve (MV) motions are provided. A novel catheter steering module capable of
robot actuation of a wide range of tendon-driven catheters is developed. The
SFC tip stabilization methods are demonstrated in a heart system, which is
attached to a six degrees-of-freedom Stewart platform in order to reproduce
beating heart MV motions based on pre-operative patient data.

In Chapter 5 (Part II), a beating heart testbed for the evaluation of robotic
catheters in minimally invasive cardiovascular interventions is provided. As-
pects of the beating heart testbed such as the relevant interior structures, an
integrated realistic MV model, an artificial aortic valve, a systemic arterial
model, a venous reservoir and a pulsatile pump are described. Experiments
are provided in order to demonstrate systemic circulation and beating heart
motion re-production, while a robotic catheter in the heart model is observed
by ultrasound imaging and electro-magnetic position tracking.

Finally, in Part III of this thesis, the outlook is provided. In Chapter 6
(Part III) conclusions are summarized and potential directions for future work
are given.
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Part I

Continuum robots:
Needle steering
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Preface

Continuum robots: Needle steering

In numerous percutaneous procedures, medical instruments are inserted into
tissue for diagnosis and therapy. Inaccurate instrument tip placement could re-
sult in misdiagnosis and delayed or unsuccessful treatment. Continuum robots
such as steerable needles could provide accurate instrument tip positioning.
The trajectory of the steerable needle can be adjusted during the procedure
in order to reach a moving target with accuracy. In Chapter 2, a closed-loop
control strategy for percutaneous applications using steerable needles is pro-
vided. An ultrasound tracking method for a steerable needle is developed. The
ultrasound feedback of the steerable needle is provided to a path planner. The
path planner is used to compute a feasible needle path to the target. Subse-
quently, the path is provided as an input to closed-loop control of the steerable
needle. Furthermore, the ultrasound feedback is used to control the needle in
closed-loop. In order to evaluate the proposed needle steering method, experi-
ments are conducted. The aim of the experiments is to demonstrate accurate
needle placement for clinically-relevant scenarios with movement in obstacle
and target locations.
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CHAPTER 2
Needle path planning and steering in a

three-dimensional non-static environment
using two-dimensional ultrasound images

Abstract
Needle insertion is commonly performed in minimally invasive medical procedures
such as biopsy and radiation cancer treatment. During such procedures, accurate
needle tip placement is critical for correct diagnosis or successful treatment. Accurate
placement of the needle tip inside tissue is challenging, especially when the target
moves and anatomical obstacles must be avoided. We develop a needle steering
system capable of autonomously and accurately guiding a steerable needle using two-
dimensional (2D) ultrasound images. The needle is steered to a moving target while
avoiding moving obstacles in a three-dimensional (3D) non-static environment. Using
a 2D ultrasound imaging device, our system accurately tracks the needle tip motion
in 3D space in order to estimate the tip pose. The needle tip pose is used by a
rapidly exploring random tree-based motion planner to compute a feasible needle
path to the target. The motion planner is sufficiently fast such that replanning can be
performed repeatedly in a closed-loop manner. This enables the system to correct for
perturbations in needle motion, and movement in obstacle and target locations. Our
needle steering experiments in a soft-tissue phantom achieves maximum targeting
errors of 0.86 ± 0.35 mm (without obstacles) and 2.16 ± 0.88 mm (with a moving
obstacle).

This chapter has been previously published as

[57] G.J.Vrooijink, M. Abayazid, S. Patil, R. Alterovitz, and S. Misra, Needle
path planning and steering in a three-dimensional non-static environ-
ment using two-dimensional ultrasound images, International Journal
of Robotics Research, 33(10): 1361-1374, September 2014.
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Figure 2.1: A flexible bevel-tipped needle is steered in the soft-tissue phantom by using a
device that robotically inserts and rotates the needle. The needle deflects along a curved
trajectory in the direction of the bevel tip. A two-dimensional ultrasound transducer, which
is orientated perpendicular to the needle insertion direction, is used to track the needle tip
in three-dimensional space during insertion. A transducer positioning device is used to track
the needle tip during insertion in order to estimate the needle tip pose. The needle tip pose is
used to plan and control the needle motion to reach a moving target while avoiding possibly
moving obstacles.

2.1 Introduction

Percutaneous needle insertion into soft tissue is a component of many minimally
invasive medical procedures. Percutaneous needles are used for diagnostic and
therapeutic procedures, including biopsy to extract tissue samples for diagnosis
and brachytherapy for implanting radioactive sources into tumors for cancer
treatment. These procedures are typically performed under image guidance
using imaging modalities such as computed tomography (CT), magnetic reso-
nance (MR), fluoroscopy, or ultrasound. Imaging provides crucial information
about the locations of the clinical target, anatomical obstacles, and the needle
itself during the procedure. Accurate guidance of the needle tip is often crucial
to the success of such image-guided procedures. For example, inaccurate nee-
dle tip placement may result in misdiagnosis during biopsy and unsuccessful
cancer treatment during brachytherapy [84].

Needle insertion is traditionally performed using rigid needles, but recent
advancements in steerable needles have the potential to enable clinicians to
more accurately reach clinical targets while simultaneously avoiding anatomi-
cal obstacles [21,25]. Unlike rigid needles that are restricted to approximately
straight line paths from the needle entry location to the clinical target, flexible
needles with an asymmetric, bevel tip naturally move along a curve when in-
serted into soft tissue [28, 29]. A steerable needle’s insertion trajectory can be
adjusted during a procedure to improve the accuracy of reaching moving tar-
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gets, e.g., target perturbations of approximately 7.0 mm are common during
clinical interventions in breast tissue [85–88]. The ability to control a steerable
needle along curved trajectories also enables these needles to reach previously
inaccessible targets while avoiding anatomical obstacles, including impenetra-
ble structures such as bones and sensitive structures such as blood vessels or
nerves.

We introduce a needle steering system capable of autonomously and accu-
rately guiding a steerable needle using two-dimensional (2D) ultrasound imag-
ing to a moving target while avoiding a moving obstacle in three-dimensional
(3D) anatomy. Ultrasound imaging is an ideal imaging modality to use during
needle insertion procedures because of its low cost compared to CT and MR,
and because it does not rely on ionizing radiation, which can be harmful to the
patient when used in large doses during continuous CT or fluoroscopy imag-
ing [89]. However, ultrasound is challenging to use for needle tracking because
of its low resolution and high noise. We use a novel technique to track and
steer flexible needles in 3D using 2D ultrasound images. The 2D ultrasound
transducer is placed at the tissue surface perpendicular to the direction of nee-
dle insertion (Fig. 2.1). During needle insertion, the method automatically
repositions the transducer such that the needle tip is in the imaging plane.
Our method also processes the images to estimate the needle tip pose, enabling
online tracking of the needle tip in 3D anatomy.

In this study, we integrate ultrasound tracking into a complete system capa-
ble of automatic needle steering in non-static environments in which obstacles
and targets may move. The system includes a motion planner that, given the
pose of the needle estimated from ultrasound, computes a feasible trajectory
that optimizes a clinical criterion and steers the needle around obstacles to a
target in a 3D environment. The system is capable of considering and correct-
ing for obstacle and target motions, and perturbations in the trajectory of the
needle due to real-world uncertainties. This is possible because of the motion
planner which is sufficiently fast such that it can be executed in a closed-loop
manner. Closed-loop planning enables the needle trajectory to be continuously
updated as online feedback is obtained from ultrasound tracking. Our sys-
tem provides a novel approach to controlling steerable needles in 3D under 2D
ultrasound image guidance.

To the best of our knowledge, our results are the first to experimentally
demonstrate a needle steering system that, (1) integrates 3D steerable needle
tracking using 2D ultrasound images and 3D motion planning, and (2) success-
fully guides the needle to a moving target while avoiding a moving obstacle.
Our system is capable of accurately placing the needle tip at the desired target
location (e.g., lesion), which is essential for successful diagnosis or therapy in
many clinical applications. Potential applications that could benefit from this
kind of system include breast biopsy and prostate brachytherapy.
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2.2 Related Work

Our work builds on the following two main areas of research for improving the
accuracy of needle guidance in soft tissues: needle tracking and needle steering.

A key aspect of improving needle targeting accuracy is accurately tracking
the needle tip during a clinical procedure, which is complicated by the limita-
tions of medical imaging modalities. The spatial resolution of 3D ultrasound
images is limited and the refresh rate of a 3D image is low [39]. The use of x-
ray-based imaging such as CT or fluoroscopy exposes the patient to high doses
of ionizing radiation [89, 90]. MR imaging suffers from low refresh rate and
incompatibility with ferromagnetic materials [91]. Electromagnetic position
tracking sensors [21,92] can be used for 3D needle tracking, but their accuracy
is sensitive to ferrous materials in the range of measurement. Further, studies
by Hong et al. and Neubach and Shoham provided ultrasound-based track-
ing methods for needles, but motion is limited to the imaging plane [32, 41].
A study by Neshat and Patel used 2D ultrasound images to construct a vol-
ume, but the volume size remains limited by the available acquisition time in
real-time applications [40]. Recently, Vrooijink et al. presented a method to
online track flexible needles in 3D using 2D ultrasound images [45]. Our study
expands on this technique to track and steer the needle using 2D ultrasound
images in the presence of both obstacle and target motion.

Needle steering techniques and devices have been introduced that enable
clinicians to improve targeting accuracy by adjusting the needle path within
tissue. Such needle steering techniques and devices include bevel-tip flexible
needles [28], symmetric-tip needles that can be steered by applying forces at
the base [22, 38], curved stylet tips [23], programmable bevel-tip needles [26],
and pre-bent concentric tubes [27, 31]. We focus on bevel-tip flexible needles.
Significant advancements have been made in modeling bevel-tip steerable nee-
dles [25]. Webster et al. developed and experimentally validated a kinematic-
based model based on a unicycle [28]. Minhas et al. showed that the curvature
of the needle path can be controlled through duty cycled spinning of the needle
during insertion [24]. Misra et al. and Majewicz et al. modeled the character-
istics and mechanics of steerable needles in soft-tissue phantoms and biological
tissue, respectively [29,43].

There is extensive research on motion planning and control of steerable
needles in a plane (2D) [46, 51–53]. DiMaio and Salcudean presented a path
planning algorithm that relates the needle motion at the base (outside the
soft-tissue phantom) to the tip motion inside the soft-tissue phantom [22]. Mo-
tion planners have been developed for needle steering in 3D environments with
obstacles. Duindam et al. proposed a fast planner based on inverse kinemat-
ics, but which offers no completeness guarantee [48]. Park et al. proposed a
path-of-probability algorithm that considers uncertainty in needle motion us-
ing diffusion-based error propagation, but the planner is not guaranteed to be
complete when obstacles are present [49]. Several studies presented 3D path

24



2.3. Methods

planning approaches based on Rapidly-exploring Random Trees (RRTs) [47,50].
These studies demonstrated results in simulations and have not been validated
experimentally in 3D under closed-loop ultrasound image guidance.

Needle steering algorithms to control the needle to follow a planned path
have been developed. Glozman and Shoham created an image-guided closed-
loop control algorithm for steering flexible needles using fluoroscopic images for
feedback of the needle position during insertion [38]. Neubach and Shoham and
Abayazid et al. used ultrasound images for 2D steering [41,55]. A recent study
by Bernardes et al. demonstrated a robot-assisted approach for automatic
steering of flexible bevel-tipped needles [53]. The 2D needle steering method
operates in closed-loop using camera images for feedback, while intraoperative
trajectory replanning is used to deal with obstacles and dynamic workspaces.
Another study by Abayazid et al. uses Fiber Bragg Grating sensors for 3D
closed-loop needle steering without path-planning [56]. Hauser et al. developed
a 3D feedback controller that steers the needle along a helical path, but the
results were only validated in simulations [54]. Van den Berg et al. proposed a
framework for planning and Linear-quadratic-Gaussian (LQG)-based feedback
control of a steerable needle under motion and sensing uncertainty, which was
extended by Patil et al. for deformable workspaces [93, 94]. Despite these
advances, prior LQG-based methods may fail due to control saturation, which
is a practical concern for needle steering. Furthermore, these prior LQG-based
methods cannot respond in real-time to significant perturbations that are not
considered a priori.

The majority of the mentioned studies demonstrated needle steering in 2D.
Even fewer studies investigated 3D steering that are also experimentally evalu-
ated. Our study is the first to describe an ultrasound-guided 3D needle steering
system capable of avoiding obsacles and reaching targets in non-static environ-
ments. This novel system effectively integrates the online ultrasound-based 3D
tracking method described by Vrooijink et al. with the motion planner pre-
sented by Patil et al., which we extend in this study to execute in a closed-loop
manner under ultrasound guidance [45, 94]. We use duty cycled spinning to
achieve variable needle curvature in order to steer the flexible needle along the
trajectory computed by the motion planner. The integrated system is capable
of steering needles in non-static environments while compensating for uncer-
tainties such as perturbations in needle motion and a priori unknown motions
in obstacle and target locations. We experimentally evaluated the targeting
accuracy of the system in static and non-static scenarios using a soft-tissue
phantom.

2.3 Methods

In this section, we present methods to enable robot-assisted tracking and steer-
ing of flexible bevel-tipped needles. We summarize the needle tip tracking
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Figure 2.2: The ultrasound image processing steps performed to determine the needle centroid
position (yc,zc). (a) The ultrasound image shows a radial cross-sectional view of the needle
affected by the comet tail artifact (CTA). A cropped portion is used for image processing.
(b) A median filter is applied to reduce speckle in the ultrasound image. (c) Thresholding
is used to obtain a binary image of the needle. (d) Erosion and subsequently dilation are
applied to remove the remaining speckle in the ultrasound image. (e) A feature extraction
algorithm (Hough Transform) is used to find a vertical line segment denoted by AB, which
describes the needle with CTA. (f) The needle centroid position (yc,zc) is evaluated from A
in the direction of B at a distance equal to the needle radius, and displayed as the center of
the red circle.

method which uses 2D ultrasound images to estimate the pose of the needle tip
during insertion. The tip pose is used in motion planning and steering, which
allows the needle to be steered in a non-static environment with obstacle and
target motion.

2.3.1 Ultrasound Image Processing

Our system processes ultrasound images to estimate the needle tip pose, which
is used for needle steering. The 2D ultrasound transducer is placed perpen-
dicular to the needle insertion axis, as shown in Fig. 2.1. The resulting 2D
ultrasound image provides a radial cross-sectional view of the needle, which has
ideally a circular shape. However, the radial cross-sectional view of the needle
is deformed by an artifact known as reverberation (Fig. 2.2(a)). The artifact
occurs when sound waves reflect repeatedly between materials with different
acoustic impedances [95]. The acoustic impedance difference between needle
and soft tissue causes sound waves to bounce multiple times inside the needle
before exiting. If the angle of the reflected sound waves are almost perpendicu-
lar to the receivers in the transducer, the reflected sound waves will produce an
artifact. The artifact, often referred to as a comet tail artifact (CTA), is visible
in ultrasound images and has a tail-shaped structure of equally spaced echoes
along the sound wave [96]. The length of the tail-shaped structure depends on
the amount of bouncing echoes that are received by the transducer.

We developed an image processing method to locate the needle centroid
from the radial cross-sectional view of the needle which is affected by the CTA.
Our method consists of a series of image processing techniques used to deter-
mine the needle centroid independent of the influences of the CTA. In this
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study, we assume that ultrasound images are properly de-wrapped and scaled.
We first process the ultrasound images to enhance the needle using a series
of basic image processing techniques, including median filtering, thresholding,
and erosion and dilation in Fig. 2.2(b), (c) and (d), respectively. The enhanced
image of the needle is used to determine the needle centroid. We apply to the
enhanced image a feature extraction algorithm based on the Hough transform
to compute a set of vertical line segments which describe the needle cross section
and CTA. The length of each line segment must be equal or greater than the
needle diameter. The algorithm then computes the mean line segment (AB) of
the set of vertical line segments (Fig. 2.2(e)). The line segment (AB) describes
the location and height of needle cross section and CTA under the assumption
that the tail-shaped structure of the CTA is symmetric along the sound wave.
Variations in the size of the tail-shaped structure are dependent on the amount
of echoes that return to the transducer and affect the mean line segment at B.
Point A of mean line segment (AB) is not affected by the CTA, and represents
a point on the surface of the needle which is used to determine the needle cen-
troid location. We estimate the needle centroid (yc, zc) as the point on the line
segment between A and B a distance equal to the radius of the needle from A
(Fig. 2.2(f)). By positioning the transducer at the needle tip during insertion,
we can estimate the needle tip position (centroid (yc, zc)), which can be used
to estimate the needle tip pose as described below.

2.3.2 Needle Tip Pose Estimation

The coordinate frames required to determine the needle tip pose during inser-
tion are shown in Fig. 2.3. The needle is inserted in the soft-tissue phantom
along the x-axis (frame (Ψ0)) with insertion velocity (vi) using a needle in-
sertion device (NID). The NID also enables needle rotation about the x-axis
(frame (Ψ0)), which allows the needle to bend in a controlled direction. In order
to determine the needle tip pose as it moves through the soft-tissue phantom,
the needle tip position,

p0
t =

[
px py pz

]T
, (2.1)

with respect to the fixed reference frame (Ψ0) is evaluated. The needle cen-
troid (yc, zc), describes the estimated tip frame (Ψt̂) in the ultrasound image
frame (Ψu). The frames (Ψu and Ψp) are considered coincident for computa-
tional simplicity. Frame (Ψp) is attached to the positioning device end-effector,
and is used to describe the transducer position with respect to fixed reference
frame (Ψ0). Thus, by using coordinate transformations, the estimated needle
tip position (p0

t̂
) can be expressed in the fixed reference frame (Ψ0).

In order to estimate the needle tip position (p0
t̂
), the ultrasound image plane

must be located at the tip. Therefore, the transducer needs to be repositioned
along the insertion axis (x-axis of frame (Ψ0)) according to the needle tip
motion. It is assumed that the needle does not buckle during insertion. Hence,
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Figure 2.3: The coordinate frames used to estimate the needle tip pose: Frame (Ψ0) is
used as fixed reference frame located at the needle entry point. Frame (Ψn) is attached
to the needle insertion device end-effector, while frame (Ψp) is located at the end-effector
of the transducer positioning device. Frame (Ψu) is fixed to the ultrasound image plane.
Frame (Ψt) is located at the needle tip, while frame (Ψt̂) is fixed at the estimated needle
tip location. The ultrasound transducer aberration along the needle insertion axis (x-axis of
frame (Ψ0)) is denoted by ±λ. Furthermore, the orientation of the needle tip about the y-
and z-axes of frame (Ψ0) is indicated by θ and φ, respectively.

the needle tip velocity (‖ṗ0
t‖) equals to the insertion velocity (‖vi‖) at the base,

‖vi‖ =
√
ṗ2
x + ṗ2

y + ṗ2
z. (2.2)

This relation can be used to estimate the required transducer motion along
the x-axis (frame (Ψ0)) to compensate for the needle tip motion. Thus, by
rewriting (2.2), the required transducer motion is given by

˙̂px =

√
‖vi‖2 − ˙̂py

2
− ˙̂pz

2
, (2.3)

where the insertion velocity is corrected by estimated tip velocities ( ˙̂py and ˙̂pz)
which are the derivatives of needle tip positions (p̂y and p̂z), respectively.

In order to determine the needle tip pose, orientations about the x-(ψ)-
, y-(θ)- and z-(φ)-axes are required. The NID controls the needle tip orienta-
tion (ψ) about its x-axis. If we assume no torsional flexibility about the needle
shaft, the bevel tip orientation of the needle (about the x-axis of frame (Ψt))
can be determined from the NID (frame (Ψn)). The orientation of the needle
tip about the y-(θ)- and z-(φ)-axes of frame (Ψ0) as depicted in Fig. 2.3 are
computed by

θ = atan2(∆p̂z,∆p̂x) and φ = atan2(∆p̂y,∆p̂x), (2.4)
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Figure 2.4: An overview of the controller architecture to control the transducer motion
in order to enable online three-dimensional needle tip tracking. The transducer motion
along the x-axis (frame (Ψ0)) is evaluated by the compensator using the needle insertion
velocity (vi) according to (2.3). In order to provide closed-loop control, gain scheduling
of Ke according to (2.8) is applied. In-plane motion (y-axis of frame (Ψ0)) of the needle tip
is compensated for by a proportional-derivative-(PD)-controller (proportional gain (Kp =
0.4) and derivative gain (Kd = 0.1)). The needle tip motion in the z-axis (frame (Ψ0)) is not
compensated for. The z-axis (frame (Ψ0)) is used to position the transducer on the surface of
the soft-tissue phantom. The transducer motion is enabled by a Cartesian positioning device
to provide the needle tip position (p). The needle tip velocity (ṗ) is obtained by taking
the time derivative of p. The tracker reference position and velocity signals are denoted pr

and ṗr, while the tracker position and velocity errors are denoted e and ė, respectively. The
influence of process (w) and measurement (v) noise on the states (p and ṗ) are minimized
by a Kalman observer, which also predicts the subsequent state. The estimated needle tip
position and velocity are denoted by p̂ and ˙̂p, respectively.

respectively, where ∆p̂x, ∆p̂y and ∆p̂z represents small needle tip displace-
ments along the x-, y- and z-axes of frame (Ψ0), respectively. The rotation
matrix (R0

t̂
) is computed using the tip orientations (ψ, θ and φ). The tip

pose is known, since position (p0
t̂
) and orientation (R0

t̂
) are known. Thus, the

homogeneous transformation (H0
t̂
) is estimated by

H0
t̂

=

[
R0
t̂

p0
t̂

0T3 1

]
, (2.5)

which describes the estimated needle tip frame (Ψt̂) with respect to the refer-
ence frame (Ψ0). In order to estimate the needle tip pose during insertion, we
implemented a controller to accurately position the ultrasound transducer at
the needle tip.

2.3.3 Ultrasound Image-Guided Controller

The ultrasound transducer is positioned at the needle tip using the controller
architecture presented in Fig. 2.4. The needle tip position is denoted by p, and
its corresponding time derivative representing the tip velocity is given by ṗ.
Unless otherwise stated, the variables used in this subsection are expressed in
the fixed reference frame (Ψ0), which is not included for notational simplicity.
The transducer moves in the needle insertion direction (x-axis of frame (Ψ0))
using a compensator according to the estimated needle tip velocity ( ˙̂px) (2.3).
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Estimation errors in the needle tip velocity ( ˙̂px) caused by sideways cutting or
needle deformation results in a positioning error between transducer and needle
tip along the x-axis (frame (Ψ0)), which is considered to be the transducer
aberration denoted by λ (Fig. 2.3). The aberration is given by

λ =| px − p̂x |, (2.6)

where px represents the needle tip position and p̂x the estimated tip position
by the controller. The transducer aberration (λ) introduces an error in the
estimated needle tip pose (H0

t̂
),

Ht
t̂

= Ht
0H

0
t̂
, (2.7)

where Ht
t̂
∈ R4×4 represents the pose error between frames (Ψt and Ψt̂), which

ideally equals the identity matrix.
Closed-loop control is applied to reduce the transducer aberration (λ) that

introduces the needle tip pose error (Ht
t̂
). This is achieved by adding a gain (Ke)

to the estimated needle tip velocity ( ˙̂px). Thus, by scheduling of Ke, the trans-
ducer velocity can be increased (Ke > 1 to move faster than the needle) or
decreased (Ke < 1 to move slower than the needle) when the needle is in- or
out-of-plane, respectively. The velocity gain is scheduled according to

Ke =

{
1.05 if needle is in-plane
0.5 if needle is out-of-plane

, (2.8)

where closed-loop control is achieved by estimating Ke empirically. The im-
posed gain scheduling controller forces the transducer to move towards the
needle tip, and thus, minimizes λ and therefore minimizes the needle tip pose
error (Ht

t̂
).

A standard proportional-derivative (PD) controller is used to control the
transducer motion along the y-axis (frame (Ψ0)), which allows the needle tip
to move beyond the transducer image width (5.5 cm). The transducer mo-
tion along the z-axis (frame (Ψ0)) is used to maintain contact between the
transducer and surface of the soft-tissue phantom to provide clear ultrasound
images. In order to minimize the influence of process and measurement noise
on the states (p and ṗ), a Kalman observer is included [97]. The discrete
state-space representation is given by x(k + 1) = Ax(k) and y(k) = Cx(k),

where k is the discrete-time index, x =
[
p ṗ

]T
, C =

[
1 0

]
, 1 and 0 are

1 × 3 row vectors filled with ones and zeros, respectively, and A =
[
a0 a1

]
,

where a0 =
[
I 03

]T
, a1 =

[
∆tI I

]T
, I is a 3 × 3 identity matrix, 03 is a

3 × 3 matrix filled with zeros, and ∆t = 0.04 sec denotes the sampling time
of the Kalman observer. The system and measurement covariances are given

by Q =
[
q0 q1

]
, where q0 =

[
∆t4

4 I ∆t3

2 I
]T

and q1 =
[

∆t3

2 I ∆t2I
]T

and

R = 0.1, respectively. Note, that the covariance of the system noise is obtained
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Figure 2.5: A schematic representation of the Kalman observer. During the time update,
predictions of the state (x̂k|k−1) and the error covariance (Pk|k−1) are performed. Subse-
quently, if the needle is detected in the ultrasound image, a measurement update is performed
with Kalman gain (Kk) and needle tip position measurement (pk).

by Q = GGTσ2
a, where G =

[
∆t2

2 I ∆tI
]T

and it is assumed that forces act-

ing on the needle cause a constant needle tip acceleration, which is normally
distributed according to N (0, σa) with σa = 1. A schematic representation
of the Kalman observer is described in Fig. 2.5. Another important role of
the Kalman observer is to provide state estimation when the transducer moves
ahead of the needle (which results in loss of needle visibility). This allows the
compensator described in Fig. 2.4 to reposition the ultrasound transducer ac-
cording to the estimated needle tip velocity ( ˙̂px) (2.3). The uncertainty of the
projected states increases over time without measurement updates. Hence, it
is essential to minimize the duration of measurement absence. Upon return
of measurement data, the Kalman gain (Kk) is adapted according to the in-
creased uncertainty of the projected states, ensuring a decrease in estimation
error.

The images of the ultrasound machine are transferred to a computer and
processed at 25 frames-per-second. The controller architecture with the Kalman
observer, depicted in Fig. 2.4, operates at 25 [Hz]. This facilitates reposition-
ing of the ultrasound transducer in order to track the needle during insertions
with velocities 1-5 [mm/s]. Higher insertion velocities could be considered,
but this is associated with an increase of the aberration in transducer position.
Tracking according to the proposed method was validated with maximum mean
errors of 0.64± 0.11 mm, 0.25± 0.06 mm and 0.27± 0.06 mm along the x-, y-
and z-axes, respectively. The error in tip orientations about the y-(θ)- and z-

31



Chapter 2. Needle path planning and steering in a three-dimensional
non-static environment using two-dimensional ultrasound images

(φ)-axes are 2.68◦ ± 1.22 and 2.83◦ ± 1.36, respectively. We experimentally
evaluated transducer position aberration using insertion velocities 1-5 [mm/s],
which resulted in a mean aberration of 0.24-0.64 [mm]. We refer the reader
to Vrooijink et al. for details regarding the experiments performed to eval-
uate needle tip tracking [45]. The proposed method evaluates the needle tip
pose (H0

t̂
) at 25 [Hz] during insertion. The estimated needle tip pose is used in

a separate motion planning loop in order to steer the needle to a desired target
while avoiding obstacles as described below.

2.3.4 Motion Planning

We use a fast motion planner to automatically compute motions that steer
the needle’s tip to a moving target while avoiding a moving obstacle in a 3D
environment. Given preoperative medical images, we assume the user specifies
the clinical target as well as obstacles, including sensitive structures such as
glands or blood vessels and impenetrable structures such as bones. The objec-
tive of the motion planner is to quickly compute a sequence of feasible motions
that steer the needle’s tip from its current pose to the target while avoiding
obstacles. Our motion planner, described below, is fast enough to execute in
a closed-loop manner to correct for perturbations in needle motion, obstacle
location, and target location as they occur.

At the core of our closed-loop motion planning approach is a sampling-based
rapidly exploring random tree (RRT) planner [98] that is customized for needle
steering [50], as outlined in Alg. 1.

Prior work on motion planning for steerable needles in 3D assumes a con-
stant curvature kinematic model, which severely restricts the range of motion
of the needle tip [47,48]. This makes it difficult for planners to compute a fea-
sible motion plan in 3D environments with obstacles. In contrast, our planner
assumes a variable curvature kinematic model that allows us to compute tra-
jectories composed of circular arcs of bounded curvature and uses duty cycled
spinning during insertion to adjust the needle’s net curvature [24], as described
in the next subsection. The planner also makes use of reachability-guided
sampling for efficient expansion of the rapidly-exploring search tree to signif-
icantly improve planner performance [99]. These customizations help us to
achieve orders-of-magnitude reduction in computation time compared to prior
sampling-based planners [47]. In this work, we extend the motion planner to
operate in a closed-loop manner with ultrasound imaging feedback.

The input to the planner is the estimated needle tip pose (H0
t̂
), a target

region (Ptarget), and the computation time (∆) allotted for planning. The
planner incrementally builds a tree (T ) over the state space, while satisfying
nonholonomic motion constraints of the needle and avoiding obstacles in the
environment. To expand the tree (T ), a random point (prand ∈ R3) is sampled
from the workspace. The algorithm then identifies a node (Hnear) in the tree,
that is closest (i.e., minimizes distance) to the sample (prand). For fast perfor-
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Algorithm 1 Ψ← needle RRT planner(H0
t̂
,Ptarget,∆)

1: T ← initialize tree(H0
t̂
)

2: Ψ← ∅
3: while (compute time() < ∆) do
4: prand ← random point in R3()
5: Hnear ← nearest neighbor(prand, T )
6: Hnew ← circular arc(Hnear,prand)
7: if collision free(Hnear,Hnew) then
8: T ← add vertex(Hnew)
9: T ← add edge(Hnear,Hnew)

10: end if
11: if Hnew ∈ Ptarget then
12: Ψ← Ψ ∪ extract plan(T ,Hnew)
13: end if
14: end while
15: return Ψ

mance, we use a distance metric customized for steerable needles that accounts
for the needle’s nonholonomic constraint [50]. Since the needle has a natural
maximum curvature (κ0), not all sampled points will be reachable from a given
state because of the nonholonomic constraints of the needle. The reachable set
from a state Hnear =

[
Rnear pnear

0T3 1

]
consists of all points that can be connected

to pnear by a circular arc that has a radius r ≥ 1/κ0 and is tangent to the
xnear-axis of the local coordinate frame attached to the needle tip. We then
define the distance metric as the length of such a circular arc connecting prand

and Hnear if prand is in the reachable set of Hnear, and infinity otherwise. This
strategy restricts the search domain to only those nodes that are within the
reachable set of the nearest node (Hnear), thus increasing the likelihood of
coverage of the state space [99].

The sampled point (prand) can then be connected to Hnear directly using a
circular arc parameterized by [l, φ, r]T , where l is the arc length, φ is the change
in orientation of the needle tip coordinate frame (Hnear) around the xnear-axis,
and r is the arc radius. We limit the length (l) of the arcs that are added.
Let Hnew be the state reached by traversing along the circular arc starting
from Hnear and traveling a maximum distance of l ≤ lmax. We add Hnew

and the edge connecting Hnear and Hnew to the tree (T ) if the circular arc
connecting the two states is collision free. When the position pnew of a newly
added state (Hnew) is found to lie in the target region (Pgoal), we extract a
planned path by traversing the tree (T ) backwards from Hnew to the root. We
refer the reader to Patil et al. for further details on our RRT-based planning
approach [50].

The output of the planner is a set of plans (Ψ) that can be computed in the
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Figure 2.6: We use closed-loop motion planning to steer the needle to a target. Given
a needle tip pose and the locations of a target region and obstacles, our fast, randomized
motion planner computes in the available time many feasible motion plans (left). The method
selects the best plan based on clinically motivated optimization criteria such as minimizing
path length or maximizing clearance from obstacles (middle). The needle insertion device
then executes the first control output of the plan (right). The planner is periodically executed
every ∆ seconds, closing the loop. At the beginning of each period, the ultrasound system
returns an estimate of the needle tip pose, and the motion planner executes for the next
period while the needle insertion device executes the previously computed control output.
Closed-loop motion planning enables the system to automatically steer the needle to targets
in 3D environments while avoiding obstacles and correcting for perturbations in needle motion
and obstacle and target locations as they occur.

time (∆) allotted for planning. We then select the best plan based on clinically
motivated criteria such as minimizing path length or maximizing clearance
from obstacles. In each period, multiple feasible motion plans are computed
and a high quality plan is selected based on clinically motivated criteria. In
our experiments, we minimize the length of the path (to minimize tissue cut)
when no obstacles are present, and we maximize clearance from obstacles (to
maximize safety) when obstacles are present.

The system executes the motion planner repeatedly during the procedure
until the target is reached (see Fig. 2.6). After the user specifies the environ-
ment, the planner first computes an initial plan. The system then enters a
closed-loop in which the planner is periodically re-executed every ∆ seconds.
The closed-loop motion planner as depicted in Fig. 2.6 is given a fixed planning
time (∆) of 0.6 sec. At the beginning of each period of duration ∆, the motion
planner obtains the actual needle tip pose (H0

t̂
) from the ultrasound tracking

system. The NID then executes the first ∆ time of the previously computed
plan. Simultaneously, the motion planner computes an updated plan that will
be ready for execution in ∆ time. The new motion plan is computed from a
prediction of the needle tip pose after ∆ time, where the prediction is based
on the prior plan. The planner also uses the current positions of the target
and the obstacles at each re-planning period. At the end of each period, the
control outputs, consisting of the needle insertion and rotational velocities for
the next ∆, are sent to the NID for execution, and the process is repeated till
the needle reaches the target.
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2.3.5 Duty Cycled Needle Steering

When a flexible bevel-tipped needle is inserted into soft tissue, the bevel tip
causes the needle to follow a circular path with a radius of curvature that is
approximately constant [28]. However, the planner computes a sequence of
variable curvature circular arcs that steers the needle from the specified needle
tip pose to the target. We approximate any curvature (κ) between 0 and the
maximum natural curvature (κ0) by duty cycling the rotation (spinning) of the
needle [24]. The variable curvature (duty cycling) is achieved by alternating
between (I) insertion with rotations, in which the needle moves straight by
rotating (spinning) at a constant velocity, and (II) insertion without rotation,
in which the needle follows a path of constant curvature. Needle spinning must
be a multiple of full rotations in order to preserve the same bevel tip orientation
every cycle.

Duty cycling is implemented for needle steering by inserting the needle a
fixed distance each cycle and spinning with a fixed rotational velocity (ωspin).
Let δ be the duration of each duty cycling interval, which is composed of a
spin interval of duration (δspin) and an insertion interval of duration (δins), as
illustrated in Fig. 2.7(a). Let α (0 ≤ α ≤ 1) be the proportion of the time
spent in spin intervals, i.e., α = δspin/δ, where δ = δspin + δins. The empirical
relationship between κ and α is expressed as,

α = h(κ), 0 ≤ κ ≤ κ0, (2.9)

where h(κ) is dependent on the mechanical properties of the needle and soft
tissue, and is determined by fitting a polynomial function to the empirical data
gathered during characterization experiments as described below.

Given a circular arc of desired curvature (κ), we use (2.9) to determine α.
Since the needle tip preserves the same bevel tip orientation at the end of each
spin interval, the duration of the spin interval is given by δspin = (2kπ/ωspin), k ∈
Z. We then compute the quantities δ = (δspin/α) and δins = (δ − δspin). The
low level control inputs (NID) for the insertion velocity (v(t)) and rotational
velocity (ω(t)) during a duty cycle interval are given by

v(t) = vins, 0 ≤ t ≤ ∆/δ (2.10)

ω(t) =

{
ωspin if jδ < t ≤ jδ + δspin

0 if jδ + δspin < t ≤ (j + 1)δ
, (2.11)

where vins is the default insertion velocity of the needle, j ∈ {0, 1, . . . ,∆/δ},
and ∆/δ is the total number of duty cycle intervals required to span the dura-
tion of each replanning step (∆). This allows us to compute the control outputs
required for actuation (insertion and rotation) of the needle.

Duty cycling requires that we characterize the maximum curvature (κ0) of
the needle and determine the empirical relationship (h(κ)) between the curva-
ture (κ) and the duty cycling factor (α). We empirically determine that h(κ)
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Figure 2.7: (a) The time duration (∆) is split into multiple (e.g., three) intervals of duration δ,
each for β = 1/3. Each interval is then composed of two intervals: (I) a spin interval of
duration (δspin) given by δspin = (2kπ/ωspin), k ∈ Z in which the needle is both inserted and
rotated, and (II) an insertion interval of duration δins in which the needle is only inserted
without any rotation. (b) Characterization of the relationship (α = h(κ)) for needle insertion
in the soft-tissue phantom.

is dependent on the mechanical properties of the needle and the tissue and is
not necessarily linear as demonstrated by prior work with duty cycled needle
steering [24].

In order to estimate the relationship (α = h(κ)) (2.9) for the soft-tissue
phantom described in Section 4, we performed repeated needle insertions up
to 50 mm. We varied the value of α between 0 and 1 in increments of 0.2, and
computed the duration of the duty cycling interval (δ) for a time interval ∆ =
0.6 sec. Given a fixed insertion velocity (vins = 3 [mm/s]) and rotational
velocity (ωspin = 5 [rotations/s]), we command the actuators during each duty
cycling interval with control outputs computed using (2.11). The application of
these controls causes the needle tip to traverse a circular arc of some curvature κ
in a plane.
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In order to determine the effective curvature (κ) of the planar arc, we
recorded the needle tip pose (H0

t̂
) after the end of each duty cycling interval

for N such intervals. We observed that the needle tip deviates from the plane
because of initialization errors and other sources of uncertainty. To robustly
estimate κ, we fit a circle to the set of 3D points given by p0

t̂
∈ R3, t = 0, . . . , N .

We accomplished this by first computing a best-fit plane that minimized the
sum of the squared orthogonal distances from each point to the plane by per-
forming principal component analysis (PCA) on the set of points. We then
projected the points onto the first two principal components that span the
plane and then fitted a circle to the set of projected 2D points using a ro-
bust circle fitting algorithm [100]. The curvature (κ) was obtained by taking
the reciprocal of the radius of this fitted circle. Fig. 2.7(b) shows the rela-
tionship (α = h(κ)) for needle insertion in soft-tissue phantom used for our
experiments. The needle achieved a maximum curvature κ0 = 0.016 [mm−1]
(i.e., a bend radius of 62.5 [mm]) in the soft-tissue phantom.

We used the experimental measurements of α to compute a best-fit poly-
nomial curve with a fixed maximum degree (= 3) that minimized the sum of
the squared errors of the data points from the curve. This curve defines the
relationship (α = h(κ)). An important point to note is that the smaller the
distance (vinsδ) traveled by the needle tip in every duty cycling interval, the
better the approximation of κ. We divided time duration (∆) into a single duty
cycling interval (δ = β∆, with β = 1). This results in an insertion distance
of vinsδ = 1.8 [mm] per duty cycling interval.

Note, that the characterization (α = h(κ)) used in motion planning and the
duty cycle needle steering uses a single needle and tissue relationship. Motion
planning and duty cycled needle steering in clinical practice should consider
tissue properties of a wide range patients.

2.4 Experiments

In this section, we evaluate our 3D needle steering system described in Sec-
tion 2.3. We experimentally evaluate the system in a soft-tissue phantom in
different environments. In four experimental scenarios, we steer the needle to
reach (moving) targets while avoiding (moving) obstacles.

2.4.1 Experimental Setup and Materials

In order to facilitate needle steering, all components of the experimental setup
are integrated into a unified system (hardware and software for planning and
ultrasound-guided control) in order to work together effectively. The experi-
mental setup (Fig. 2.8) can be divided into two parts. First, the NID robotically
inserts and rotates the needle about its axis. A telescopic sheath surrounds
the needle to prevent buckling during insertion into the soft-tissue phantom.
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Figure 2.8: The experimental setup used to track and steer a flexible needle to reach a
target while avoiding an obstacle. The needle, which is controlled at its base (inset) by a
needle insertion device 1○ is inserted into the soft-tissue phantom 2○. The two-dimensional
ultrasound transducer 3○ is positioned at the needle tip during insertion by a transducer
positioning device 4○, which provides feedback for steering.

For the details of the NID we refer the reader to Roesthuis et al. and Van
Veen et al. [30, 101]. Second, the transducer positioning device positions the
2D ultrasound transducer in 3D space. The positioning device consists of three
orthogonally placed linear translation stages. The linear stages LX30, LX26
and LX20 (Misumi Group Inc., Tokyo, Japan) facilitate motion in x-, y- and z-
axes (frame (Ψ0)) (Fig. 2.3), respectively. In order to actuate the linear stages,
Maxon ECMax22 motors with GP32/22 gearheads (Maxon Motor, Sachseln,
Switzerland) are used. The velocity of each stage is controlled by an Elmo
Whistle 2.5/60 motor controller (Elmo Motion Control Ltd, Petach-Tikva, Is-
rael). The positioning accuracies of the device are 27 µm, 35 µm, and 41 µm
along the x-, y-, and z-axes, respectively. The ultrasound transducer is mounted
to the positioning device end-effector using a perfectly fitting clamp.

The ultrasound images are obtained using an 18 MHz transducer connected
to a Siemens Acuson S2000 ultrasound machine (Siemens AG, Erlangen, Ger-
many). The ultrasound machine is linked to a computer using an S-video cable
that transfers the images (720× 576 pixels) with a frame rate of 25 frames per
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Figure 2.9: Experimental needle steering scenarios: (a) The needle is steered to a moving
spherical target at four different locations: A, B, C and D in Scenarios I-A, -B, -C and -
D, respectively. (b) The needle is steered around a cylindrical-shaped obstacle (e.g., bone)
which is in the direct path of the needle to reach a spherical target (Scenarios II-IV). In
Scenario II, the needle is steered to reach a stationary target while avoiding a stationary
obstacle. In Scenario III, the needle is steered to reach a moving target while avoiding a
stationary obstacle. In Scenario IV, the needle is steered to reach a target in an environment
with obstacle and target motion.

second. The ultrasound images are used to track the needle during insertion
into a soft-tissue phantom. The soft-tissue phantom is obtained by a weight
based mixture of 84.1% water, 14.9% gelatin powder (Dr.Oetker, Ede, The
Netherlands) and 1.0% silica gel 63 (E. Merck, Darmstadt, Germany). The
elasticity of the gelatin mixture used to mimic human breast tissue is 35 kPa
(Young’s Modulus) [102]. Silica gel is added to the mixture to simulate the
acoustic scattering of human tissue in ultrasound images [103]. The flexible
needle, which is a solid wire, is made of Nitinol alloy (nickel and titanium).
The Nitinol needle has a diameter of 0.5 mm with a bevel angle (at the tip)
of 30◦.

2.4.2 Experimental Scenarios

To evaluate the performance of our system that integrates ultrasound-based
needle tracking and motion planning algorithms, we conducted experiments in
which our system steers the needle to a target (e.g., lesion) in 3D non-static
environments while avoiding obstacles. We evaluate our system’s targeting ac-
curacy in four experimental scenarios (Fig. 2.9). We execute our system ten
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times for each experimental scenario. The needle insertion and rotational veloc-
ities used during the experiments are 3 [mm/s] and 5 [rotations/s], respectively.
In our experiments we used virtual obstacles and targets. The target and ob-
stacle locations are expressed in (x [mm], y [mm], z [mm])-coordinates of the
fixed reference (frame (Ψ0)).

• In Scenarios I-A, -B, -C and -D, the needle is steered to reach a moving
target at four different locations (A, B, C and D), respectively.

• In Scenario II, the needle is steered to reach a stationary target while
avoiding a stationary obstacle.

• In Scenario III, the needle is steered to reach a moving target while avoid-
ing a stationary obstacle.

• In Scenario IV, the needle is steered to reach a moving target while avoid-
ing a moving obstacle.

The initial target locations for experimental Scenarios I-A, -B, -C and -D
are (100,−20,10), (100,20,10), (100,−20,−10) and (100,20,−10), respectively.
The initial target location for experimental Scenarios II-IV is (100,−10,−10).
The target depth of 100 mm is within the range of typical biopsy depths of le-
sions and tumors (retroperitoneal) which are approximately 35−115 mm [104].
The target size is 2 mm, which is currently the smallest detectable size of a
lesion in a breast mammography [105]. Target motion is simulated in Scenar-
ios I, III and IV to investigate the effects of target motion on the needle steering
accuracy. During insertion, the needle exerts a force on the target (in the pos-
itive x-axis of frame (Ψ0)), which causes target motion. After 20 seconds of
needle insertion, the target starts to move with a constant velocity of 0.4 mm/s
in the positive x-axis (frame (Ψ0)) until the needle reached the target. The sim-
ulated target motion results in a displacement of approximately 7.0 mm, which
is commonly observed during clinical interventions in breast tissue [85–88,106].

In order to evaluate the maneuverability of the needle during steering, an
obstacle is positioned in the direct path of the needle to reach the target (Sce-
narios II-IV). The proposed obstacle has a cylindrical shape (e.g., bone) with
a 20 mm diameter, and is located (center of the cylinder) at (60,4,0). Obsta-
cle motion is introduced in Scenario IV to simulate the non-static behavior of
organs which constantly move. During the first 10 seconds of needle insertion,
the obstacle moves with a constant velocity of 0.3 mm/s in the negative y-axis
(frame (Ψ0)) (towards the needle path). After 10 seconds, obstacle motion is
stopped and a total displacement of 3 mm is achieved.

2.4.3 Experimental Results

The experimental results of Scenarios I-IV are provided in Table 2.1. A repre-
sentative result for each of the Scenarios I(-A, -B, -C and -D), II, III and IV

40



2.4. Experiments

(d)

(b)

( c)

Displaced Target

Displaced Obstacle

(a)

A

C

B

D

Displaced Target

Displaced Targets

Y [mm] Y [mm]

Y [mm] Y [mm]

X [mm]
X [mm]

X [mm] X [mm]

Z
[m

m
]

Z
[m

m
]

Z
[m

m
]

Z
[m

m
]

Figure 2.10: Representative experimental needle steering results and mean absolute errors
(MAE) in targeting accuracy: (a) Scenario I (moving target) - MAE: (I-A) 0.59 mm, (I-
B) 0.54 mm, (I-C) 0.86 mm and (I-D) 0.82 mm. (b) Scenario II (both stationary obstacle
and target) - MAE: 1.76 mm. (c) Scenario III (stationary obstacle and moving target) -
MAE: 1.33 mm. (d) Scenario IV (both moving obstacle and target) - MAE: 2.16 mm. The
initial position of the cylindrical obstacle (bone) is shaded red, while its end position is solid
red. The shaded blue sphere represents the initial target location, while the final target
location is represented by a solid blue sphere.

are given in Fig. 2.10(a), (b) (c) and (d), respectively. After the needle is
steered to reach the target, its final estimated needle tip location from ultra-
sound tracking is evaluated with respect to the target location. The mean
absolute errors (MAE) with standard deviations in the needle tip position with
respect to the target along x-(εx)-, y-(εy)- and z-(εz)-axes (frame (Ψ0)) are re-
ported. The MAE are determined in order to evaluate the distance between tip
and target. Experimental results of Scenarios I-A, -B, -C and -D show MAE
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Table 2.1: Targeting errors for ultrasound needle tracking and steering experiments (Sce-
narios I-IV). Mean absolute errors (MAE) for needle tip targeting along x-(εx)-, y-(εy)-
and z-(εz)-axes (frame (Ψ0)) are provided. The targeting errors are evaluated using the
estimated needle tip pose from ultrasound tracking. For each scenario, MAE for targeting
accuracy are evaluated. Each experiment is conducted ten times.

Scenario
εx εy εz MAE

[mm] [mm] [mm] [mm]

I

A 0.06±0.02 0.18±0.13 0.51±0.37 0.59±0.30

B 0.05±0.03 0.46±0.35 0.21±0.27 0.54±0.39

C 0.06±0.03 0.66±0.37 0.41±0.35 0.86±0.35

D 0.05±0.03 0.53±0.40 0.57±0.44 0.82±0.52

II 0.05±0.03 1.63±1.06 0.53±0.66 1.76±1.02

III 0.05±0.04 1.11±0.55 0.54±0.71 1.33±0.47

IV 0.06±0.03 1.37±0.68 1.56±0.82 2.16±0.88

of 0.59 mm, 0.54 mm, 0.86 mm and 0.82 mm, respectively. In Scenario II,
an MAE of 1.76 mm is observed. For Scenario III, an MAE of 1.33 mm is
reported, while for Scenario IV, an MAE of 2.16 mm is observed.

The experimental results of Scenarios I(-A, -B, -C and -D) show targeting
errors less than 1 mm. Note, that the smallest detectable lesions in breast
mammography are reported to be 2 mm, with most lesions close to 11 mm
in diameter [105, 107]. Therefore, the proposed tracking and steering method
is capable of targeting the smallest detectable lesions in scenarios without ob-
stacles in applications such as breast biopsy. We observe that absence of an
obstacle (Scenarios I(-A, -B, -C and -D)) results in better targeting accuracy as
compared to the other scenarios. This could be attributed to the fact that once
the needle is steered around the obstacle according to a computed motion plan
(Scenarios II-IV), the maneuverability of the needle and its ability to correct
for perturbations is constrained. Hence, the range of feasible motion plans to
the target diminishes due to the obstacle. Further, the decrease in performance
(Scenarios II-IV) may be due to torsional flexibility of the needle, which results
in needle tip pose estimation (H0

t̂
) errors.

We observe better targeting accuracy in Scenario III (stationary obstacle
and moving target) as compared to Scenario II (both stationary obstacle and
target). A possible explanation is that once the needle is steered around the
obstacle, the motion planner has more options and more time to correct for
uncertainties when the target moves away from the obstacle. However, as
observed in Scenario IV, the presence of obstacle motion results in decreased
targeting accuracy. This can be explained by the reduced range of motion plans
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which are feasible due to the substantial target and obstacle motion, especially
when obstacle motion reduces the space of feasible paths that reach the target.
Nonetheless, even in the challenging scenario of target and obstacle motion,
our method still achieves errors that are typically at or below 2.16 mm.

Experienced clinicians inserting radioactive seeds into the prostate gland for
brachytherapy prostate cancer treatment experience average placement errors
of 6.3 mm, about 15% of the prostate’s diameter [108]. Further, a study by Blu-
menfeld et al. concluded that prostate biopsies using rigid needles performed by
experienced clinicians show average targeting errors between 5.5−6.5 mm [109].
We evaluate our system using soft-tissue phantoms which leads to several sim-
plifications as opposed to studies in biological tissue. Nonetheless, our method
demonstrates needle steering that appears comparable to an experienced clin-
ician in terms of accuracy while providing new obstacle avoidance capabilities.
This indicates that our system, with further development, is on track to be
applicable to wide class of clinical applications.

2.5 Conclusions and Future Work

We present and evaluate a needle steering system capable of autonomously
and accurately guiding a steerable needle to a target in a non-static 3D en-
vironment using 2D ultrasound images. Our system achieves high accuracy
in non-static environments by effectively integrating two major components: a
safe, ultrasound-based tracker of the needle pose and a fast needle motion plan-
ner that reacts to perturbations in target and obstacle locations. To accurately
track the needle tip, we use a clinically-available 2D ultrasound transducer
which is orientated perpendicular to the direction of insertion and does not re-
quire that the procedure be performed in a single plane. The system estimates
the needle tip pose by controlling the position of the ultrasound transducer to
obtain images at the the needle tip and using image processing algorithms. The
needle tip pose is used in motion planning to compute feasible paths that reach
a target while avoiding an obstacle. The planner is sufficiently fast such that
the system can repeatedly execute it as new tip pose estimates are obtained
from the ultrasound tracker, enabling the system to compensate for uncertain-
ties in steering and to correct for perturbations in obstacle and target locations.
In experiments in which the targets moves approximately 7 mm over the course
of the procedure (which is typical in breast biopsies), the system achieves low
MAE of 0.86 mm (without obstacles) and 2.16 mm (with a moving obstacle).

In future work, we will build on this system and investigate additional av-
enues to reduce needle placement errors in non-static tissue environments while
avoiding anatomical obstacles. We plan to investigate the effects of variations
in tissue elasticity on needle curvature (the empirical relationship α = h(κ)
in Section 2.3.5) and to incorporate methods that compensate for torsional
flexibility of the needle. Further, we will also investigate improving targeting
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accuracy and reducing tissue damage by integrating different needle steering
methods with motion planning [55]. In order to provide a more realistic testing
scenario, needle steering in biological tissue, including tracking of real targets,
will be investigated. Our ultrasound-based tip tracking algorithm evaluates the
needle location that is affected by CTA. Some preliminary research indicates
that artifacts such as CTA are also observed in biological tissue, although effort
is required to properly correct for distortions such as warping that are often ob-
served in ultrasound images of biological tissue. So with some modifications, we
believe our proposed ultrasound-guided tracking and control method would be
applicable to biological tissue. In addition to experiments in biological tissue,
advancements in instrument design need to be made to enable biopsies with
flexible needles. Further, we are currently adapting our transducer positioning
device to move on curved surfaces using additional degrees of freedom and a
force sensor to maintain transducer-tissue contact. While we aim to continue
to improve the system, our current study demonstrates the feasibility and po-
tential of tracking and steering flexible needles, which has clinical applications
for procedures such as breast and prostate biopsies and brachytherapy.
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Preface

Continuum robots: Catheter steering

In Part II, the closed-loop control method for continuum robots is expanded to
delivery sheaths and steerable catheters used in cardiovascular interventions.
The ultrasound tracking method described in Chapter 2 is adopted for online
tracking of delivery sheaths and steerable catheters. Furthermore, cardiovas-
cular applications such as degenerative aortic and mitral valve diseases are
considered. In addition to accurate continuum robot tip positioning, instru-
ment tip stabilization for beating heart motions is considered. In Chapter 3,
a robotically-actuated delivery sheath is controlled in closed loop by using a
predictive controller. In experiments, accurate delivery sheath tip positioning
and stabilization for beating heart aortic valve motions is demonstrated. Fur-
thermore, constraints are integrated in the control strategy, which are used to
restrict the instrument motion to an allowable region. The aim is to demon-
strate the ability of the closed-loop control method to avoid sensitive tissue,
which could be present in surgery. In Chapter 4, a closed-loop control method
for a steerable and flexible catheters is presented. A catheter steering module
is developed and used to stabilize the instrument tip for beating heart mitral
valve motions. In closed-loop control, feedback of the catheter is provided
by ultrasound images or electromagnetic tracking sensors embedded in the in-
strument base and tip. Closed-loop control experiments are then performed
in order to demonstrate catheter tip stabilization for beating heart motions
in a realistic and functional mitral valve model. In Chapter 5, an improved
beating heart testbed for the evaluation of continuum robots in cardiovascular
interventions is described. The beating heart testbed is developed in order to
evaluate various continuum robot designs in a clinically-relevant environment.
The beating heart testbed considers beating heart motions, systemic circulation
and realistic anatomy with functional heart valve models.
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CHAPTER 3
Model predictive control of a robotically-actuated

delivery sheath for beating heart compensation

Abstract
Minimally invasive surgery (MIS) during cardiovascular interventions reduces trauma
and enables treatment to high-risk patients who were initially denied surgery. How-
ever, restricted access, reduced visibility and control of the instrument at the treat-
ment locations limits the performance and capabilities of such interventions during
MIS. Therefore, the demand for technology such as steerable sheaths or catheters
that assists the clinician during the procedure increases. In this study, we present
and evaluate a robotically-actuated delivery sheath (RADS) capable of autonomously
and accurately compensating for beating heart motions by using a model-predictive
control (MPC) strategy. We develop kinematic models and present on-line ultra-
sound segmentation of the RADS that are integrated with the MPC strategy. As a
case study, we use pre-operative ultrasound images from a patient to extract motion
profiles of the aortic heart valve (AHV). This allows the MPC strategy to anticipate
for AHV motions. Further, mechanical hysteresis in the steering mechanism is com-
pensated for in order to improve tip positioning accuracy. The novel integrated system
is capable of controlling the articulating tip of the RADS to assist the clinician during
cardiovascular surgery. Experiments demonstrate that the RADS follows the AHV
motion with a mean positioning error of 1.68 mm. The presented modeling, imaging
and control framework could be adapted and applied to a range of continuum-style
robots and catheters for various cardiovascular interventions.

This chapter has been previously published as

[110] G.J. Vrooijink, A. Denasi, J.G. Grandjean, and S. Misra, Model pre-
dictive control of a robotically-actuated delivery sheath for beating
heart compensation, International Journal of Robotics Research, 36(2): 193-
209, April 2017.

while preliminary work is described in

[111] G.J. Vrooijink, T.T.M. Ellenbroek, P. Breedveld, J.G. Grandjean, and
S. Misra, A preliminary study on using a robotically-actuated deliv-
ery sheath (RADS) for transapical aortic valve implantation, in Pro-
ceedings of the IEEE International Conference on Robotics and Automation
(ICRA), Hong Kong, China, pages 4380-4386, May-June 2014.
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Figure 3.1: Model predicitive control (MPC) can be used to steer the robotically-actuated
delivery sheath (RADS) in order to assist the clinician during cardiovascular surgery. The
potential of MPC in cardiovascular surgery can be demonstrated by compensating for the
aortic heart valve (AHV) motion in a representative case of transapical transcatheter aortic
valve implantation. The RADS 1○ is inserted through the apex 2○ into the left ventricle 3○
and oriented towards to the aortic annulus 4○. The articulating tip 5○ of the RADS can
be steered inside the left ventricle under ultrasound 6○ image-guidance in two degrees-of-
freedom by two pairs of antagonistically-configured tension wires. Pre-operative ultrasound
data 7○ can be used as an input to the MPC strategy to anticipate and compensate the AHV
motion during surgery.

3.1 Introduction

According to the World Health Organization, cardiovascular diseases are among
the leading causes of death globally [112]. Technological developments have the
ability to improve and enable treatment of cardiovascular diseases [1–3]. Tra-
ditionally, open surgery via sternotomy is performed to gain surgical access
to the heart, while a heart-lung machine provides life support. Accessibility
to the heart is considered to be a major advantage during the open surgery,
which is at the expense of severe patient trauma. As an alternative, minimally
invasive surgery (MIS) could reduce trauma and enable treatment to high-risk
patients who were initially denied surgery [1, 9, 14, 16, 113]. However, limited
access, vision and control of the instrument at the treatment locations impedes
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the performance of MIS. During interventions performed without a heart-lung
machine, often beating heart motion compensation is desired and could po-
tentially enable future cardiovascular interventions. Tracking of the beating
heart requires attention of the surgeon, whose accuracy deteriorates for com-
plex repetitive motions up to 60 beats-per-minute (BPM) [19]. Therefore, the
demand for technology that assists the clinician via shared control during the
procedure increases.

In this study, we focus on a model predictive control (MPC) strategy that
anticipates and compensates for the beating heart motion (Fig. 3.1). The MPC
strategy is used to compensate the beating heart motion by using a robotically-
actuated delivery sheath (RADS). Another advantage of MPC is the ability to
integrate motion constraints on the instrument in order to prevent damage to
sensitive tissue during the procedure. As a case study, we use transcatheter
aortic valve implantation (TAVI) to demonstrate the potential of our MPC
strategy. Further, applications such as ablation, valve repair surgery and mitral
valve chordal replacement can potentially benefit from such an MPC strategy.
TAVI can be performed via the transfemoral (TF) or transapical (TA) routes.
In this case study, we focus on the TAVI-TA approach, which provides direct
surgical access to the aortic and mitral heart valves [9, 10].

3.1.1 Related Work

Recent studies demonstrate capabilities of MIS in cardiovascular applications
such as angioplasty and patent foramen ovale [69, 80]. These studies describe
the use of robotic instruments in order to enable MIS. However, MIS in car-
diovascular applications such as coronary artery bypass, ablation and valve
surgery could significantly benefit from beating heart compensation. Active
robotic stabilization at the treatment location could provide a virtually-still
scenario that allows the clinician to perform the primary task of the procedure
as if the heart was stopped. Compensation of beating heart motions has been
extensively covered in research. Studies that focused on the beating heart sur-
face have been described [70–74,76,114]. These studies cover various predictive
strategies by filtering and control to anticipate the beating heart motions. [73]
reported significant correlations between beating heart motions and electrocar-
diogram (ECG) signals, which were utilized for synchronization by [74]. The
majority of these studies used predictive strategies to improve accuracy and
to anticipate for occlusions in endoscopic cameras images, while this study
focusses on ultrasound-guided repair surgery in the beating heart.

Cardiovascular procedures such as ablation and valve-implantation or -
repair surgery are often assisted by two-dimensional (2D) or three-dimensional
(3D) ultrasound, which are used to evaluate cardiac functionalities (e.g., valve
closing) [2]. The presence of ultrasound imaging during the procedure provides
the potential for on-line soft tissue and instrument tracking. [75] evaluated
predictive filtering to enable ultrasound-guided robotic tracking of cardiac mo-
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tions for potential use in ablation. A study by [78], demonstrated capabilities
of applying a constant force against a moving target by using ultrasound image
feedback and force sensing. Whereas [81] focused on predictive control us-
ing an ultrasound-guided tele-operated robot to anticipate for cardiac motions.
All of these methods describe one dimensional motion compensation, which
is along the lateral axis of the instrument. However, existing applications in
valve implantation and repair surgery such as mitraclip placement could benefit
from motion compensation in two or more degrees-of-freedom (DOF) [3,9,17].
Further, beating heart motion compensation in two or more DOF could poten-
tially enable future applications in minimally invasive cardiovascular surgery.
In this study, we cover an integrated system capable of autonomously and accu-
rately compensating for beating heart motions in 2D by using a MPC strategy.
Further, our MPC strategy guided by ultrasound imaging considers active con-
straint handling in order to avoid damage to sensitive tissue. Major aspects
in MPC of the integrated system are kinematic modeling of continuum-style
robots and feedback on its pose.

Kinematic modeling is used to describe the RADS shape and articulating
tip motion. Modeling of continuum-style robots have been investigated by sev-
eral groups [27,31,58,62,63,65,67,68,115,116]. Various continuum-style robotic
instruments with potential in cardiovascular applications have been described
in literature. A large number of the continuum-style robots are actuated by
push-and-pull systems or tendon mechanisms. We describe the kinematics
of the tendon-driven constant-curvature RADS using both robot-specific and
-independent submappings [31]. The kinematics presented in this study consid-
ers a rigid link which is attached to the flexible segment of the RADS. However,
modeling mismatches and disturbances acting on the system affect the tip po-
sitioning performance of continuum-style robots.

Tracking of continuum-style robots plays an important role in order to
reduce tracking errors caused by modeling mismatches and external distur-
bances. In TAVI, the clinician is often assisted by 2D and 3D transesophageal
or transthoracic echocardiography [2]. 2D ultrasound has been used for 2D and
3D tracking of flexible instruments by several groups [32, 40, 41, 45, 111]. 3D
ultrasound-based tracking of cardiac catheters (some equipped with markers)
have also been described in literature [39,44,79,117]. In this study, we integrate
an on-line and a robust tracking algorithm that uses 2D ultrasound images of
the RADS.

3.1.2 Contributions

In this study, we demonstrate an integrated system that assists the clinician
by compensating for beating heart motions, which could be used in existing
and potential future cardiovascular interventions. By active stabilization of
the instrument in the beating heart, a virtually-still treatment location could
be provided. This allows the clinician to perform the procedure as if the heart
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was stopped. Such a system requires instrument modeling and tracking, which
is integrated in a control strategy capable of anticipating for beating heart
motions. In this study, we incorporate the forward, inverse and differential
kinematic models of the RADS, which considers a rigid link or a tool attached
to the flexible tip segment. Subsequently, we integrate a robust 2D ultrasound
image segmentation algorithm capable of on-line evaluation of the RADS tip po-
sition. Furthermore, we provide the control objective and corresponding MPC
strategy, which considers kinematic modeling and ultrasound feedback. The
MPC strategy anticipates for beating heart motions by incorporating models
based on pre-operative patient data. In addition to the aforementioned con-
tributions, the MPC strategy considers active constraint handling in order to
prevent damage to sensitive tissue. To the best of our knowledge, we are the
first to present an ultrasound-guided MPC strategy capable of compensation
for beating heart motions in 2D using a RADS. As a case study, we focus
on TAVI-TA by integrating an aortic heart valve (AHV) model in the MPC
strategy, which is based on pre-operative 2D ultrasound patient images that
describes the AHV motion during the cardiac cycle. The presented strategy
for beating heart compensation could be applicable to a wide variety of ex-
isting and potential future cardiovascular interventions. Further, we improved
the RADS tip positioning accuracy by compensating for instrument hysteresis.
Three experimental scenarios using a water container setup demonstrate MPC
of the novel integrated system that autonomously and accurately compensates
for AHV motions.

3.2 Methods

This section presents techniques to enable tracking and MPC-based steering
of the RADS. Details on the design of the RADS are provided by [111]. We
summarize the forward, inverse and differential kinematics which are used in
MPC. Furthermore, we describe the 2D ultrasound segmentation method of the
RADS used as feedback for MPC. The MPC strategy includes modeling of the
heart valve motion based on pre-operative 2D ultrasound data. By combining
the kinematic modeling and segmentation of the RADS with MPC, the system
is able to anticipate the beating heart motion. Note, in the derivations pre-
sented, for notational simplicity, we leave out the discrete time variable denoted
by k (except where needed for clarity). Further, a list of symbols describing
the variables used in this study is provided in the Nomenclature of this chapter
(page 79).
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Figure 3.2: An overview of the robotically-actuated delivery sheath (RADS). The articulating
tip of the RADS is actuated in two degrees-of-freedom by two pairs (red and green) of
antagonistic-configured tension wires driven by a two pulleys with radii (rp) and angles (ψx
and ψy). Three coordinate systems are assigned to describe the tip pose of the RADS:
Ψ0 is the reference frame fixed to the shaft, Ψi is the intermediate frame assigned to the
arc section and frame (Ψt) is fixed to the articulating tip. Displacement of the tension
wires (t1, · · · , t4) by δx and δy (inset centre) results in instrument bending along the x- and
y-axes (frame (Ψ0)), respectively. The arc of the RADS with parameters, bend angle (θ),
backbone length (`), radius (r) and curvature (κ) lies in a plane described by the arc plane
(inset right). The orientation of the arc plane about the z-axis of the reference frame (Ψ0)
is denoted by angle (φ). Further, the tendon distance to the backbone arc (`) is denoted db.
A rigid link (not completely shown) of length (lt) is attached to the arc (frame (Ψi)) of the
RADS.

3.2.1 Instrument modeling

3.2.1.1 Forward kinematics

The design and integration of the tendon-driven RADS used in this study
is shown in Fig. 3.2. Two pairs of antagonistically-configured tension wires
are used to actuate the articulating tip of the RADS in 2DOF. Each pair of
wires is actuated by a single pulley and controls tip movement in a single
DOF (Fig. 3.2). The four-wire design allows for tip movement in two DOF by
using two actuators instead of three, that are required in an instrument with
three wires. A kinematic model of the tendon-driven continuum-style robot can
be described by a robot-specific and a robot-independent submapping [31]. The
robot-specific mapping relates the actuator-space to the configuration-space.
The actuator-space is given by the angles of the pulleys (ψx and ψy), while the
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configuration-space is described by arc parameters such as arc curvature (κ), arc
plane angle (φ) and arc length (`)). The robot-independent mapping transforms
the configuration-space to the task space (intermediate frame (Ψi)).

In order to evaluate the arc parameters of the configuration-space, the re-
lation between tendon manipulation at the base and the resulting arc needs
to be described. In the derivation presented, we denote for notational simplic-
ity: c∗ = cos(∗) and s∗ = sin(∗). The RADS used in this study is actuated using
four tendons (ti), where (i = 1, · · · , 4) with corresponding tendon lengths (li)
as shown in Fig. 3.2 (inset centre). The relationship between the arc length of
the RADS (`) and the arc length of a single tendon (li) is given by

` = li + θdbcφi , (3.1)

where, θ is the bend angle, db denotes the distance between the backbone and
tendon and φi describes the angle between the bending direction of the RADS
and the location of a single tendon (ti). Note, that the distance (db) in our
instrument is equal for all tendons (Fig. 3.2). Further, the bend angle (θ) is
related to the curvature by θ = κ`.

Given the tendon configuration as illustrated in Fig. 3.2, we can formulate
the individual tendon angles by cφ1

= cφ, cφ2
= sφ, cφ3

= −cφ and cφ4
=

−sφ. By combining the individual tendon angles with (3.1), we can obtain an
expression between the arc length (`) of the RADS and the individual tendon
lengths (li), which yields

` =
l1 + l2 + l3 + l4

4
. (3.2)

The antagonistic configuration allows for pairing of the tendons described by t1
and t3, and t2 and t4. By using the tendon pairs and (3.2), the arc plane
angle (φ) is obtained according to

φ = atan2(l4 − l2, l3 − l1), (3.3)

while the curvature is evaluated as

κ =
(l1 − 3l2 + l3 + l4)

√
(l4 − l2)2 + (l3 − l1)2)

db(l1 + l2 + l3 + l4)(l4 − l2)
. (3.4)

Note, that the arc parameters (`, φ and κ) described in (3.2) - (3.4) are functions
of the individual tendon lengths (li). These individual tendon lengths (li)
are manipulated by displacements (δx) and (δy), which are introduced by two
actuated pulleys (Fig. 3.2). The relation between tendon displacements (δx
and δy) and pulley angles (ψx and ψy) are given by δx = rpψx and δy = rpψy,
where rp describes the pulley radius (equal radii for both pulleys). Hence, we
can use (3.1) to formulate an expression for all tendon lengths (li) as a function
of the pulley angles (ψx and ψy) by l1 = `− rpψx, l2 = `− rpψy, l3 = `+ rpψx,

55



Chapter 3. Model predictive control of a robotically-actuated
delivery sheath for beating heart compensation

and l4 = ` + rpψy. Substituting the expressions for the tendon lengths (li)
into (3.3) and (3.4) yields

φ = atan2(ψy, ψx), (3.5)

and

κ =
rp
√
ψ2
x + ψ2

y

`db
, (3.6)

respectively. Hence, we obtain the arc parameters (κ, φ and `) of the configuration-
space as a function of the pulley angles (ψx and ψy) of the actuator-space.

The robot-independent mapping is given by the homogeneous transforma-
tion matrix (H0

i ∈ SE3), where

H0
i =


cφcκ` −sφ cφsκ`

cφ(1−cκ`)
κ

sφcκ` cφ sφsκ`
sφ(1−cκ`)

κ

−sκ` 0 cκ`
sκ`
κ

0 0 0 1

 , (3.7)

which describes the mapping between the intermediate frame (Ψi) and the
reference frame (Ψ0).

Remark (Discontinuity for κ 6= 0). Discontinuities in kinematics can be ad-
dressed by substituting differentiable cardinal sine and versine functions accord-
ing to

sinc(κ`) =

{
sin(κ`)
κ` κ` 6= 0

1 κ` = 0
, (3.8)

and

verc(κ`) =

{
1−cos(κ`)

κ` κ` 6= 0

0 κ` = 0
, (3.9)

which are defined for κ = 0.

In order to describe the articulating tip frame (Ψt) of the RADS with respect
to the intermediate frame (Ψi) as demonstrated in Fig. 3.2, we use a second
transformation. This transformation describes the rigid link attached to the arc
section (intermediate frame (Ψi)) of the RADS, which is given by homogenous
transformation matrix (Hi

t ∈ SE3), where

Hi
t =

[
I3 Lit

01×3 1

]
, (3.10)

where I and 0 represents an identity and a matrix filled with zeros, respectively.
Further, Lit ∈ R3, where Lit = [0 0 lt]

T describes the rigid link section by
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≈ 1
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2 − θ̂

Figure 3.3: Overview of the geometric relations used to estimate an initial value for the arc
curvature (κ̂) of the robotically-actuated delivery sheath (RADS). The arc length (`) and
rigid link length (lt) combined with the RADS tip position (| r0t |) are used to estimate the

bend angle (θ̂). The estimated bend angle (θ̂) and the approximated length ( 1
2

(` + lt)) are
used to evaluate an initial estimate of the arc curvature (κ̂) of the RADS.

a translation along the z-axes of the intermediate frame (Ψi). We describe
the RADS articulating tip pose (H0

t ) in the reference frame (Ψ0) by a series
of transformations according to H0

t = H0
iH

i
t, which completes the forward

kinematics.

3.2.1.2 Inverse kinematics

The inverse kinematics is used to express the pulley angles (ψx and ψy) as a
function of the reference tip position (r0

t ∈ R3, where r0
t = [rx ry rz]

T )). In or-
der to evaluate the arc parameters of the configuration-space given a measured
or reference tip position (r0

t ), we first determine the arc plane angle (φ) by

φ = atan2(ry, rx). (3.11)

Subsequently, we use the forward kinematics presented in (3.7) and (3.10) to
derive an expression for the reference tip position (r0

t ) according to

[
r0
t

1

]
= H0

t

[
ot
1

]
=


cφ

(
(1−cκ`)

κ + ltsκ`

)
sφ

(
(1−cκ`)

κ + ltsκ`

)
sκ`
κ + ltcκ`

1

 , (3.12)

where ot = [0 0 0]T ∈ R3 represents the origin of the articulating tip frame (Ψt).
Note, that the arc length (`) and rigid link length (lt) are known. Thus, by
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Algorithm 2 Numerical estimation of the arc curvature (κ)

Inputs:
r0
t = [rx ry 0]T . Robotically-Actuated Delivery Sheath tip

position
εth . Specified tolerance
Parameters:
` . Arc length
lt . Rigid link length
Outputs:
κ̂ . Estimated arc curvature
Method:

1: φ = atan2(ry, rx) . Arc plane angle

2: tan(θ̂) =
|r0t |
`+lt

3: κ̂ = 2
`+lt

tan(θ̂) . Initial estimate κ̂
4: while e > εth do

5:

[
r̂0
t

1

]
= H0

t (κ̂)

[
ot
1

]
. Compute tip position with κ̂

6: e =| r̂0
t | − | r0

t | . Compute error (x- and y-axes)
7: κ̂ = κ̂+G · e . Re-estimate κ̂, with G = 4450 (empirically

determined)
8: end while

substituting (3.11) into (3.12), the arc curvature (κ) can be solved numerically
as described in Algorithm 2. We first estimate an initial value for the arc cur-
vature (κ̂) using trigonometric relations as depicted in Fig. 3.3. Subsequently,
we use the initial estimated arc curvature (κ̂) to compute the forward kine-
matics described in (3.7) and (3.10). The error (e) between the estimate (r̂0

t )
and reference (r0

t ) tip position is evaluated. The computed error (e) is used
to correct the estimated arc curvature (κ̂), where the feedback gain (G) is in-
cluded to obtain a desired rate of convergence. The process is repeated until
the error (e) is below a specified tolerance (εth). Hence, we obtain an accurate
estimation of the arc curvature (κ). Given the evaluated arc curvature (κ) and
arc plane angle (φ), we can solve (3.1) for all individual tendon lengths (li) and
determine the corresponding pulley angles (ψx and ψy), which completes the
inverse kinematics.

3.2.1.3 Differential kinematics

Differential kinematics is used to relate the change in instrument arc param-
eters (u = [φ κ]T ) to the change in tip position, which is integrated in the
MPC strategy. Similar to the reference tip position in (3.12), we can describe
the tip position according to p = F(φ, κ, `, lt), where p = [px py pz]

T ∈ R3

is the tip position in x-, y- and z-axes (frame (Ψ0)), which is described by a
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function (F(φ, κ, `, lt)) of the arc parameters (φ and κ). Given the instrument
design, we consider the arc length (`) and rigid link length (lt) to be constant
in (F(φ, κ, `, lt)). Note, that the arc parameters (φ and κ) are controlled by
pulley angles (ψx and ψy). An expression that relates the change in instrument

arc parameters (u̇ = [φ̇ κ̇]T ) to instrument tip velocity (ṗ = [ṗx ṗy ṗz]
T ) is

given by

ṗ = JR(u)u̇, (3.13)

where

JR(u) =


∂F1

∂φ
∂F1

∂κ
∂F2

∂φ
∂F2

∂κ
∂F3

∂φ
∂F3

∂κ

 =


sφ

(
cκ`−1
κ − ltsκ`

)
cφ

(
cκ`−1
κ2 + `sκ`

κ + `ltcκ`

)
−cφ

(
cκ`−1
κ − ltsκ`

)
sφ

(
cκ`−1
κ2 + `sκ`

κ + `ltcκ`

)
0 `cκ`

κ −
sκ`
κ2 − `ltsκ`

 , (3.14)

uses the forward kinematics described in (3.12) to analytically derive the differ-
ential kinematics. Note, that similar to (3.7), discontinuities for κ = 0 can be
addressed by using derivatives of cardinal sine (sinc(κ`)) and versine (verc(κ`))
functions. Furthermore, the kinematics of continuum-style robots using three
actuators could be derived in a similar manner as presented by Simaan et
al. [118]. Given the presented techniques that provide forward, inverse and
differential kinematics, often unknown modeling mismatches and external dis-
turbances degrades the control performance. Hence, we include ultrasound
feedback in order to improve our control strategy.

3.2.2 Ultrasound image segmentation

This section elaborates on the segmentation techniques applied to evaluate the
RADS centroid location in 2D ultrasound images. In order to view the tip of
the RADS in ultrasound images, we insert the instrument in a container and
use water as an acoustic transport medium. A radial cross-sectional view of
the RADS is obtained by orientating the 2D ultrasound image plane perpen-
dicular to the shaft of the instrument (Fig. 3.4). The RADS tip is positioned in
the ultrasound image plane by axial positioning, which is described in details
in Section 3.2.3.4. Note, that by axial positioning, the segmented RADS tip
frame in ultrasound images (frame (Ψu)) is expressed in the fixed reference
frame (Ψ0) by position feedback.

A representative ultrasound image of the instrument tip is shown in Fig. 3.4(a).
We observe a semi-circular shape that describes the reflecting surface of the
RADS. By evaluation of the pre-operative ultrasound data (Fig. 3.6), we did
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Figure 3.4: Ultrasound image segmentation to evaluate the centroid location (px,py) of the
robotically-actuated delivery sheath (RADS). The RADS tip (frame (Ψt)) is positioned in
the ultrasound image plane denoted by frame (Ψu) using axial positioning along the x-
axis (frame (Ψ0)). (a) Radial cross-sectional view of the RADS in 2D ultrasound images.
(b) Gaussian filtering using a two-dimensional kernel. (c) Canny edge detection with hystere-
sis thresholding. (d) Random sample consensus (RANSAC) to localize the centroid (px,py)
of the RADS (center of the blue circle). The green and red points are considered inliers and
outliers, respectively.

not observe identical semi-circular shapes that represented anatomical struc-
tures. Therefore, we use segmentation techniques based on the circular shape
parameters to localize the tip of the RADS in ultrasound images. Further, the
acoustic impedance difference between RADS materials and cardiac tissue is
considered to be significantly large, which enhances the visibility of the instru-
ment [95, 111]. This would enable instrument detection when interaction with
cardiac tissue is considered.

Preprocessing is performed to enhance the visibility of the RADS in ul-
trasound images. In order to reduce speckle and to smoothen edges in the
ultrasound image, a 2D Gaussian kernel is applied, as depicted in Fig. 3.4(b).
The contrast between instrument and the environment in ultrasound images is
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sufficient for edge detection. Hence, we use a Canny edge detector with hys-
teresis thresholding to obtain an edge map of the ultrasound image as shown
in Fig. 3.4(c) [119]. Hysteresis thresholding reduces the detection of irrelevant
edges, that do not describe the semi-circular surface of the RADS. However,
irrelevant edges, often introduced by surface deformations caused by artifacts
and bending of the instrument may still exist. Hence, the centroid location is
evaluated using a random sample consensus (RANSAC) strategy (Algorithm 3).
RANSAC is robust to irrelevant edges that do not fit the parametric description
of the semi-circular model representing the RADS [119].

The evaluated set (Ac) of edge points (xc ∈ R2) from the Canny edge detec-
tor is used as an input to the RANSAC algorithm. The RANSAC algorithm is
an iterative process that consists of three steps (i.e., (I) Hypothesis, (II) Pre-

Algorithm 3 Random sample consensus robotically-actuated delivery sheath
localization
Inputs:
Ac ← {xc,v|v=1,··· ,w} . Set of detected edge points (xc)
f : H3 → mc . Computes the algebraic circle model parame-

ters (mc) from a set (H3) of three randomly
selected edge points

C(mc,xc) . Cost-function for a single edge point (1 if xc
is an inlier to the algebraic circle parameters
(mc), 0 otherwise)

n . Number of iterations
Outputs:
m∗c . Best model parameters
S∗c . Best consensus set (inliers)
J∗c . Best cost
Method:

1: for i← 1, n do
2: H3,i ← random 3pnts(Ac) . (I) Hypothesis
3: mc, i← f(H3,i)
4: if suffice(mc,i) then . (II) Preliminary test
5: Sc, i← {∀xc ∈ Ac|C(mc,i,xc) = 1}
6: Jc, i←

∑
xc∈Ac C(mc,i,xc)

7: if J∗c < Jc, i then . (III) Evaluation
8: J∗c ← Jc,i
9: m∗c ← mc,i

10: S∗c ← Sc,i
11: end if
12: end if
13: i← i+ 1
14: end for

61



Chapter 3. Model predictive control of a robotically-actuated
delivery sheath for beating heart compensation

101 102 103 104 105 106
0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Number of iterations [n]

R2 = 0.99

0.42n−0.25 + 0.04

L
o
c
a
li
z
a
ti

o
n

e
rr

o
r

[m
m

]

RANSAC iterations

Fitted curve

101 102 103 104 105 106

Number of iterations [n]

0.38

0.40

0.42

0.44

S
e
g
m

e
n
ta

ti
o
n

e
rr

o
r

[m
m

]

(b) RANSAC iterations vs Centroid localization error

(a) RANSAC iterations vs Manual segmentation

RANSAC iterations

Fitted curve

Figure 3.5: Experimental evaluation and validation of image segmentation using a sequence
of 600 ultrasound images. (a) Compares the performance between varying random sample
consensus (RANSAC) iterations using a ground truth obtained by manual segmentation. (b)
Describes the relation between the number of iterations and the localization error using a
ground truth obtained after 106 RANSAC iterations.

liminary test and (III) Evaluation). In (I), a hypothetical solution is found by
fitting algebraic circle model parameters (m) for f : H3 → mc to a set (H3) of
candidate inliers. The set (H3) consists of three arbitrary selected edge points
from the evaluated set (Ac). In (II), a preliminary test

(
suffice(mc,i)

)
is

performed to evaluate the model parameters. The model parameters such as
radius and centroid location should be consistent with those of the RADS in
order to qualify as a potential solution. Further, all edge points of the edge
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map are evaluated using a cost-function
(
C(mc,xc)

)
to determine if they are

sufficiently close to the periphery of the circular shape. The fitted model is
acceptable if a sufficiently large part of the semi-circular surface has been eval-
uated as the consensus set. In (III), an evaluation is performed in order to
improve the previous solution. The model parameters and consensus set are
both refined if the computed cost (Jc,i) of the current iteration exceeds the
previous solution. After n iterations, the centroid location (px, py) of RADS is
evaluated from the model parameters (mc) and displayed as the center of the
circle (Fig. 3.4(d)).

The performance of the RANSAC algorithm is evaluated and validated ex-
perimentally using a sequence of 600 ultrasound images. Experiments show
that the localization error of the RADS decreases if the number (n) of itera-
tions of the RANSAC algorithm are increased as depicted in Fig. 3.5(b). In
order to minimize computational costs and considering the ultrasound imag-
ing resolution of approximately 0.12 mm per pixel, the number of RANSAC
iterations should be limited to approximately 800, which is depicted green in
Fig. 3.5. Further, we compare the results of RADS segmentation for varying
RANSAC iterations using manual segmentation as a ground truth (Fig. 3.5(a)).
The results show, that by increasing the RANSAC iterations, the segmentation
error remains approximately constant (0.4 mm). Since there is no reason to
believe that an increase in RANSAC iterations would deteriorate segmentation
accuracy, we estimate that the insignificant increased error in Fig. 3.5(a), could
be attributed to imperfections in manual segmentations.

The presented ultrasound segmentation method is used in our closed-loop
control strategy to improve the performance. Note, that the presented 2D
segmentation method can be expanded to 3D ultrasound imaging by parallel
evaluation of slices along the instrument shaft.

3.2.3 Model predictive control

In this section we present the Model Predictive Control (MPC) architecture
used to control the RADS in closed-loop. The objective of the MPC archi-
tecture is to anticipate the AHV motion based on a model. This allows the
clinician to focus on the primary task of the procedure, while compensation
for AHV motions is provided. In order to develop an AHV model, we use
the pre-operative 2D ultrasound images that describes the AHV motion of a
human during the cardiac cycle. Further, we integrate forward, inverse and dif-
ferential kinematics described in Section 3.2.1 to determine instrument motion.
The 2D ultrasound segmentation presented in Section 3.2.2 is used to provide
instrument feedback for control.
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3.2.3.1 Model description

The continuous time representation of the model used in the MPC strategy
incorporates the differential kinematics described in (3.13). A cascade config-
uration is used according to

ṗ(t) = JR(u(t))u̇(t), (3.15)

ü(t) = v(t) + e(t), (3.16)

y(t) = p(t) + e(t), (3.17)

where v(t) is considered to be the MPC control input signal. However, the
change in arc parameters (u̇(t)) is used to steer the RADS according to the
MPC strategy. The system is subject to an inequality constraint according to

pmin ≤ p(t) ≤ pmax ∀t, (3.18)

where the instrument tip position is restricted. The instrument tip position is
limited in order to prevent damage to the instrument arc-section. Further, by
adding restricted regions for the instrument tip position, damage to sensitive
tissue can be avoided. In order to preserve dominant features required for
ultrasound image segmentation, we add an additional inequality constraint.
The constraint is used to limit the instrument tip velocity in x- and y-directions
of frame (Ψ0) by

ṗmin ≤ ṗ(t) ≤ ṗmax ∀t. (3.19)

The discrete time model integrated within the MPC strategy can be ob-
tained by using forward Euler discretization of the continuous time model ac-
cording to

p(k+1) = p(k) + JR(u(k))a(k), (3.20)

a(k+1) = a(k) + T 2
s v(k) + T 2

s e(k), (3.21)

y(k) = p(k) + e(k), (3.22)

where we substitute a(k) = u(k+1) − u(k) and Ts denotes the sampling time.
Similarly, the equivalent discrete time constraints are given by

pmin ≤ p(k) ≤ pmax ∀k, (3.23)

and

ṗmin ≤
p(k+1) − p(k)

Ts
≤ ṗmax ∀k. (3.24)

Note, that the constraints stacked into a vector can be evaluated component-
wise. The presented discrete time model is integrated within MPC strategy to
optimize the control objective.
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3.2.3.2 Control objective

The main MPC objective is to anticipate the AHV motion, while considering
a desired reference input. In order to capture these requirements, we can
formulate a reference tracking objective according to

r = rAHV + rd, (3.25)

where rd describes the RADS desired tip position without a priori knowledge,
while rAHV represents the position of the AHV with a priori knowledge ob-
tained from pre-operative modeling. In this study, we assume that a priori
knowledge on AHV position is sufficiently well-described by modeling, which is
presented in Section 3.2.3.3. In order to achieve our control objective in MPC,
we formulate a generalized predictive control (GPC) cost-function (J) [120].
This cost-function evaluates, over a horizon, the reference tracking error and
the control action by

J(v,k) =

N∑
j=Nm

(ŷ(k+j|k) − r(k+j))
T (ŷ(k+j|k) − r(k+j))

+

N∑
j=1

vT(k+j−1|k)λ
Tλv(k+j−1|k),

(3.26)

where N = 15 describes the prediction horizon, Nm is the minimum cost-
horizon and equals one, (ŷ(k+j|k)) is the predicted instrument tip position (y(k+j))
based on knowledge up to time (k) and λ is the control input weighting matrix
given by

λ =

[
1× 10−2 0

0 1× 10−7

]
, (3.27)

which evaluates the control action (v). The control input weighting matrix (λ),
the prediction horizon (N) and minimum cost-horizon (Nm) are empirically
determined. By rewriting the cost-function (3.26) into

J(v,k) =

N−1∑
j=0

ẑT(k+j|k)Γ(j)ẑ(k+j|k), (3.28)

we obtain the standard form used in MPC, where

z(k) =

[
ŷ(k+1|k) − r(k+1)

λv(k)

]
, (3.29)

describes the reference tracking error and control action, while

Γ(j) =



[
03×3 03×2

02×3 I2

]
for 0 ≤ j < Nm − 1

[
I3 03×2

02×3 I2

]
for Nm − 1 ≤ j < N − 1

(3.30)

65



Chapter 3. Model predictive control of a robotically-actuated
delivery sheath for beating heart compensation

Aortic valve

Valve annulus

Manual segmented

annulus center

y

x

Position x-axis Velocity x-axis Acceleration x-axis

Position y-axis Velocity y-axis Acceleration y-axis

Time [s]Time [s] Time [s]

Time [s]Time [s] Time [s]

P
o
si

ti
o
n

[m
m

]
P

o
si

ti
o
n

[m
m

]

V
e
lo

c
it

y
[m
m
/
s
]

V
e
lo

c
it

y
[m
m
/
s
]

A
c
c
e
le

ra
ti

o
n

[m
m
/
s
2
]

A
c
c
e
le

ra
ti

o
n

[m
m
/
s
2
]

10

5

0

-5

-10

10

5

0

-5

-10

0 0.5 1.0 1.5 0 0.5 1.0 1.5 0 0.5 1.0 1.5

0 0.5 1.0 1.50 0.5 1.0 1.50 0.5 1.0 1.5

10

0

-10

-20

20

0

-20

-40

100

50

0

-50

-100

200

0

-200

Figure 3.6: A pre-operative two-dimensional transesophageal echocardiogram (TEE) of the
aortic heart valve (AHV) annular plane. The center location of the aortic heart valve annulus
is manually segmented for multiple cardiac cycles. The human evaluated annulus center
positions are used for fitting a motion model. The blue line demonstrates the manually-
segmented annulus position during the cardiac cycle. The corresponding red line describes
the position of the fitted model. Further, the velocities and accelerations of the AHV models
are provided.

is a diagonal selection matrix (Γ(j) ∈ R5×5) used to describe the horizon of the
cost-function. By minimizing the cost-function (J(v,k)), we optimize between
RADS tracking accuracy and control effort, where the reference (rAHV ) is given
by AHV modeling.

66



3.2. Methods

3.2.3.3 Aortic heart valve modeling

Modeling is used to anticipate the AHV motion in MPC. As a case study,
we observe the motion of the AHV annulus during the human cardiac cycle.
We use pre-operative 2D transesophageal echocardiogram (TEE) to obtain the
motion profile of a human AHV annulus (Fig. 3.6). The motion profile ob-
tained from 2D ultrasound images is used to demonstrate compensation of the
AHV motion. In this study, we assume a constant shape of the aortic an-
nulus. Hence, we obtain the center position of the aortic annulus by manual
segmentation (Fig. 3.6).

The manual segmented aortic annulus position during the cardiac cycle is
used to derive a model capable of describing the periodic motion. A two-term
Fourier series according to

fx = a0x + a1xc k
Sr
ω + b1xs k

Sr
ω + a2xc2 k

Sr
ω + b2xs2 k

Sr
ω, (3.31)

and
fy = a0y + a1yc k

Sr
ω + b1ys k

Sr
ω + a2yc2 k

Sr
ω + b2ys2 k

Sr
ω, (3.32)

is used to describe the periodic aortic annulus motion, where k describes dis-
crete time, Sr denotes the number of samples per second and ω represents the
frequency of the periodic function in radians per second. The frequency (ω)
is given by ω =

ωx+ωy
2 , and relates to the heart rate (Hr) in beats-per-minute

(BPM) according to Hr = 60ω
2π . The corresponding coefficients and frequen-

cies (a0∗ , a1∗ , b1∗ , a2∗ , b2∗ and ω∗) are provided in Table 3.1. By consid-
ering the frequencies provided in Table 3.1, the observed heart rate (Hr) is
42 BPM. The goodness of data fitting is given by the coefficients of determi-
nation R2 = 0.86 and R2 = 0.97 along the the x- and y-axes, respectively.
Note, that an increase in the number of terms of the Fourier series described
in (3.31) and (3.32) does not result in a significant improvement in the co-
efficients of determination. From the manual segmentation we observe dis-
placements of 9.60 ± 3.23 mm in x-axis, while the y-axis shows displacements
of 12.25±1.27 mm. Further, from the fitted model we observe maximum veloc-
ities and accelerations of approximately 40 mm/s and 250 mm/s2, respectively.
The periodic aortic annulus motions described by fx and fy provides the track-
ing reference (rAHV = [fx fy 0]T ) for MPC. In order to anticipate the motion
of the aortic annulus, a priori knowledge of the tracking reference (rAHV ) is
considered during experimental evaluation using MPC.

Table 3.1: Table of Fourier coefficients used in (3.31) and (3.32) to describe the periodic
aortic heart valve motion depicted in Fig. 3.6. Subscript * denotes the corresponding x- or
y-axes

a0∗ a1∗ b1∗ a2∗ b2∗ ω∗
x-axis 0.0547 -1.7850 -2.4530 -0.5737 -0.7064 4.4050
y-axis 0.3157 -3.7290 -2.7090 -2.4190 0.4965 4.4240
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Figure 3.7: Model predictive control (MPC) strategy is used to steer the robotically-actuated
delivery sheath (RADS). The referenced tip position by the clinician is denoted by rd,
while rAHV describes the position of the aortic heart valve with a priori knowledge ob-
tained from pre-operative ultrasound images. The tip position obtained by ultrasound image
segmentation is denoted by y, with corresponding filtered position described by ŷ. The arc
parameters denoted by a is provided as an input to the RADS and the Kalman filter. The
resulting positioning error is given by err, which is used to adapt the Kalman filter.

3.2.3.4 Controller design

The MPC strategy used to control the articulating tip of the RADS is pre-
sented in Fig. 3.7. The control variable (v) is used to determine the change
in arc parameters (a), which are implemented in order to position the tip
of the RADS. Subsequently, the tip position (y = [px py 0]T ) of the RADS is
measured using a 2D ultrasound transducer as described in Section 3.2.2. How-
ever, ultrasound images are often prone to noise and the tip of the RADS may
not always be detected during tracking. Hence, we add an extended Kalman
filter to provide state estimation (ŷ = [p̂x p̂y p̂z]

T ) based on kinematics de-
scribed in Section 3.2.1 and 2D ultrasound measurements [97]. The position
error (err = y − ŷ) is evaluated in order to adapt the Kalman filter. Note,
that the articulating tip of the RADS must intersect with the ultrasound image
plane in order to provide position feedback. Hence, we limit the articulating
tip motion to the ultrasound image plane by autonomous axial positioning of
the RADS along the z-axis of frame (Ψ0) using a linear stage. The state esti-
mate (p̂z) provided by the Kalman filter is used as an input to axial positioning.

In order to describe the MPC strategy, we formulate a constrained stan-
dard predictive control problem (CSPCP), which uses a multiple-input and a
multiple-output (MIMO) state-space representation of the system [120, 121].
We can write the CSPCP using a MIMO model of the RADS in state-space
realization according to the following:

x(k+1) = Ax(k) + B1e(k) + B2w(k) + B3v(k), (3.33)
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y(k) = C1x(k) + D11e(k) + D12w(k) + D13v(k), (3.34)

z(k) = C2x(k) + D21e(k) + D22w(k) + D23v(k), (3.35)

χ(k) = C4x(k) + D41e(k) + D42w(k) + D43v(k) ≤X(k), (3.36)

where we use the model described in (3.20) to (3.22). The state is given

by x(k) =
[
p(k) a(k)

]T
, e(k) represents zero mean white noise, while w(k) =[

d(k) r(k+1)

]T
combines all known external signals such as disturbance (d(k))

and reference (r(k+1), as described in (3.25)). Further, the generalized input is
described by v(k). Note, that y(k) considers all past inputs and all previous and
current measurements y(0), ...,y(k), which are provided by segmentation of the
RADS tip in ultrasound images. The state-space matrices in (3.33) and (3.34)
are given by

A =

[
I3 JR(u)

02×3 I2

]
,B1 =

[
03×3 03×2

02×3 T 2
s I2

]
,

B2 =

[
TsI3 03×3

02×3 02×3

]
,B3 =

[
03×2

T 2
s I2

]
,C1 =

[
C0 03×2

]
,

D11 =
[
I2 03×2

]
,D12 = 03×6,D13 = 03×2,

(3.37)

where we use the state (p) and the inverse kinematics described in Section 3.2.1.2
to provide the arc parameters (u) for the differential kinematics incorporated in
matrix (A). Further, the output of the system is limited to the 2D ultrasound
image plane, which is given in x- and y directions of frame (Ψ0) by

C0 =

1 0 0
0 1 0
0 0 0

 . (3.38)

In this study, we do not model external disturbances, hence we denote d(k) =
[0 0 0]T , ∀ k. The matrices C2, D21, D22 and D23 associated with the cost
signal (z(k)) introduced in (3.35) can be obtained by substituting ŷ(k+1|k) =
C1x(k+1) + D11ê(k+1|k) and v(k) into (3.29), which can be rewritten as

ẑ(k) =

[
C1A
02×6

]
︸ ︷︷ ︸

C2

x(k) +

[
C1B1

02×3

]
︸ ︷︷ ︸

D21

e(k)

+

([
C1B2

02×6

]
+

[
03×3 −I3×3

02×3 02×3

])
︸ ︷︷ ︸

D22

w(k) +

[
C1B3

λ

]
︸ ︷︷ ︸

D23

v(k),

(3.39)
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where we use the zero mean white noise estimate (ê(k+1|k) = 03×1).
The constraints presented in (3.23) and (3.24) can be combined and de-

scribed by two one-sided constraint signals (χ1,(k) and χ2,(k)) stacked together
according to [

χ1,(k)

χ2,(k)

]
︸ ︷︷ ︸
χ(k)

=

[
x(k+1)

-x(k+1)

]
=

[
A
-A

]
︸ ︷︷ ︸
C4

x(k) +

[
B1

-B1

]
︸ ︷︷ ︸
D41

e(k)+

[
B2

-B2

]
︸ ︷︷ ︸
D42

w(k) +

[
B3

-B3

]
︸ ︷︷ ︸
D43

v(k) ≤
[
X1,max

−X2,min

]
︸ ︷︷ ︸

X(k)

, (3.40)

whereX1,max =
[
pmax TsJ

+
R(u)ṗmax

]T
andX2,min =

[
pmin TsJ

+
R(u)ṗmin

]T
.

Note, that by using the differential kinematic relation in (3.13), the constraint
on the instrument tip velocity described in (3.24) can be rewritten as a con-
straint on the change in arc parameters (a(k)) according to

TsJ
+
R(u)ṗmin ≤ a(k) ≤ TsJ+

R(u)ṗmax ∀k, (3.41)

where J+
R(u) is the Moore-Penrose pseudo inverse of JR(u). By adding the

stacked inequality constraint, we complete the CSPCP presented in (3.33)
to (3.36).

The CSPCP is used to formulate a model based on the concept of prediction,
which is described in Appendix 3.A. The prediction model is used to solve
for the optimal control vector (ṽ(k)). By using predictions of the cost signal
provided in (3.39) and the diagonal selection matrix described in (3.30), given
the prediction interval 0 ≤ j ≤ N − 1, we can formulate a signal vector (z̃k)
similar to (3.52) and provide a block diagonal selection matrix (Γ̄) by

z̃(k) =


ẑ(k|k)

ẑ(k+1|k)

...
ẑ(k+N-1|k)

 and Γ̄ =


Γ(1) 05×5 . . . 05×5

05×5 Γ(2)

. . .
...

...
. . .

. . . 05×5

05×5 . . . 05×5 Γ(N-1)

 , (3.42)

respectively, which can be used to rewrite the cost-function presented in (3.28)
according to

J(v,k) = z̃T(k)Γ̄z̃(k). (3.43)

Note, that the cost-function J(v,k) includes estimates of z(k) using all inputs
v(0), ...,v(k+N−1) and previous and current measurements y(0), ...,y(k). The
predicted cost signal (z̃k) in (3.42) can be formulated as

z̃(k) = C̃2x(k) + D̃21e(k) + D̃22w̃(k) + D̃23ṽ(k), (3.44)
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where matrices C̃2, D̃21, D̃22 and D̃23 can be obtained according (3.54) and
(3.55). In addition to the constraint described in CSPCP according to (3.40),
we add additional constraints to the prediction model to shape the control
signal. In order to obtain a smooth and robust control action, we add a control
horizon constraint to the prediction model. The equality constraint (Υ(k) =
02×1) on the control horizon can be described by

v(k+j|k) = Υ(k), for Nc ≤ j < N, (3.45)

where the control action is assumed to be zero after control horizon (Nc = 10),
which is empirically determined. The corresponding prediction signal (υ̃(k))
according to (3.51) and (3.52) is given by

υ̃(k) = C̃3x(k) + D̃31e(k) + D̃32w̃(k) + D̃33ṽ(k) = Υ̃(k), (3.46)

where the equality constraint prediction vector is given by Υ̃(k) = 010×1 and

the corresponding matrices are described by C̃3 = 010×6, D̃31 = 010×3, D̃32 =
010×90 and

D̃33 =


02×2 · · · 02×2 I2 02×2 · · · 02×2

02×2 · · · 02×2 02×2 I2
. . .

...
...

...
...

. . .
. . . 02×2

02×2 · · · 02×2 02×2 · · · 02×2 I2

 . (3.47)

Further, a prediction vector (χ̃(k)) of the constraint signal (χ(k)) described
in (3.40) can be constructed similar to (3.52), with corresponding prediction
matrices computed according to (3.54) and (3.55). The prediction of the in-
equality constraint is given by

χ̃(k) = C̃4x(k) + D̃41e(k) + D̃42w̃(k) + D̃43ṽ(k) ≤ X̃(k), (3.48)

which also completes the prediction model.
By minimizing the following cost-function

min
ṽ

z̃T(k)Γ̄z̃(k), (3.49)

subject to constraints described in (3.46) and (3.48), we can solve for the op-
timal control vector (ṽ(k)) that optimizes the CSPCP. The optimization de-
scribed in (3.49) can be evaluated as a quadratic programming problem sub-
ject to constraints. For details on the derivations, we refer the reader to work
of [120]. We use qpOases software in C++ to solve the quadratic programming
problem online [122]. The solution is used to obtain the optimal control vec-
tor (ṽ(k)). We implement according to the receding horizon principle, where
we apply (a(k)) to steer the RADS according to the optimization.
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3.2.3.5 Hysteresis compensation

Before the optimal solution is implemented, we compensate for hysteresis in
the system. Hysteresis caused by backlash often occurs in cable driven instru-
ments such as endoscopes and catheters [123]. Hysteresis can be described by
a positive or negative contact mode and a free mode. In contact mode, kine-
matics describes the relation between pulley angles (ψx and ψy) and RADS
tip position (p), which is not known in free mode. Further, the positive and
negative contact modes corresponds to the direction in which the pulleys are
engaged. Hysteresis often introduces inaccuracies in the response of the instru-
ment. Hence, we use a classical approach to reduce hysteresis in the system
according to

∆c =
[
∆ψx ∆ψy

]T
+
[
f(∆ψx) f(∆ψy)

]T
, (3.50)

where ∆c is the compensated angular velocity of the pulleys (∆ψx and ∆ψy)
and

f(∆ψ∗(k)) =


sign(∆ψ∗(k))(α

+
∗ -α-

∗)
If sign(∆ψ∗(k))
6= sign(∆ψ∗(k-1))

0 Elsewhere

is the function that represents the compensation term. Note, that alterna-
tive methods for the compensation of hysteresis such as a hyperbolic tangent
function could be considered [115]. In order to limit chatter, we only apply
the compensation term if the velocity change in direction exceeds a threshold.
Compensation is provided by hysteresis parameters (α+

∗ and α−∗ ), which are the
positive and negative contact positions, respectively. The positive and nega-
tive contact positions are experimentally evaluated by measuring the hysteresis
between pulley angles and corresponding tip locations.

3.3 Experiments

In this section, we present experiments performed to evaluate the MPC strat-
egy. First, we describe the components and layout of the experimental setup
used to steer the RADS. Subsequently, a pre-operative AHV model is presented
and integrated with the MPC strategy. This is followed by the experimental
plan and results that demonstrate the capabilities of the MPC strategy.

3.3.1 Experimental setup and materials

The experimental setup used to evaluate the performance of the MPC is shown
in Fig. 3.8. The RADS used in our experiments is based on a cable-ring
structure surrounded by a hinged-tube (DEAM Corporation, Amsterdam, The
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Figure 3.8: The experimental setup used to control the robotically-actuated delivery sheath
(RADS) using a model predictive control strategy. 1○ RADS. 2○ Container filled with water
in which the RADS is inserted. 3○ Ultrasound transducer. 4○ Ultrasound image with a
radial cross-sectional view of the RADS. 5○ Motors and corresponding electronics used to
control the articulating tip of the RADS. 6○ Translation along the longitudinal axis of the
RADS in order to position the tip in the two dimensional ultrasound image plane. The
top inset shows the flexible segment (articulating tip) of the RADS, which uses a hinged
tube construction. The bottom inset depicts a longitudinal cross-section with dimensions
of the RADS. An antagonistic configuration of a pair of tension wires (red) is actuated by
a pulley-driven system. Each pair of tension wires (total of two pairs) is guided through
the flexible shaft and through two incompressible brass tubes (yellow) to actuate a single
degree-of-freedom of the articulating tip.

Netherlands) [124]. Two pairs of antagonistically-configured tension wires fa-
cilitate articulating tip movement of the RADS in two DOF [111]. The tension
wires of the RADS are driven by an ECMax22 motor with a GP32/22 gear-
head (Maxon Motor, Sachseln, Switzerland). Further, a LX30 translational
stage (Misumi Group Inc., Tokyo, Japan) is used to translate the RADS along
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longitudinal axis in order to compensate for the tip motion in the out-of-image-
plane direction. The maximum velocity and acceleration along the longitudinal
axis are 230 mm/s and 2800 mm/s2, respectively. All motors are actuated by
an Elmo Whistle 2.5/60 motor controller (Elmo Motion Control Ltd, Petach-
Tikva, Israel). The RADS is inserted in a container filled with water in order
to enable ultrasound-based tip tracking. A Siemens 18L6 transducer operating
with a frequency of 16 MHz, a power level of −4 dB and a scanning depth
of 4 cm on a Siemens Acuson S2000™ ultrasound system (Siemens AG, Erlan-
gen, Germany) is positioned at the tip of the RADS (in the container) to obtain
ultrasound images as feedback. Note, that without any modifications to ultra-
sound image segmentation, the transthoracic echocardiography approach used
in this study could be replaced by transesophageal echocardiography (TEE).
The ultrasound images are transferred via S-video output (in-plane resolution
of approximately 0.12 mm per pixel) to a computer (2.80 GHz Intel® I7, 8-GB
internal memory and 64-bit Windows 7) with a frame rate of 25 frames per
second. Further, this computer is used to implement and execute in C++ the
MPC strategy which provides control signals to the motors and electronics.
The MPC strategy uses a sampling time (Ts) of 0.04 s. In order to antici-
pate the beating heart motion, we integrate an AHV model within the MPC
strategy.

3.3.2 Experimental scenarios

A series of experiments have been conducted in order to evaluate the track-
ing accuracy of the MPC strategy in an integrated system using a reference
signal described by in (3.25). In previous research, a model-based approach
was used to steer the RADS along a circular path using 2D ultrasound images
as feedback [111]. The results of these experiments showed that, while mov-
ing at 2 mm/s, mean positioning errors of approximately 2 mm along the x-
and y-axes. In this study, we aim to improve these results and provide novel
functionalities such as compensation for beating heart motions. Hence, we eval-
uate the performance using multiple scenarios such as tracking circular paths
and AHV motions.

3.3.2.1 Circular path

The first set of experiments is performed in order to evaluate steering of the
RADS along circular paths using the MPC strategy. Note, that no heart
valve motion modeling is considered (rAHV = 0) while the RADS moves along
the circular paths described by reference signal (rd). The circle has a radius
of 6 mm, while we use an articulating tip velocity of 2 mm/s. First, we evaluate
a circular path without limitations on the RADS tip position. Subsequently,
we limit the tip position to a maximum of 4 mm along the x-axis by integrating
a state constraint to the MPC strategy (similar to (3.40)). By restricting the
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instrument motion to an allowable region, we demonstrate the ability of the
MPC strategy to avoid sensitive tissue that could be present in surgery. These
limitations can be integrated in the MPC strategy, allowing the controller to
anticipate for the forbidden regions in order to avoid damage to sensitive tissue.
In Fig. 3.9(b), the allowed area of the RADS tip is depicted green, while the
forbidden region is red.

3.3.2.2 Aortic heart valve motion tracking

The second set of experiments is used to evaluate the novel designed MPC
strategy to steer the RADS with a priori knowledge on the AHV motion.
Although, other medical applications such as mitral valve surgery could po-
tentially benefit from the integrated system, we demonstrate the capabilities
of the MPC strategy by tracking AHV motions in the annular plane. The
beating heart motions have been obtained by analyzing the pre-operative 2D
ultrasound images as depicted in Fig. 3.6. We evaluate the performance of
the MPC with a priori knowledge of the AHV motion described by tracking
reference (rAHV = [fx fy 0]T ) obtained by (3.31) and (3.32) and rd = 0. In
order to preserve the dominant features required for ultrasound image segmen-
tation, we limit the tip velocity to 20 mm/s in x- and y-axes of frame (Ψ0) by
integrating state constraints according to (3.24). A RADS tip velocity that ex-
ceeds 20 mm/s, will cause dominant features to disappear in ultrasound images.
This results in unreliable segmentation of the RADS tip position. Further, we
limit the maximum tip deflection to 10 mm in x- and y-directions (frame (Ψ0))
by (3.23).

3.3.3 Experimental results

The results of the experimental scenarios are reported in Table 3.2, while a
single representative of each experiment can be found in Fig. 3.9. In order
to evaluate the tip tracking accuracy of the RADS, the experiments were re-
peated twelve times for circular trajectories and thirty times for AHV motions.
The mean absolute errors (MAE) in the tracked tip position (εx and εy) dur-
ing trajectory tracking are reported. On average, the RANSAC algorithm of
the segmentation strategy completes 819± 101 iterations (single CPU core im-
plementation). In experiments, we observe a constant delay of approximately
200 milliseconds in obtaining the 2D ultrasound images used for feedback. Fur-
ther, a compensation algorithm is used to reduce the mechanical hysteresis in
the system in order to improve tip positioning accuracy.

Experiments showed tracking of a circular trajectory with MAE of 0.73 mm
and 0.50 mm in the x- and y-axes, respectively. The observed mean absolute
distance error is 0.89 mm. A slightly higher error is observed in the x-axis
compared to the y-axis. This could be attributed to the difference in me-
chanical properties such as friction and backlash of the two uncoupled pulley
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Figure 3.9: Representative experimental model-predictive control results of the articulat-
ing tip of the robotically-actuated delivery sheath during tracking of (a) circular reference
path (rd) and (rAHV = 0), (b) constrained circular reference path (rd) and (rAHV = 0)
and (c and d) aortic heart valve (AHV) motion trajectories according to rAHV = [fx fy 0]T

and rd = 0. The red line trajectory represents the reference path (r) described in (3.25),
while the blue line represents the actual path (y = [px py 0]T ) followed by the articulating
tip.

systems (each control a single DOF). Nonetheless, the results show a signifi-
cant improvement in tracking performance compared to the mean positioning
errors of approximately 2 mm along the x- and y-axes demonstrated in previous
work [111]. Further, in the experiments that demonstrate the circular trajec-
tory in which the instrument motion is limited, we observe a MAE of 0.74 mm
and 0.61 mm in the x- and y-axes, respectively. The corresponding mean ab-
solute distance error is 0.97 mm. The observed error correspond to the results
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Table 3.2: Experimental results of the robotically-actuated delivery sheath tip tracking for
circular paths and aortic heart valve motions using the model-predictive control. The mean
absolute distance error (ε) and position errors (εx and εy) along the x- and y-axes are
provided. Further, the standard deviation for Nr repetitions is reported.

Case Nr εx εy ε
[mm] [mm] [mm]

Circle 12 0.73±0.03 0.50±0.10 0.89±0.08
Constrained circle 12 0.74±0.11 0.61±0.17 0.97±0.17
Aortic heart valve 30 1.06±0.43 1.29±0.38 1.68±0.53

of a circular trajectory without instrument limitations. Hence, we demonstrate
that the MPC strategy is capable of avoiding areas that could potentially be
sensitive tissue without degrading performance. By tracking AHV motions, we
observe a MAE of 1.06 mm and 1.29 mm in the x- and y-axes, respectively.
The observed mean absolute distance error is 1.68 mm. A higher error is ob-
served in tracking AHV motions compared to circular trajectories. This could
be explained by the fast moving AHV motions that impedes the accuracy of
tracking. Further, we observe a decrease in tracking accuracy along the y-axis
for AHV motions. The decrease in tracking accuracy could be explained by
the instrument velocity which is limited to 20 mm/s in MPC in order to enable
RADS detection in ultrasound images. The MPC strategy considers both the
tip velocity limitation and AHV motion in order to optimize tracking accuracy.

Further, the ultrasound measurement delay introduced in the feedback sig-
nal of the MPC strategy is among the main contributer to the tracking er-
ror. This measurement delay is considered to be the combined result of pre-
poccessing within the ultrasound system, transferring images to the computer
using a capturing device and instrument segmentation. However, it can not
be ruled out that tracking accuracy is affected by (non)-linear friction, tendon
elongation or crosstalk between the two tendon pairs (i.e., controlling one ten-
don pair influences the other tendon pair). Note, that we evaluate our system
using pre-operative patient data which leads to simplifications with respect to
heart-rate variability. However, these simplifications could potentially be elim-
inated by administering medicine that reduce the heart rate and apply over
pacing to effectively control the patient’s heart rate in a predictable manner.
This improves the ability to anticipate the AHV motion. Nonetheless, our
method demonstrates tracking of AHV motions based on pre-operative ultra-
sound patient data. This indicates that our system, with further development,
could provide cardiac motion compensation to a wide class of cardiovascular
applications performed without a heart-lung machine.
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3.4 Conclusions and future work

In this study, we present and evaluate a novel RADS capable of autonomously
and accurately compensating for AHV motions by using an MPC strategy.
We develop and incorporate kinematic models of the RADS within the MPC
strategy. In order to accurately evaluate the RADS tip position, we use a
clinically-available 2D ultrasound transducer which is orientated perpendicular
to the tip of the RADS. An on-line segmentation algorithm is developed in
order to provide feedback of the RADS tip position for the MPC strategy. Pre-
operative ultrasound images of a patient are used to evaluate the AHV motion.
Further, mechanical hysteresis is addressed by a compensation algorithm in
order to improve the tip positioning accuracy. The novel integrated system is
capable of controlling the articulating tip of the RADS in order to compensate
for AHV motions. In experiments, we demonstrate evidence that the RADS
tracks the AHV motions with a mean absolute distance error for AHV motions
of 1.68 mm. Hence, we potentially improve and enable new applications in
cardiovascular surgery performed without a heart-lung machine.

In future work, we intend to address accuracy problems introduced by mea-
surement delay and instrument friction. Electro-magnetic instrument tip track-
ing will be integrated in order to reduce feedback delay and to improve robust-
ness in control. The prototype device used in this study will be replaced by
a flexible steerable catheter in order to enable applications in ablation, aor-
tic and mitral valve surgery. Further, we plan to combine instrument and
intra-operative AHV motion segmentation of 2D and 3D ultrasound images in
order to improve the tracking performance in a clinically relevant scenario. We
continuously aim to improve the robustness and accuracy of the integrated sys-
tem. Nonetheless, the presented framework for modeling, imaging and control
is applicable to a range of continuum-style robots and catheters. Our current
study evaluates compensation of AHV motions using an MPC strategy. Hence,
we demonstrate feasibility and potential for steerable catheters to compensate
cardiac motions in cardiovascular interventions such as aortic and mitral valve
surgery.
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Nomenclature

Ac Set of detected edge points [ − ]
G Rate of convergence feedback gain [ − ]
H3 Set of three randomly selected edge points [ − ]
Hr Heart rate [ bpm ]
J Generalized predictive control cost [ − ]
Jc Random sampling consensus cost [ − ]
N Prediction horizon [ − ]
Nc Control horizon [ − ]
Nm Minimum cost-horizon [ − ]
Nr Number of experimental repetitions [ − ]
R2 Data fitting discrepancy [ − ]
Sc Random sampling consensus set (inliers) [ − ]
Sr Sample rate Fourier series [ 1

s ]
Ts Sampling time [ s ]
∆ψ∗ Angular pulley velocity, where ∗ ∈ {x, y} [ rad

s
]

Ψ∗ Coordinate system, where ∗ ∈ {0, i, t , u} [ − ]
α+
∗ Positive contact positions, where ∗ ∈ {x, y} [ rad ]
α−∗ Negative contact positions, where ∗ ∈ {x, y} [ rad ]
X, X1, X2 Inequality constraints (X1, X2 ∈ R5, X ∈ R10) [ − ]
∆c Compensated angular pulley velocity (∆c ∈ R2) [ − ]
χ, χ1, χ2 Inequality constraint signals (χ1, χ2 ∈ R5, χ ∈ R10) [ − ]
λ Control input weighting matrix (λ ∈ R2×2) [ − ]
υ Equality constraint signal (υ ∈ R2) [ − ]
δ∗ Tendon displacement, where ∗ ∈ {x, y} [ m ]
ṗmin, ṗmax Inequality constraint lower and upper velocity

bound (ṗmin, ṗmax ∈ R3)
[ m

s ]

` Arc length [ m ]
ε Mean absolute tip distance error [ m ]
ε∗ Mean absolute error in the tracked tip position,

where ∗ ∈ {x, y}
[ m ]

εth Error tolerance [ m ]
κ Arc curvature [ 1

m ]
A, B, C, D Multiple-input and multiple-output state space

realization of the CSPCP
[ − ]

H0
i Homogeneous transformation matrix expressing the in-

termediate frame in the reference frame (H0
i ∈ SE3)

[ − ]

H0
t Homogeneous transformation matrix expressing the tip

frame in the reference frame (H0
t ∈ SE3)

[ − ]

Hi
t Homogeneous transformation matrix expressing the tip

frame in the intermediate frame (Hi
t ∈ SE3)

[ − ]

Lit Rigid link section by a translation along the z-axis of
the intermediate frame (Lit ∈ R3)

[ − ]
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Γ Diagonal selection matrix (Γ ∈ R5×5) [ − ]
Υ Equality constraint (Υ ∈ R2) [ − ]
a Variations in arc parameters (a = [∆φ ∆κ]T ∈ R2) [ − ]
d The MPC disturbance (d ∈ R3) [ − ]
e Zero mean white noise (e, ê ∈ R2) [ − ]
err The tip position error (err ∈ R3) [ − ]
ot Origin of the articulating tip frame (ot ∈ R3) [ − ]
p, p0

t Tip position expressed in the reference frame (p, p0
t ∈ R3) [ − ]

pmin, pmax Inequality constraint lower and upper position bound
(pmin, pmax ∈ R3)

[ m ]

r, r0
t Referenced tip position expressed in the reference

frame (r, r0
t ∈ R3)

[ − ]

rAHV Aortic heart valve annulus motion reference (rAHV ∈ R3) [ − ]
rd Desired tip position (rd ∈ R3) [ − ]
u Arc parameters, u = [φ κ]T ∈ R2 [ − ]
v Control input signal (v ∈ R2) [ − ]
w The MPC external signal (w = [d r]T ∈ R6) [ − ]
x The MPC state variable (x = [p a]T ∈ R5) [ − ]
xc Edge point obtained from Canny edge detector (xc ∈ R2) [ − ]
y MPC tip position (y ∈ R3) [ − ]
z Cost signal (z ∈ R3) [ − ]
ω, ω∗ The Fourier series frequencies, where ∗ ∈ {x, y} [ rad ]
φ Arc plane angle [ rad ]
φi Individual tendon angle, where i = 1, · · · , 4 [ rad ]
ψ∗ Pulley angle, where ∗ ∈ {x, y} [ rad ]
θ Arc bend angle [ rad ]
a∗, b∗ The Fourier series coefficients [ − ]
db Distance between backbone and tendons [ m ]
e Estimation error [ m ]
f∗ AHV reference position, where ∗ ∈ {x, y} [ m ]
k Discrete time variable [ − ]
li Tendon lengths, where i = 1, · · · , 4 [ m ]
lt Rigid link length [ m ]
mc Algebraic circle model parameters [ − ]
n Number of random sampling consensus iterations [ − ]
p∗ Tip position, where ∗ ∈ {x, y, z} [ m ]
r Arc radius [ m ]
r∗ Referenced tip position, where ∗ ∈ {x, y, z} [ m ]
rp Pulley radius [ m ]
ti Tension wires, where i = 1, · · · , 4 [ − ]

Note, that we use ∗̂ and ∗̃ in order to describe an estimate or a prediction of (∗),
respectively.
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3.A Concept of prediction

Based on the model description (3.34), the concept of prediction can be intro-
duced according to

s̃p,(k) = C̃px(k) + D̃p1e(k) + D̃p2w̃(k) + D̃p3ṽ(k), (3.51)

where any signal sp,(k) as presented in (3.34) can be used to formulate predic-
tions at each time instant (k), that considers all signals over horizon N . The
prediction of signal sp,(k) is given by signal vector s̃p,(k) according to

s̃p,(k) =


ŝp,(k|k)

ŝp,(k+1|k)

...
ŝp,(k+N−1|k)

 . (3.52)

The prediction presented in (3.51) is based on future control and reference
signals described by signal vectors

ṽ(k) =


v̂(k|k)

v̂(k+1|k)

...
v̂(k+N−1|k)

 and w̃(k) =


ŵ(k|k)

ŵ(k+1|k)

...
ŵ(k+N−1|k)

 , (3.53)

respectively. Note, that w̃(k) contains a priori knowledge of the AHV position.

We can obtain matrices C̃p, D̃p1, D̃p2 and D̃p3 by using successive substitution
of the state equation (3.33) into (3.34) which yields

C̃p =


Cp

CpA
CpA

2

...
CpA

N−1

 , D̃p1 =


Dp1

CpB1

CpAB1

...
CpA

N−2B1

 (3.54)

and

D̃pq =



Dpq 0 · · · 0 0

CpBq Dpq
. . .

...
...

CpABq CpBq
. . . 0 0

...
. . . Dpq 0

CpA
N−2Bq · · · CpBq Dpq


, (3.55)

where subscript q = 2, 3 is used to indicate the corresponding matrix to com-
plete the prediction. The concept of prediction is used to provide a prediction
model of the CSPCP signals described in (3.34), (3.35) and (3.36).
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CHAPTER 4
Sensor-Guided Stabilization of a Steerable and Flexible

Catheter Tip for Beating Heart Mitral Valve Motions

Abstract
A mitral valve (MV) repair strategy that uses minimally invasive surgical techniques

could significantly reduce patient trauma compared to an open heart procedure via
sternotomy. Reduced trauma enables fast recovery and could provide treatment to
high-risk patients. However, minimally invasive techniques are often impeded by lim-
ited vision and dexterity of the instrument at the treatment location, while the ab-
sence of cardiopulmonary bypass requires the clinician to cope with the beating heart
motions. By sensor-guided stabilization of the instrument, a virtually-still treatment
location could be provided, which enables the clinician to perform surgery as if the
heart was stopped. In this study, we present and evaluate electromagnetic (EM)
and ultrasound (US)-guided steerable and flexible catheter (SFC) tip stabilization
methods in order to assist the clinician and to potentially improve the capabilities
of minimal invasive MV repair surgery. Our work involves developing a novel SFC
tip stabilization method in a realistic and functional MV model embedded in a heart
system. The heart system is attached to a six degrees-of-freedom Stewart platform,
which is used to reproduce beating heart MV motions based on pre-operative pa-
tient data. Further, we developed a novel catheter steering module capable of robot
actuation of a wide range of tendon-driven catheters. In order to demonstrate tip sta-
bilization for beating heart MV motions, the SFC is controlled in closed-loop, which
uses EM sensing and US imaging to provide instrument feedback. Experimental re-
sults showed a mean absolute distance error of 0.57 mm and 1.39 mm for EM- and
US-guided SFC tip stabilization methods, respectively. The presented methods for
stabilization of the SFC tip in the beating heart could be applicable to a wide variety
of existing and potential future cardiovascular interventions.

This chapter is submitted for publication as

G.J. Vrooijink and S. Misra, Sensor-Guided Stabilization of a Steerable
and Flexible Catheter Tip for Beating Heart Mitral Valve Motions,
IEEE Transactions on Medical Robotics and Bionics (under review).
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while preliminary work is described in

[125] G.J. Vrooijink, M.P. Jansen, M.L. Tolhuisen, J.G. Grandjean, and S.
Misra, Ultrasound-guided stabilization of a robotically-actuated de-
livery sheath (RADS) for beating heart mitral valve motions, in Pro-
ceedings of the IEEE International Conference on Biomedical Robotics and
Biomechatronics (BioRob), Singapore, pages 73-79, June 2016 (Best Confer-
ence Paper Award).
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4.1 Introduction

Traditionally, open heart surgery via sternotomy is used to facilitate repair
strategies in order to provide treatment to a deceased mitral valve (MV). A re-
pair strategy aims to restore the natural MV functionality in order to preserve
hemodynamics, reduce the risk of embolism and minimize long-term anticoagu-
lation, which is beneficial for the patient’s quality of life after surgery [13]. MV
repair is often associated with improved patient survival compared to prosthetic
valve implantation [12]. A repair strategy often requires complex cardiopul-
monary bypass surgery with careful intra-operative decision making. Direct
and superior surgical access to the deceased MV is obtained via sternotomy,
which goes at the expense of severe patient trauma. Hence, patients with
comorbidities, which are considered a high risk, are often excluded [14,17].

As an alternative to open heart surgery, minimally invasive surgery (MIS)
could provide MV repair treatment, which enables treatment to high-risk pa-
tients and results in shorter recovery times [15]. However, challenges such as
accessibility, vision and dexterity at the treatment location limits the scale of
MIS [18]. In addition to the aforementioned challenges, MV repair treatment
without the use of cardiopulmonary bypass is often impeded by beating-heart
motions. The complex and repetitive beating-heart motions pose a significant
challenge for a clinician, whose ability to track, significantly deteriorates for
heart rates up to 60 beats-per-minute (BPM) [19].

The use of steerable and flexible catheters (SFC) could provide an aid to
the aforementioned challenges and facilitate MIS MV repair treatment [16].
Technological developments in robotically-controlled catheters could offer im-
proved surgical access and dexterity at the treatment location, while patient
trauma is minimized. Note, that experience obtained from clinical practice is
used to quantify the requirements for the tendon driven catheters and instru-
ments [124, 126, 127]. In this study, we use such a tendon driven instrument
developed by DEAM Corporation (Amsterdam, the Netherlands). Further,
tasks such as stabilization of the catheter tip for beating heart motions could
be obtained by robotic control. Instrument tip stabilization for beating heart
motions at the treatment location could provide a scenario as if the heart was
stopped, which allows the clinician to mainly focus on the MV repair procedure.

4.1.1 Related work

The potential use of SFCs such as magnetically-actuated catheters for MIS
has been demonstrated by several research groups [128, 129]. These catheters
could provide dexterity and instrument stabilization for beating heart motions,
which is desired in MIS MV repair. However, a limited operational workspace
and the integration of external auxiliary equipment such as electromagnetic
coils or permanent magnets used to enable magnetic catheter steering, poses a
significant challenge in clinical practice.
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Tendon or push-and-pull rod driven catheters, often controlled in a master
and slave configuration, have been evaluated in cardiovascular navigation and
positioning tasks [130–135]. In these studies, navigation and instrument posi-
tioning is often assisted by medical imaging such as ultrasound (US). Further,
recent work documents the use of SFCs to perform a specific surgical tasks
such as automatic pointing of the US imaging catheter, tissue removal and
patent foramen ovales closure [80,136–138]. However, instrument stabilization
for beating heart motions at the treatment location was not considered in these
studies.

Applications for stabilizing instruments on the beating heart surface has
been documented [70, 72, 74, 139]. The majority of these studies use stereo-
scopic imaging to visualize both instrument and target, which is not suitable
for internal beating heart surgery. Only a limited number of studies describe
catheter stabilization within the beating heart using medical imaging such as
US [75, 78, 81]. Compared to other medical imaging modalities, ultrasound of-
fers a safe and accessible method to visualize both instrument and treatment
locations during the intervention. Note, that computed tomography scans ex-
poses both patient and clinician to a high doses of radiation during the inter-
vention, while magnetic resonance imaging requires the instruments to be made
of nonmagnetic and dielectric materials [90]. Although, instrument tip stabi-
lization for beating heart motions was demonstrated, motion compensation was
limited to the longitudinal axis of the catheter. A wide variety of future and
existing MV repair procedures could benefit from improved dexterity at the
treatment location and instrument stabilization orthogonal to the catheter tip
as described in research [18].

4.1.2 Contributions

In this study, we contribute an integrated system which uses a SFC to poten-
tially improve the capabilities of minimal invasive MV repair surgery (Fig. 4.1).
Further, we develop a novel robotic system that stabilizes the SFC tip for MV
motions during the cardiac cycle. Such a system could potentially be consid-
ered as an alternative to cardiopulmonary bypass surgery by enabling minimally
invasive MV repair procedures on a beating heart.

In this study, we design a novel catheter steering module capable of robot
actuation of a wide range of tendon driven catheters by using a pivoting disc
controlled by two linear motors. A prototype SFC is attached to the steering
module, which we equip with electromagnetic (EM) tracking sensors at the
instrument base and tip. The EM tracking sensors integrated in the SFC
are used to provide instrument feedback. The SFC and steering module are
experimentally evaluated in a realistic and functional acrylic heart system with
an embedded MV model. The acrylic heart system attached to a 6DOF Stewart
platform is used to reproduced beating heart MV motions based on patient data
obtained from pre-operative US and magnetic resonance (MR) imaging [125].
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Figure 4.1: A steerable and flexible catheter (SFC) 1○ is inserted into the left atrium of the
heart. The SFC tip shown in 2○ and depicted in the bottom-left inset 3○ is introduced into
the mitral valve (MV) model shown in 4○. The articulating SFC tip is stabilized for beating
MV motions 5○ within the MV annulus. Motions of the SFC are tracked by ultrasound
segmentation 6○ and Electro Magnetic (EM) sensors 7○ embedded at the base of the steer-
able segment and instrument tip, which are used for feedback in closed-loop control. The
ultrasound transducer (not shown) is placed in the vicinity of the MV and the SFC.

Further, in this study, we expand the acrylic heart system with a pulsatile
pump to enable fluid flow. Thus, enabling functional opening and closing of
the embedded MV. In order to demonstrate tip stabilization for beating heart
MV motions, the catheter is controlled in closed-loop, which uses EM sensing
and US imaging to provide instrument feedback.

To the best of our knowledge, we are the first to stabilize the tip of a
steerable and flexible catheter in a functional MV model by using EM and US
tracking. The proposed method of autonomous catheter tip stabilization for
beating heart motions could offer assistance to the clinician during surgery in
order to reduce work load. Future and existing applications in MIS such as
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MV repair, ablation and cardiovascular biopsies could benefit from improved
accessibility and dexterity offered by the integrated system.

4.2 Methods

In this section, we describe methods for stabilization of the SFC tip as it is
subjected to beating heart MV motions. In section 4.2.1, we describe the
experimental setup. In section 4.2.2, we elaborate on the SFC used in this
study. In section 4.2.3, we present the catheter steering module used to control
the SFC in closed-loop. Subsequently, in section 4.2.4 we provide details about
SFC tracking, which is facilitated by EM sensors and US segmentation. In
section 4.2.5 we elaborate on our closed-loop control strategy. Further, in
section 4.2.6 we describe the pre-operative patient data used to reproduce MV
motions in experimental evaluation. Note that, in the derivation presented, we
denote for notational simplicity: c(∗) = cos(∗) and s(∗) = sin(∗).

4.2.1 Experimental setup

An overview of the experimental setup can be found in Fig. 4.2. The experiment
setup comprises of a SFC controlled in closed-loop by using a catheter steering
module. The tip of the SFC with integrated EM tracking sensors, is inserted
into an acrylic heart system that contains a functional and realistic MV model.
The acrylic heart system is attached to a 6DOF Stewart platform in order
to reproduce beating heart MV motions based on pre-operative patient data.
We integrate a pulsatile pump in order to provide a volume displacement that
enables opening and closing of the MV model. In experimental evaluation, the
catheter steering module is used for closed-loop control of the SFC in order to
provide instrument tip stabilization for the beating heart MV motions.

The catheter steering module is used to steer the SFC as shown in Fig. 4.2.
The catheter steering module uses a pivoting disc in order to manipulate the
tendons of the SFC, which enables the articulating tip to be positioned in two
dimensions (2D). The disc pivoting and the SFC tip bending direction are di-
rectly related, while the disc pivoting angle is proportional to the SFC tip bend
angle. By considering a pivoting disc, the instrument tip actuation is indepen-
dent of the SFC tendon configuration. Hence, any desirable SFC using tendon
actuation, could be connected to the pivoting disc of the catheter steering mod-
ule. The disc pivoting angle and direction is controlled by two LM1247-020-02C
(Dr. Fritz Faulhaber GMBH & CO. KG, Schönaich, Germany) linear motors.
Note, that by using linear motors, the SFC tip contact forces could potentially
be perceived by the linear motor shaft due to its backdrivability.

The SFC depicted in Fig. 4.2 is a tendon-driven instrument (DEAM Cor-
poration, Amsterdam, the Netherlands), which comprises of a flexible shaft, a
steerable segment and a tip segment. The articulating tip of the SFC is con-
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Pulsatile pump

Catheter steering module

6DOF Stewart
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US transducer

EM field
generator

Heart model

US image
Mitral valve

Pump
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SFC shaft

SFC tip
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Figure 4.2: An overview of the experimental setup used to demonstrate steerable and flexible
catheter (SFC) tip stabilization for mitral valve (MV) motions. An acrylic heart system
(bottom right inset) equipped with a realistic and function mitral valve (MV) model is
mounted on a six degrees-of-freedom (DOF) Stewart platform. The Stewart platform is used
to reproduce beating heart motions based on pre-operative patient data, while a pulsatile
pump provides a fluid flow (indicated by the red arrows) in order to enable opening and
closing of the MV model. The tip of the SFC is inserted in the MV model, while the SFC
tendons are connected to the disc of the catheter steering module as depicted in the left
inset. The catheter steering module disc orientation is controlled by two linear motors and
enables the articulating SFC tip to be positioned in two dimensions. An electromagnetic
(EM) field generator is incorporated to provide SFC tip feedback, which is used for closed-
loop control. Further, a two-dimensional ultrasound (US) transducer is positioned along the
MV annulus, which provides a radial cross-sectional view (top left inset) of the SFC tip and
the fiducal marker. US segmentation of the SFC tip and fiducal marker are used for feedback
in closed-loop control and provide a reference for the MV motion path, respectively.

trolled in 2D by actuation of twelve tendons, which are attached to the pivoting
disc of the catheter steering module. The working channel of the SFC has a
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diameter of 0.8 mm, in which we integrated two EM tracking sensors (Northern
Digital Inc., Ontario, Canada). A 5DOF EM tracking sensor is at the base of
the steerable segment, while a second 6DOF EM tracking sensor is attached to
the tip segment.

The SFC is inserted into an acrylic heart system that contains a functional
and realistic MV model (LifeLike BioTissue Inc., London, Canada) as shown in
the inset of Fig. 4.2. Note, that the MV model used in this study is implemented
with an anterior and posterior middle prolapse. The acrylic heart system is
attached to a 6DOF Stewart platform, which is used to reproduce beating
heart MV motions observed in pre-operative patient data. The MV motions
are obtained from patients using pre-operative MR and US images. For more
details we refer the reader to previous work [125].

In order to enable opening and closing of the MV model, we developed a
pulsatile pump. The pulsatile pump is used to displace approximately 50 ml
of fluid within the acrylic heart system. The pulsatile flow enables the realistic
MV model and the artificial aortic valve to successively open and close. The
pump comprises of a piston, which is driven by an ECMax22 motor connected
to a GP22S spindle drive (Maxon Motor, Sachseln, Switzerland). The pump
has a displacement accuracy of approximately 0.1 ml.

In order to provide feedback for closed-loop control, we use a Siemens Acu-
son S2000™ US system (Siemens AG, Erlangen, Germany) to obtain images of
the SFC tip and the MV model. A Siemens 18L6 US transducer provides a
radial cross-sectional view of the SFC tip and the MV annulus as shown in the
inset of Fig. 4.2. Note, that the US transducer is stationary, which leads to
simplification with respect to a clinical scenario. Further, in clinical practice,
the transthoracic echocardiogram (TTE) approach used in this study could
be replaced by a transesophageal echocardiography (TEE) without modifica-
tions to our segmentations strategies. The US images are obtained using a
frequency of 16 Mhz, a scanning depth of 6.5 cm and a corresponding in-plane
image resolution of 0.12 mm per pixel. In order to perform segmentation,
the US images are transferred at a frame rate of 30 frames-per-second to a
computer (2.80 GHz Intel® I7, 8-GB internal memory and 64-bit Windows 7)
using an Epiphan DVI2USB 3.0 frame grabber (Epiphan Systems Inc, Ottawa,
Canada).

4.2.2 Steerable and flexible catheter (SFC) modeling

The tendon-driven SFC used in this study is actuated by twelve tendons as
depicted in Fig. 4.3. Kinematic modeling of the SFC is often described by
a robot-specific and a robot-independent submapping [31, 111]. However, the
design of the catheter steering module, which uses a single virtual tendon to
control the SFC, eliminates the robot-specific submapping. Details of the vir-
tual tendon configuration are provided in the next section (Section 4.2.3). The
direct kinematics (Hb2

t ∈ SE(3)) of the SFC is described by the following
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robot-independent submapping:

Hb2
t =


c(φ)c(κ`) −s(φ) c(φ)s(κ`) c(φ)

(
(1−c(κ`))

κ + lts(κ`)

)
s(φ)c(κ`) c(φ) s(φ)s(κ`) s(φ)

(
(1−c(κ`))

κ + lts(κ`)

)
−s(κ`) 0 c(κ`)

s(κ`)
κ + ltc(κ`)

0 0 0 1

 , (4.1)

where the SFC tip frame {Ψt} is expressed in the SFC base frame {Ψb2} by
using the arc parameters and the SFC tip length (lt). The arc parameters are
described by the bending direction (φ), the steerable segment curvature (κ)
and the steerable segment length (`). Note, that the discontinuity for κ = 0
in (4.1) can be overcome by substituting the differentiable cardinal sine and
versine functions. Further, the steerable segment length (`) and the SFC tip
length (lt) are considered a constant.

The robot-specific submapping is replaced by a mapping described by using
a single and virtual tendon. The proposed virtual tendon is considered to be
aligned with the desired bending direction (φ) of the SFC steerable segment
and is controlled by the virtual tendon displacement (δ). Hence, by solving
for the virtual tendon displacement (δ), the desired SFC tip deflection can be
achieved. By considering a SFC driven by three or more tendons that are
equally spaced on a periphery of the instrument, the mapping described by a
virtual tendon aligned with the desired SFC bending direction can be used to
replace a mapping provided by a catheter specific tendon configuration. The
equally spaced tendons on a periphery of the SFC are mapped in a mirrored
configuration to the pivoting disc of the catheter steering module. Hence, the
SFC bending direction (φ) is obtained by pivoting the disc the same direction.
Subsequently, the virtual tendon displacement (δ) is obtained by a disc pivot
angle (γ), which is used to provide the desired SFC tendon configuration. Thus,
the desired SFC tip deflection is obtained. Therefore, the mapping described
by using a virtual tendon eliminates the use of a robot-specific submapping
which is necessary to solve for the individual tendon lengths of the SFC. Thus,
applicable to a wide range of tendon driven catheters. Corresponding to the
virtual tendon displacement (δ), the curvature (κ) of the SFC steerable segment
is described by

κ =
δ

`db
, (4.2)

where db is virtual tendon moment arm with respect to the SFC backbone.

By considering a desired SFC tip position (dt ∈ R3 (frame {Ψb2}), where dt =[
dx dy dz

]T
) and by using the direct kinematics in (4.1), we can formulate
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the inverse kinematics according to

[
dt
1

]
= Hb2

t

[
ot
1

]
=


c(φ)

(
(1−c(κ`))

κ + lts(κ`)

)
s(φ)

(
(1−c(κ`))

κ + lts(κ`)

)
s(κ`)
κ + ltc(κ`)

1

 , (4.3)

where the origin of the SFC tip frame {Ψt} is given by (ot ∈ R3, where ot =[
0 0 0

]T
). The SFC bending direction can be evaluated by using the desired

tip position (dt) according to

φ = atan2(dy, dx), (4.4)

which can be substituted into (4.3) in order to numerically solve for the steer-
able segment curvature (κ). The evaluated bending direction (φ) and the cur-
vature (κ) can be used to compute the corresponding virtual tendon displace-
ment (δ), which is provided as follows:

δ = κ`db. (4.5)

Subsequently, the computed virtual tendon displacement (δ) can be used to
evaluate the pose of the catheter steering module.

4.2.3 Catheter steering module

The catheter steering module is used to control a SFC independent of its tendon
configuration (Fig. 4.3). A virtual tendon is considered in the bending direction
of the SFC steerable segment, which can be described by ld in the catheter
steering module disc frame {Ψd} as depicted in Fig. 4.4. The disc frame {Ψd}
orientation can be obtained by evaluating the desired SFC bending direction (φ)
and the disc pivot angle (γ), which is used to provide the desired virtual tendon
displacement (δ).

A minimal configuration of two linear motors is used to control the orienta-
tion of the disc frame {Ψd}. By considering the origin of the disc frame {Ψd}
and the linear motor attachment (pmd,b) fixed in position (frame {Ψbm}), a
rotation about the y-axis (frame {Ψd}) can be obtained by moving the linear
motor (a) axis, which is used to control (pmd,a). Similarly, rotation about the
x-axis (frame {Ψd}) is provided by linear motor (b). Further, a combination of
linear motors (a) and (b) can be used to achieve SFC bending (φ) in a desired
direction.

Note, that the proposed method assumes the x-axis of the disc frame {Ψd}
to stay in the plane described by the x- and z-axes (frame {Ψbm}) as depicted
in the left inset (Fig. 4.4). Similarly it is assumed that the y-axis of the disc
frame {Ψd} remains in the plane described by the y- and z-axes (frame {Ψbm})).
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Figure 4.3: An overview of the catheter steering module used to control a steerable and flex-
ible catheter (SFC) independent of its tendon configuration. Two linear motors are attached
to the motor base frame {ψbm}, which control the orientation of the disc frame {ψd}. The
hollow spherical joint of the pivoting disc is fixed in position to the hollow rod of the linear
stage carriage. This prevents the pivoting disc from travelling along the longitudinal axis
(z-axis, frame {ψbm}), while the orientation can be controlled by using the linear motors.
Further, the linear stage is used to provide a pretension on the tendons of the SFC. Note,
that the hollow rod provides a passage for the SFC working channel. The SFC is manipu-
lated by rotating the disc frame {ψd} about its x- or y-axis, which enables the articulating
tip (frame {ψt}) to be positioned in two dimensions. The SFC is actuated by twelve tendons
and comprises of a flexible shaft between base frames {ψb1} and {ψb2}, a steerable segment
with arc length (`) between base frame {ψb2} and intermediate frame {ψi} and a rigid link
with length (lt), which is attached to frame {ψi}. A linear stage is used to add pretension
on the tendons of the SFC, while the working channel of the SFC is equipped with two elec-
tromagnetic tracking sensor in order to provide feedback of the SFC frames {ψb2} and {ψt},
respectively.

However, simultaneous operation of linear motors (a) and (b) introduces a
motion out of the aforementioned planes, which can be neglected for small
pivoting angles of the disc frame (this application). For large disc pivoting
angles, the rotary joints of the linear motors at their base attachments (pmb,a)
and (pmb,b) should be relaxed in order to avoid an over-constrained system.

By considering the desired SFC tip position (dt), the corresponding SFC
bending direction (φ) and virtual tendon displacement (δ) can be computed
according to (4.4) and (4.5), respectively. The SFC bending direction (φ)
and virtual tendon displacement (δ) are used to compute the rotation ma-
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Figure 4.4: A partial view of the actual catheter steering module. Note, that all compo-
nents are part of the actual catheter steering module and that for the sake of clarity, view-
obstructing and irrelevant components to the control mechanism of the disc (frame {Ψd})
orientation are omitted from view. Further, joint orientations and translations are shown
in orange. Two linear motors (a) and (b) are independently controlled and attached to the
disc in order to enable rotation about the y- and x-axes (frame {Ψd}), respectively. The
right inset shows a cross section (red plane) of the catheter steering module in the SFC
bending direction (φ). Note, that rotating the disc in the SFC bending direction (φ) with
pivot angle γ can be achieved by positioning motors (a) and (b). Further, the left inset
demonstrates the rotation about the y-axis of the disc frame {Ψd}. The linear motor (a) of
the catheter steering module is attached to the motor base using a rotary joint (pmb,a, in
frame {Ψbm}), while its linear axis is connected to the disc using a spherical joint (pmd,a,
in frame {Ψd}). Note, that the spherical joints of linear motor axes facilitates orientation
of the disc about the x- and y-axis frame {Ψd}. The desired motor configuration is given
by lm,a, while the corresponding linear motor axis has a length (lma,a) and is fixed with
an offset (lmo). Further, the distance between rotating disc frame {Ψd} and motor base
frame {Ψbm} is indicated by lbm0. The virtual tendon (depicted as a green arrow) and disc
orientation in the desired catheter bending direction are given by lr and ld, respectively. The
corresponding initial virtual tendon and disc configurations are given by lr0 and ld0, while
the displacement vector of the virtual tendon is denoted by lδ and the corresponding pivot
angle is indicated by γ.
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trix (Rbm
d ∈ SO(3)) to provide the orientation of the disc frame {Ψd} relative

to the motor base frame {Ψbm} as follows:

Rbm
d (φ, γ) = Rz(φ)Rx(γ)Rz(−φ), (4.6)

where we first rotation about the z-axis (frame {Ψd}) in order to enable SFC tip
deflection in the desired SFC bending direction (φ). Subsequently, we rotation
about the new x-axis (frame {Ψd}) by using pivot angle (γ), which is used to
achieve the desired SFC tip deflection. Finally, the original disc orientation
about the z-axis (frame {Ψd}) is restored by using angle (−φ). The disc frame
rotation matrix (Rbm

d ) is given by

Rbm
d =

c
2
(φ) + s2

(φ)c(γ) s(2φ)s
2
(γ/2) s(φ)s(γ)

s(2φ)s
2
(γ/2) c2(φ)c(γ) + s2

(φ) −c(φ)s(γ)

−s(φ)s(γ) c(φ)s(γ) c(γ)

 . (4.7)

In order to compute the rotation matrix (Rbm
d ) described in (4.7), we need

to evaluate the pivot angle (γ) of the disc frame {Ψd}. By considering the
virtual tendon (lr ∈ R2), which is in the SFC bending direction (φ) as depicted
in Fig. 4.4, we can formulate the desired virtual tendon displacement (δ) ac-
cording to

δ(γ) =| lr(γ) | − | lr0 |, (4.8)

where lr0 ∈ R2 is the initial virtual tendon configuration with an offset (ldb)

described by lr0 =
[
0 −ldb

]T
. We can find an expression for the desired

virtual tendon configuration by

lr(γ) = lr0 + lδ(γ), (4.9)

while the initial virtual tendon configuration with offset (ldb) is described

by lr0 ∈ R2, where lr0 =
[
0 −ldb

]T
. Further, the virtual tendon displace-

ment vector is described by lδ ∈ R2, which is given according to

lδ(γ) = ld(γ)− ld0 = r

[
c(γy) − 1

−s(γy)

]
, (4.10)

where ld0 ∈ R2 describes the initial disc configuration and ld ∈ R2 indicates the
orientation of the disc. By considering a desired SFC tip position, (4.8), (4.9)
and (4.10), the corresponding virtual tendon displacement (δ) can be evaluated
according to

δ(γ) =
√

2r(ldbs(γ) − rc(γ)) + 2r2 + l2db − ldb, (4.11)

which can be used to find an expression for the pivot angle (γ) of the disc
frame {Ψd} by rearranging (4.11) according to

γ = sin−1

(
(δ + ldb)

2 − 2r2 − l2db
2r
√
r2 + l2db

)
− atan2(−r, ldb). (4.12)

95



Chapter 4. Sensor-Guided Stabilization of a Steerable and Flexible Catheter
Tip for Beating Heart Mitral Valve Motions

By considering the desired SFC tip position (dt), the SFC bending direction (φ)
in (4.4) and the pivot angle (γ) in (4.12) are used to compute the corresponding
disc frame orientation, which is described in (4.7).

In order to obtain the desired disc frame {Ψd} orientation, the correspond-
ing linear motor positions must be computed. The coordinate transformation
between the disc frame {Ψd} and motor base frame {Ψbm} is given by trans-
formation matrix (Hbm

d ∈ SE(3))

Hbm
d =

Rbm
d

0
0

−lbm0

01×3 1

 , (4.13)

where 0, represents a row vector filled with zeros and lbm0 is the distance be-
tween frames {Ψbm} and {Ψd} along the z-axis of the motor base frame {Ψbm}.
Further, the vectors (lm,a ∈ R3) and (lm,b ∈ R3) between linear motor attach-
ments (pmb,a ∈ R4) and (pmb,b ∈ R4) of the base frame {Ψbm} and (pmd,a ∈
R4) and (pmd,b ∈ R4) of the disc frame {Ψd} as depicted in Fig. 4.4, can be
evaluated by [

lm,∗
1

]
= pmb,∗ −Hbm

d pmd,∗, (4.14)

where * indicates the corresponding linear motor (a) or (b). The motor attach-

ments of frame {Ψbm} are given by (pmb,a =
[
lmb 0 0 1

]T
) and (pmb,b =[

0 lmb 0 1
]T

) with offset (lmb), while the motor attachments of frame {Ψd}
are described by (pmd,a =

[
lmd 0 0 1

]T
) and (pmd,b =

[
0 lmd 0 1

]T
)

with offset (lmd). Note, that the linear motor axes have an offset (lmo) as de-
picted in Fig. 4.4. Hence, the corresponding linear motor axis length can be
computed according to

lma,∗ =
√
| lm,∗ |2 −l2m0. (4.15)

By applying the linear motor axis length in (4.15), we obtain the desired disc
frame {Ψd} orientation (Rbm

d ). Thus, we achieve the desired SFC tip position.

4.2.4 Steerable and flexible catheter tracking and seg-
mentation

In order to provide feedback of the SFC tip and the MV motion embedded in
the experimental setup, we use EM tracking sensors and 2D US segmentation
as depicted in Fig. 4.5. The EM tracking sensors are integrated in the working
channel of the SFC in order to provide instrument feedback for closed-loop
control. Further, 2D US imaging is used to obtain feedback of the SFC tip and
the beating heart MV motions, which is used for instrument tip stabilization.
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4.2.4.1 Electro-Magnetic tracking

A 5DOF EM sensor is embedded in the working channel of the SFC and located
at the base frame {Ψb2}, which provides feedback on the position along the x-
, y- and z-axes of frame {Ψb2} and the orientation about the x- and y- axes of
frame {Ψb2}. Further, a 6DOF EM sensor is integrated in the working channel
of the SFC, which is at the tip frame {Ψt} and provides position and orientation
feedback. The 6DOF EM sensor at the SFC tip frame {Ψt} comprises of two
collinear 5DOF EM sensors with a fixed distance, which is used to find the
orientation about the z-axis of frame {Ψt}. Further, the fixed and collinear
configuration of the two 5DOF EM sensors at the tip provides measurement
redundancy, which can be used to estimate sensor disturbances.

4.2.4.2 Ultrasound segmentation

US segmentation techniques are used to evaluate the beating heart MV motions
and the SFC tip position in 2D. A radial cross-sectional view of the SFC within
the annulus of the MV is provided in Fig. 4.5. Note, that in this study we
assume alignment of the US image plane with the MV annulus by using a fixed
US transducer position. In order to enhance the visibility of the instrument,
we increase the acoustic impedance difference between the SFC tip and its
surround materials. The acoustic impedance (z) of a material is given by z =
ρc, where ρ denotes the density and c the acoustic velocity of the material. By
improving the reflection coefficient (r), which describes the acoustic impedance
difference at an interface between two materials according to

r =

(
ρ2c2 − ρ1c1
ρ2c2 + ρ1c1

)2

, (4.16)

we can enhance the contrast between the SFC tip and its surrounding ma-
terials [140]. Hence, by considering a thin film of copper (ρ2 = 8960 kg/m3

and c2 = 3810 m/s) covering the SFC tip and the surrounding materials such
as water (ρ1 = 988 kg/m3 and c1 = 1497 m/s) or blood (ρb = 1025 kg/m3

and cb = 1570 m/s), we obtain a reflection coefficient (r) of approximately 84%.
Note, that in the clinical setting, the bio-incompatible material copper can be
replaced by gold (ρb = 19290 kg/m3 and cb = 3240 m/s).

The SFC tip is segmented in 2D US images as depicted in the inset of
Fig. 4.5, which shows the radial cross-sectional view of the instrument. We
evaluate the reflected semi-circular shape of the SFC tip, which describes the
instrument surface. We apply preprocessing such as Gaussian filtering to reduce
speckle and noise in US images. Further, by applying a Canny edge detector
with a hysteresis threshold, we can obtain an edge map op the semi-circular sur-
face of the SFC tip. A hysteresis threshold reduces the sensitivity to variations
in contrast of the US image, which is often caused by differences in acoustic
impedances between the SFC tip and the surrounding materials. Subsequently,
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Figure 4.5: An overview of electromagnetic (EM) tracking and two-dimensional ultrasound
(US) segmentation of the steerable and flexible catheter (SFC) tip and the mitral valve (MV)
pose. An EM sensor is located at the SFC base frame {Ψb2}, while an second EM sensor
is positioned at the SFC tip frame {Ψt}. The US transducer is oriented along the MV
annular plane with corresponding US image frame {Ψu}, which is depicted in the bottom-
left inset, where a radial cross-sectional view of the SFC tip and the MV fiducial marker is
shown. In order to obtain the beating heart MV motions, a fiducial marker (frame {Ψm}) is
attached to the MV, which is segmented in US images. The centroid of the fiducial marker is
segmented (top-right insets) using a blob detection algorithm, which is evaluated as the green
cross and provides reference signals (rx and ry) for closed-loop control. Further, the centroid
of the SFC tip (px, py) is evaluated by segmentation techniques (bottom-right insets) such as
Gaussian filtering, Canny edge detection and a random sample consensus algorithm, where
inliers (green) and outlier (red) describe the semi-circular surface of the SFC tip. Note, that
soft tissue such as the chordae tendineae, which is evaluated as part of the edge map, is
considered to be an outlier (red) to the semi-circular surface of the SFC tip.

we use a random sample consensus algorithm (RANSAC) to evaluate the SFC
tip center position (px, py). The RANSAC algorithm uses the parametric de-
scription of a semi-circle to evaluate the SFC tip in US images. Robustness is
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provided by the RANSAC algorithm, which excludes irrelevant edges that do
not conform with the parametric description of the SFC tip [110].

In order to evaluate the beating heart MV motions, we attach a fiducial
marker to the MV model. The fiducial marker made of copper is extracted
by using a blob detection algorithm. Note, that copper marker used in this
study can be replaced by a gold fiducial marker, which is often used in clinical
practice [141]. A blob classifies itself by a circular region in an image with
a different contrast than the surrounding regions. The blob that represents
the fiducial marker is segmented by thresholding, where the resulting cross-
sectional area is evaluated in size and circularity. The evaluated center (rx, ry)
of the blob is used as the fiducial marker position in closed-loop control.

In order to enable coordinate transformations used to express the frames
of the experimental setup into a common coordinate system, we evaluate the
EM sensor data and the results of US image segmentation. The coordinate
transformation (Hu

b2 ∈ SE(3)) is used to describe the coordinates of the SFC
base frame {Ψb2} in the the static ultrasound image frame {Ψu}, which is pro-
vided by the 5DOF EM sensor at the SFC base (frame {Ψb2}). Note, that
by assuming torsional stiffness of the SFC steerable segment, we can obtain
the orientation about the z-axis of the SFC base frame {Ψb2} by using the
6DOF EM sensor at the SFC tip frame {Ψt}. Further, the coordinate transfor-
mation (Hu

t ∈ SE(3)), which is enabled by segmentation, expresses the SFC
tip (frame {Ψt}) in US images (frame {Ψu}). Similarly, segmentation is used to
describe the fiducial marker frame {Ψm} in US images (frame {Ψu}), which is
given by coordinate transformation (Hu

m ∈ SE(3)). By using the EM sensors
and results of US segmentation, the coordinate transformations can be used
to express the SFC frames and the beating heart MV motions in a common
coordinate system, which enables closed-loop control.

4.2.5 Sensor-guided controller

The control strategy comprises of two independently steered systems as de-
picted in Fig. 4.6: The first system (top, Fig. 4.6), a Stewart platform is used
to reproduce beating heart MV motions along the plane of the MV annulus (x-
and y-axes, frame {Ψu}), while a pulsatile pump is used to enable opening and
closing of the MV. The second system (bottom, Fig. 4.6), stabilizes the SFC
tip for the beating heart MV motions.

The beating heart MV motions (ix and iy) along x- and y-axes of frame {Ψu}
are reproduced using a 6DOF Stewart platform, which is actuated by joint an-
gels (θ ∈ R6, where θ = [θ1 . . . θ6]

T
). The beating heart MV motions are

provided by pre-operative patient data, which we describe in Section 4.2.6. By
considering the MV motions (ix and iy) and the inverse kinematics of the Stew-
art platform, we can obtain the joint angles (θ) of the Stewart platform [142].
The aforementioned system functions independently of the SFC closed-loop
controller. Hence, by US segmentation of the MV fiducial marker, we provide
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Figure 4.6: An overview of the independently-controlled systems: Beating heart mitral
valve (MV) reproduction and the closed-loop control strategy of the steerable and flexi-
ble catheter (SFC) tip. Closed-loop control is used to stabilize the SFC tip for the re-
produced beating heart MV motions. A Stewart platform with joint angles (θ) is used to
reproduce beating heart MV motions based on pre-operative patient data (ix and iy), while
a pulsatile pump provides the desired stroke volume (vs) to enable opening and closing
of the MV. Ultrasound segmentation is used to evaluate the MV motion, which is pro-

vided as a reference (r =
[
rx ry

]T
) to closed-loop control of the SFC tip. The control

signal (ulma =
[
lma,x lma,y

]T
) obtained by inverse kinematics of the SFC and catheter

steering module is used to manipulate the linear motors lengths (lma,x and lma,y) of the

catheter steering module, which results in the desired SFC tip position (p =
[
px py

]T
).

Further, ultrasound segmentation and electromagnetic tracking is used to evaluate the SFC

tip position (p), while its filtered version (p̂ =
[
p̂x p̂y

]T
) is provided by an extended kalman

filter (EKF) updated by error signal (ek = p− p̂). A proportional and integral (PI) control
action is used to address the reference tracking error (e = r− p̂).

a reference signal (r ∈ R2, where r =
[
rx ry

]T
), which can be used as an input

to the SFC closed-loop controller.

The SFC closed-loop controller is used to stabilize the SFC tip for the
beating heart MV motions. The reference signal (r) is evaluated by US seg-
mentation and used to compute the control signal (ulma ∈ R2, where ulma =[
lma,x lma,y

]T
). The signal (ulma) controls the catheter steering module mo-
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tor lengths (lma,x and lma,y) described in (4.15) by using inverse models as
follows: First, the reference signal (r) is used to solve the SFC inverse kine-
matics described in (4.3), which yields the desired virtual tendon displacement
in (4.8). Note, that the SFC tip motion perpendicular to the MV annular
plane (longitudinal axis of the SFC), which is caused by the SFC bending, is
not addressed in this study. Subsequently, we use the desired virtual tendon
displacement to compute the disc frame {Ψd} pose as described in (4.13). Fi-
nally, the corresponding linear motor lengths described in (4.15) is obtained by
the disc frame {Ψd} pose and (4.14). Feedback of the SFC tip position (p ∈ R2,

where p =
[
px py

]T
) is provided by an EM sensor integrated in the tip and

by US image segmentation. We use an extended Kalman filter (EKF) in or-
der to reduce noise and to provide the estimated SFC tip position (p̂ ∈ R2,

where p̂ =
[
p̂x p̂y

]T
). Feedback is used to close the control loop by evaluat-

ing the MV reference tracking error (e ∈ R2), which is the result of modeling
mismatch and disturbances acting on the system. The complete closed-loop
control system operates at 25 Hz, which is limited by the ultrasound image
segmentation of the fiducial marker and the SFC tip positions. The reference
tracking error (e) given by e = r − p̂ is reduced by using a proportional and
integral (PI) control action with empirically evaluated gains. Therefore, stabi-
lization of the SFC tip for the beating heart MV motions is provided.

4.2.6 Beating heart mitral valve modeling

An overview of MV motion modeling is shown in Fig. 4.7. A realistic and
functional MV is embedded in an acrylic heart model attached to a Stewart
platform, which is used to reproduce beating heart MV motions. Further, a
piston driven pulsatile pump provides the desired stroke volume (vs) of ap-
proximately 50 ml that enables the MV to open and close during the cardiac
cycle. In this study, we used pre-operative patient data to describe the MV
motions at a rate of 30 and 9 volumes-per-second, which is obtained by a 1.5
Tesla MR imaging scanner and a TEE system (Philips Healthcare, Amsterdam,
the Netherlands), respectively. Manual segmentation of seven (MR data) and
twelve (US data) cross-sectional images provides the MV annulus. In order
to find the pose of the MV annular plane during the cardiac cycle, we use
principle component analysis (PCA) according to: First, the plane of the MV
annulus is provided by the two eigenvectors of the PCA covariance matrix with
the largest variances. Subsequently, the eigenvector with the least amount of
variance, which is normal to the MV annular plane, is used to complete the
orientation of the MV annulus [143,144]. The periodic MV motion is described
by a using two-term Fourier series according to

ix = a0x + a1xc k
Sr
ω + b1xs k

Sr
ω + a2xc2 k

Sr
ω + b2xs2 k

Sr
ω, (4.17)

and
iy = a0y + a1yc k

Sr
ω + b1ys k

Sr
ω + a2yc2 k

Sr
ω + b2ys2 k

Sr
ω, (4.18)
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Figure 4.7: An overview of mitral valve (MV) motion modeling obtained from pre-operative
patient data. Manual segmentation of cross-sectional magnetic resonance (MR) (top-left
inset) and ultrasound (US) (top-right inset) images provides the MV annulus as depicted
in the center inset. By evaluating the annular plane position during the cardiac cycle, we
obtain the MV motions along the x- and y-axes (frame {Ψu}) for MR and US pre-operative
patient data as depicted in bottom-left and bottom-right graphs, respectively.

where k denotes discrete time, Sr the sample rate, while the frequency (ω) of
the periodic MV motion is given by ω = 2π and the coefficients are provided in
Table 4.1. The periodic signals (ix and iy) described in (4.17) and (4.18) are
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Table 4.1: Table of Fourier coefficients used in (4.17) and (4.18) in order to described the peri-
odic mitral valve motions obtained form pre-operative patient data using magnetic resonance
(MR) and ultrasound (US) images. The subscript * denotes the x- or y-axis (frame {Ψu})
with corresponding goodness of fit provided by the square of the correlation (R2).

axis a0∗ a1∗ b1∗ a2∗ b2∗ R2

US
x -0.550 0.120 -0.871 -0.116 -0.115 0.87
y -1.700 1.813 -0.985 0.410 -0.321 0.96

MR
x -1.735 0.888 -1.413 0.804 -0.006 0.98
y -0.906 0.584 -0.363 0.273 -0.050 0.93

provided as an input to the Stewart platform to reproduce the beating heart
MV motions from MR and US pre-operative patient data, which is used to
experimentally evaluate SFC tip stabilization.

4.3 Experiments

In this section, we described the experiments performed in order to evaluate
sensor-guided control of the SFC tip. Subsequently, we present the correspond-
ing accuracy results of SFC tip stabilization for the beating heart MV motions.

4.3.1 Experimental plan

Experiments are performed in order to evaluate the performance of the pre-
sented SFC tip stabilization methods for beating heart MV motions. The
SFC tip is inserted in the realistic and functional MV model embedded in
the acrylic heart system. In experiments, the Stewart platform is used to re-
produce the beating heart MV motions paths based on pre-operative patient
data as depicted in Fig. 4.7, while a pulsatile pump provides fluid flow to en-
able opening and closing of the realistic MV valve. The results of US fiducial
marker segmentation is considered as a reference (r) for SFC closed-loop con-
trol. In experimental scenarios using multiple SFC tip feedback modalities, we
evaluate SFC tip stabilization for beating heart MV motions: First, by using
electromagnetic SFC tip tracking. Second, by considering ultrasound SFC tip
segmentation. We reproduce the beating heart MV motions during experiments
for heart rates of 10, 20 and 30 BPM. The aforementioned heart rates can be
achieved by considering the frequency (ω) in (4.17) and (4.18), which describes
the periodic MV motion. Note, that the motion compensation experiments are
limited to heart rates up to 30 BPM. This limitation is caused by ultrasound
detection of the fiducial marker, which is considered as a reference signal in
closed-loop control.

103



Chapter 4. Sensor-Guided Stabilization of a Steerable and Flexible Catheter
Tip for Beating Heart Mitral Valve Motions

4.3.2 Results

The results of the experiments described in the experimental plan are reported
in Table 4.2. A representative of EM- and US-guided SFC tip stabilization for
beating heart MV motions based on MR (20 BPM) and US (30 BPM) pre-
operative patient data are shown in Fig. 4.8. The SFC tip stabilization exper-
iments are repeated 5 times, which indicated a repeatably less than ±0.1 mm.

Experiments show a deterioration in SFC tip stabilization accuracy for an
increased heart rate up to 30 BPM. This could be the delayed observations
of the MV marker, which is considered to be significant for faster heart rates.
Experiments with a reproduced heart rate of 30 BPM show a mean absolute
distance error (ε) of 0.57 mm for EM-guided stabilization, while US-guided
stabilization showed a mean absolute distance error (ε) of 1.39 mm. The in-
creased error of US-guided stabilization could be attributed to the delay of
approximately 200 milliseconds, which is present in the ultrasound feedback.
For experiments with a reproduced heart rate of 10 BPM, we observe mean
absolute distance errors (ε) of 0.42 mm and 0.53 mm for EM- and US-guided
SFC tip stabilization, respectively. The aforementioned results show a minor
difference and can be considered insignificant. Further, we observe an increased

Table 4.2: Experimental results of the steerable and flexible catheter (SFC) tip stabilization
for the beating heart mitral valve motions based on pre-operative patient data obtained from
magnetic resonance (MR) and ultrasound (US) images. The results of the electromagnetic-
and ultrasound-guided controllers for heart rates of 10, 20 and 30 beats-per-minute (BPM)
are provided. The mean absolute distance error (ε) and the mean absolute position er-
rors (εx and εy) along the x- and y-axes are presented with the standard deviation of the
absolute error.

Electromagnetic-guided control
BPM εx [mm] εy [mm] ε [mm]

US
10 0.26± 0.17 0.34± 0.32 0.42± 0.36
20 0.23± 0.19 0.35± 0.24 0.42± 0.31
30 0.26± 0.19 0.45± 0.35 0.52± 0.40

MR
10 0.20± 0.16 0.22± 0.14 0.29± 0.22
20 0.33± 0.26 0.33± 0.26 0.47± 0.36
30 0.45± 0.34 0.36± 0.30 0.57± 0.45

Ultrasound-guided control
BPM εx [mm] εy [mm] ε [mm]

US
10 0.22± 0.17 0.46± 0.42 0.51± 0.45
20 0.39± 0.27 0.73± 0.49 0.83± 0.56
30 0.34± 0.30 1.35± 0.95 1.39± 0.99

MR
10 0.44± 0.30 0.30± 0.23 0.53± 0.38
20 0.67± 0.53 0.37± 0.32 0.76± 0.61
30 1.06± 0.84 0.44± 0.26 1.15± 0.88
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Figure 4.8: Representative experimental sensor-guided stabilization results of the steerable
and flexible catheter (SFC) articulating tip for beating heart mitral valve (MV) motions based
on magnetic resonance (MR) and ultrasound (US) pre-operative patient data for heart rates

of 20 and 30 BPM. The red line describes the reference path (r =
[
rx ry

]T
) obtained from

marker segmentation described in Section 4.2.4, while the black and blue line represents the

actual path (p =
[
px py

]T
) of the SFC tip for electromagnetic (EM)- and ultrasound-guided

instrument tip stabilization experiments, respectively.
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error in the y-axis (Fig. 4.8, around 2 sec) for EM-guided SFC tip stabilization
of US pre-operative patient data (30 BPM). This could be caused by the inter-
action between the catheter and the opening and closing MV valve, which acts
as a disturbance. However, alternative contributions to the stabilization error
could be cross-talk between the tendons and mechanical friction in the steering
mechanism of the SFC.

4.4 Conclusions and future work

In this study, we have presented and demonstrated a novel approach to stabilize
the SFC tip for beating heart MV motions. We describe EM- and US-guided
control methods to stabilize the SFC tip for MV motions in a realistic and
functional MV model. Further, we developed a catheter steering module capa-
ble of robot actuation of a wide range of tendon-driven catheters. Experiments
are conducted to evaluate the accuracy of SFC tip stabilization. In order to
provide a realistic experimental scenario, the SFC tip stabilization is evaluated
in an acrylic heart system with an embedded and functional MV model, which
is attached to a 6DOF Stewart platform. The Stewart platform is used to
reproduce beating heart motions based on pre-operative patient data, while a
pulsatile pump is used to provide a fluid flow, which enables opening and clos-
ing of the realistic MV model. The experiments with a reproduced heart rate
of 30 BPM showed a mean absolute distance error of 0.57 mm and 1.39 mm
for EM- and US-guided SFC tip stabilization methods, respectively.

In future work, we aim to replace the acrylic heart system with an anatom-
ically accurate heart model with an embedded MV. Further, we intend to im-
prove the SFC tip tracking accuracy and provide additional robustness by fusing
EM- and US-data. In addition to the aforementioned, the SFC tip stabiliza-
tion accuracy could benefit from control strategies capable of anticipation and
prediction of beating heart MV motions to enable SFC tip stabilization for
heart rates up to 60 BPM. Nonetheless, experiments showed that the proposed
method of autonomous catheter tip stabilization is capable for beating heart
motions up to 30 BPM. Therefore, with further developments, future and exist-
ing applications in MIS such as MV repair, ablation and cardiovascular biopsies
could benefit from improved accuracy and instrument stabilization offered by
the proposed methods.
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CHAPTER 5
A Beating Heart Testbed for the Evaluation

of Robotic Cardiovascular Interventions

Abstract
The improved natural hemodynamics offered by mitral valve (MV) repair strategies
aims to prevent heart failure and to minimize the use of long-term anticoagulant.
This combined with the reduced patient trauma offered by minimally invasive surgi-
cal (MIS) interventions, requires an increase in capabilities of MIS MV repair. The
use of robotic catheters have been described in MIS applications such as navigational
tasks, ablation and MV repair. The majority of the robotic catheters are evaluated
in testbeds capable of partially mimicking the cardiac environment (e.g., beating
heart motion or relevant anatomy), while the validation of robotic catheters in a
clinical scenario is associated with significant preparation time and limited availabil-
ity. Therefore, continuous catheter development could be aided by an accessible and
available testbed capable of reproducing beating heart motions, circulation and the
relevant anatomy in MIS cardiovascular interventions. In this study, we contribute
a beating heart testbed for the evaluation of robotic catheters in MIS cardiovascular
interventions. Our work describes a heart model with relevant interior structures and
an integrated realistic MV model, which is attached to a Stewart platform in order
to reproduce the beating heart motions based on pre-operative patient data. The
beating heart model is extended with an artificial aortic valve, a systemic arterial
model, a venous reservoir and a pulsatile pump to mimic the systemic circulation.
Experimental evaluation showed systemic circulation and beating heart motion re-
production for 70 BPM with a mean absolute distance error of 1.26 mm, while a
robotic catheter in the heart model is observed by ultrasound imaging and electro-
magnetic position tracking. Therefore, the presented testbed is capable of evaluating
MIS robotic cardiovascular interventions such as MV repair, navigation tasks and
ablation.

This chapter has been previously published as

[145] G.J. Vrooijink, H. Irzan, and S. Misra, A beating heart testbed for
the evaluation of robotic cardiovascular interventions, in Proceedings
of the IEEE International Conference on Biomedical Robotics and Biomecha-
tronics (BioRob), Enschede, the Netherlands, pages 1076-1082, August 2018.
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Superior vena cava

Robotic catheter

Left atrium

Sectional view

Catheter tip

Atrial septum

Mitral valve model

Figure 5.1: A rendering of the beating heart model developed for the evaluation of robotic
catheters in minimally invasive mitral valve repair surgery. The interior of the heart is
modeled with an anatomically accurate superior vena cava and left and right atria, which is
separated by the atrial septum. This allows a robotic catheter to be inserted in the superior
vena cava into the right atrium trough the atrial septum to reach a desired treatment location.

5.1 Introduction

Mitral insufficiency is one of the commonly observed heart diseases in society,
which requires treatment in case of hemodynamic compromise. Mitral valve
(MV) repair strategies are often favored over MV replacement strategies [146].
Whereby, repair strategies aim to preserve natural hemodynamics in order to
minimize the use of long-term anticoagulant [13]. MV repair is often performed
by open-heart surgery via sternotomy incisions, which is associated with signif-
icant patient trauma. Therefore, high-risk patients, often with comorbidities
are excluded from surgery [147]. As an alternative to sternotomy incision pro-
cedures, MV repair treatment with reduced patient trauma could be provided
by minimally invasive surgery (MIS) [15]. The favorable long-term outcome
provided by MV repair strategies with reduced patient trauma, requires an
increase in MIS capability, which can be offered by (robotic) catheter integra-
tion [20,148].

The development of robotic catheters for cardiovascular applications have
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been extensively covered in literature. This includes the use of robotic catheters
for navigational tasks [130, 131, 149]. Further, work on tele-operated systems,
described the deployment of robotic catheters in applications such as endovas-
cular surgery [150,151]. Other studies documented the use of robotic catheters
in applications such as ablation and MV repair [72, 78, 80, 110, 152]. The ma-
jority of aforementioned studies provided results obtained from experimental
testbeds, which are used to partially mimic the cardiac environment (e.g., beat-
ing heart motion or relevant anatomy), while important aspects of robotic
catheter evaluation in cardiovascular surgery such as fluid circulation are ne-
glected. A small group of researchers demonstrated robotic catheter methods
in ex - or in-vivo experiments. Validation of robotic catheters in a clinical sce-
nario is associated with significant preparation time and limited availability.
Hence, the validation of robotic catheter methods in an accessible and avail-
able testbed capable of reproducing the clinical environment could support
continuous catheter development.

Various efforts in the modeling of beating heart (sub)system have been de-
scribed in research. Vismara et al. described a pulsatile mock loop, which is
used to simulate the relevant structures and fluid flow for the evaulation of aor-
tic valves [153]. A left heart simulator was presented by Rabbah et al., which is
used for the study of MV mechanics and hemodynamics [154]. Mock loops that
used various versions of a Windkessel model have been described by a number
researchers [155–157]. In these studies, a Windkessel model is used to mimic
resistance and compliance of the aorta and arteries of the vascular system.
Further, serveral studies presented work capable of repoducing a realistic fluid
flow and pressure during the cardiac cycle by using a pulsatile pump [158,159].
Although, the individual components and various beating heart (sub)systems
are well described in literature, these studies do not focus on the evaluation of
robotically-controlled catheters in cardiovascular surgery. Further, these stud-
ies do not combine relevant aspects for robotic catheter evaluation such as
beating heart motions, circulation and realistic anatomy in a single testbed.

In this study, we present a beating heart testbed developed for the evalu-
ation of robotic catheters in cardiovascular surgery. Our work contributes a
testbed, which comprises of a silicon heart model obtained from a partial cast
of a bovine heart (Fig. 5.1). The focus of the testbed design is to provide a
realistic environment for minimally invasive MV repair surgery performed by
steerable and flexible robotic catheters. Hence, we model the relevant inte-
rior heart structures and integrated a realistic and functional MV. In order
to reproduce the beating heart motions at the treatment location, we attach
the silicon heart model to a six degrees-of-freedom (DOF) Stewart platform.
The beating heart motions at the treatment location are reproduced in three
dimensional (3D) space by using pre-operative patient data. Further, we ex-
tended the beating heart model with an artificial aortic valve (AV) model and
a systemic arterial model (SAM) using a Windkessel system in order to mimic
the systemic circulation. A pulsatile pump is integrated in order reproduce
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Heart model

Systemic arterial model
Venous
reservoir

Controller

Pump

Stewart platform

Ultrasound machine

Robotic catheter

EM sensors
Beating heart motion

Cardiac circulation

Robotic catheter control

Computer

Figure 5.2: An overview of the various components of the beating heart testbed associated
with beating-heart MV motion reproduction (green), cardiac circulation (blue) and potential
robotic catheter control (red). The heart model comprises of an interior (i.e., superior vena
cava, left and right atria and atrial septum), a realistic MV, an acrylic left ventricle and
an artificial aortic valve. The heart model is attached to a Stewart platform, which uses
a controller to reproduce the beating heart motions based on pre-operative patient data.
Systemic circulation is provided by a pulsatile pump, a systemic arterial model and a venous
reservoir. A computer controlled robotic catheter could be inserted in the heart model, while
feedback is provided by ultrasound images or electromagnetic (EM) position sensors.

the cardiac output by mimicking the change in ventricle volume, which enables
opening and closing of the AV and MV models. Hence, the proposed beat-
ing heart testbed could provide a realistic environment for MV repair surgery.
Note, that other future robotic catheter applications such as navigation, abla-
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tion and cardiac biopsy could potentially be evaluated in the presented beating
heart testbed.

5.2 Methods

In this section, we provide the methods used to demonstrate the beating heart
testbed for the evaluation of robotic catheters in cardiovascular surgery. In
section 5.2.1, we present the experimental testbed, while in section 5.2.2 beating
heart MV motion modeling is described. Subsequently, in section 5.2.3, we
describe the computer-controlled pulsatile pump. In section 5.2.4, we provide
details of systemic circulation model. Further, in the derivations presented, we
use k to indicate the discrete time variable.

5.2.1 Experimental testbed

The beating heart testbed is divided in three major components, which relate
to the robotic catheter control in minimally invasive MV repair surgery, the
modeling of cardiac circulation and the reproduction of beating heart motions.
An overview of the aforementioned components are depicted in Fig. 5.2, while
the beating heart testbed is shown in Fig. 5.3.

In this study, robotic catheter control in minimally invasive MV repair is
considered. Hence, we use silicon heart model obtained from a partial cast of
a bovine heart. The interior of the silicon heart is modeled with an anatomical
correct superior vena cava and left and right atria, which is separated by a atrial
septum. Further, we integrated a functional and realistic MV model with an
implemented anterior and posterior middle prolapse (LifeLike BioTissue Inc.,
London, Canada) in the silicon heart model. This allows for a robotic catheter
to be inserted in the superior vena cava into the right atrium trough the atrial
septum to reach a desired treatment location such as the MV. By considering a
water-filled bellows, the MV including the robotic catheter could be observed by
ultrasound imaging as depicted in Fig. 5.2. The water-filled bellows enables the
transmission of ultrasound waves from a stationary transducer to the moving
heart model during the reproduction of beating heart motions. Note, that a
stationary transducer introduces simplifications compared to clinical practice.
A fiducial marker is integrated in the testbed as shown in Fig. 5.2, which
can be used to evaluate the reproduced beating heart motions of the heart
model in ultrasound images. The observed beating heart motion in ultrasound
images could be considered as a reference signal for closed-loop control of a
robotic catheter. Complementary or as an alternative to ultrasound imaging,
electromagnetic (EM) tracking sensors embedded in the catheter could be used
for instrument feedback. By minimizing the use of interfering materials such
as ferromagnetic and electrically conductive materials in and near the heart
model, EM positional tracking of the robotic catheter is not impeded [160].
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Distal resistance

Mitral valve model

EM position tracker
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Catheter
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Figure 5.3: An overview of the beating heart testbed for the evaluation of robotic cardiovas-
cular interventions. The beating heart testbed comprises of a silicon heart model with an
embedded mitral valve model (bottom-left inset) and an acrylic left ventricle model (bottom-
center inset). In order to mimic systemic fluid flow, the silicon heart model is extended by a
pulsatile pump and a systemic arterial model with a proximal resistance, a distal resistance,
a capacitance and a venous reservoir. The heart model is attached to a Stewart platform
in order to mimic the beating heart motions at the treatment location. Further, a robotic
catheter insertion channel (bottom-right inset) provides access to the mitral valve via the su-
perior vena cava, while ultrasound observations and electromagnetic (EM) position tracking
are provided.

The functional opening and closing of the integrated MV model is provided
by systemic circulation. Hence, we extend the heart model with an acrylic
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left ventricle, an artificial AV and a SAM. The SAM comprises of a proximal
resistor, a distal resistor and a capacitance element, which is used to mimic
resistance and expansion of the vascular system, respectively. A venous reser-
voir is included in the systemic circulation to serve as a buffer between the
distal resistor and left atrium of the heart model. Note, that by neglecting the
pulmonary circulation circuit, we introduce simplifications compared to clin-
ical practice. Further, we attach an automated pump to the left ventricle of
the heart model, which is used to reproduce the cardiac output by mimicking
the change in ventricle volume. The pump is controlled by an Arduino Due
(Arduino, Somerville, USA) and comprises of a piston positioned by a GP22S
ball screw spindle drive with a pitch of 2 mm per rotation, which is attached
to a ECMax22 motor (Maxon Motor, Sachseln, Switzerland).

In order to reproduce the beating heart motions at the treatment location
(i.e., MV) in 3D space, we attach the heart model to a six DOF Stewart
platform [125]. The Stewart platform is actuated by six MX-64AR servo motors
(ROBOTIS Co., Ltd., Seoul, South Korea) and controlled by an Arduino Due.
The reproduced beating heart motions are obtained from pre-operative patient
data by using 3D magnetic resonance images of a MV. Further, we consider
the heart-rate variability in the reproduced beating heart motions.

5.2.2 Beating heart mitral valve motion modeling

In this section, we describe the model used to reproduce the beating heart MV
motions in 3D space, which is obtained by pre-operative patient data using
3D magnetic-resonance (MR) images. The MR volume (seven slices of 256 by
256 pixels) data are obtained with a rate of 30 volumes-per-second by a 1.5
Tesla imaging scanner using a transesophageal echocardiogram (TEE) system
(Philips Healthcare, Amsterdam). Manual segmentation is used to obtain the
motion path of the MV over the cardiac cycle. More details are provided in
previous work, where the beating heart MV motions are reproduction in two-
dimensional (2D) space [125]. The 3D periodic beating heart MV motion is
obtained from manual segmentation, which can be described by a two-term
Fourier series according to

r∗ = a0∗ + a1∗c( k
Sr
ω) + b1∗s( k

Sr
ω) + a2∗c(2 k

Sr
ω) + b2∗s(2 k

Sr
ω), (5.1)

where ∗ denotes the associated x-, y- and z-axis, k the discrete time variable,
Sr is the sample rate and ω denotes the frequency of the periodic motion.
However, by considering a constant frequency (ω) of the periodic beating heart
MV motions, the heart rate variability (HRV) is not taken into account. HRV is
generated by heart and brain interactions, which is controlled by the autonomic
nervous system. HRV is described by the inter-beat interval (IBI), which is the
time period between successive heart beats (Fig. 5.4). The HRV frequency is
considered to be< 0.4 Hz. Further, the standard deviation (SDNN) of the beat-
to-beat or NN intervals for patients with SDNN values below 50 milliseconds
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Figure 5.4: The beating heart mitral valve motions obtained from pre-operative patient
data (red cross) and the corresponding fitted model (blue line). The fitted model is described
by a two-term Fourier series, which is used to reproduce the periodic motion of the beating
heart mitral valve in 3D space. Further, heart rate variability modeling is introduced to
simulate the beat-to-beat variation, which is indicated by inter-beat intervals (IBI) 1 to 4.

(ms) are classified as unhealthy, 50 to 100 ms have compromised health, and
above 100 ms are considered healthy [161]. HRV often poses a challenge for the
(predictive) control of robotic catheters. Hence, we use a uniform distribution
model (U(t1, t2)) to describe the HRV according to

ω = ωhr + 2πU(t1, t2), (5.2)

where the HRV interval is given by t1 = −200 ms and t2 = 200 ms, while
the standard deviation is given by 1

2∗
√

3
∗ (t2 − t1) = 115 ms. Further, the

frequency (ωhr ) can be computed according to ωhr = 2π
60hr, where hr is the

heart rate in beats-per-minute (BPM), which is used in (5.2) to evaluate the
variable frequency (ω). By considering the variable frequency (ω) and the two-
term Fourier series in (5.1), we can reproduce beating heart motions with HRV.
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5.2.3 Cardiac pump

In order to provide a fluid flow in the heart model, we attach an automated
pulsatile pump to the left ventricle of the heart model. The pulsatile pump is
used to mimic the left ventricle volume as depicted in Fig. 5.5. The cardiac
cycle comprises of systole and diastole phases, where the stroke volume (lsv)
can be evaluated by the end-diastolic volume subtracted by the end-systolic
volume. In this study we use a stroke volume of 70 mL, which is observed
in clinical practice. By considering the stroke volume (lsv), the total pump
displacement ld is given by

ld =
lsv
πr2
p

, (5.3)

where rp is the piston radius. Note, that the ventricle volume changes during
the systole (i.e., isovolumic contraction, ejection) and diastole (i.e., isovolu-
mic relaxation, rapid filling, diastasis and atrial systole) phases as depicted in
Fig. 5.5 [162]. Hence, by considering the aforementioned phases and the left
ventricle volume as depicted in Fig. 5.5, we used a Fourier series of six terms in
order to mimic the ventricle volume (V (k)) during the cardiac cycle according
to

V (k) = a0p + a1pc( k
Sr
ω) + b1ps( k

Sr
ω) + a2pc(2 k

Sr
ω) + b2ps(2 k

Sr
ω)+

a3pc(3 k
Sr
ω) + b3ps(3 k

Sr
ω) + a4pc(4 k

Sr
ω) + b4ps(4 k

Sr
ω)+

a5pc(5 k
Sr
ω) + b5ps(5 k

Sr
ω) + a6pc(6 k

Sr
ω) + b6ps(6 k

Sr
ω), (5.4)

where s(∗) = sin(∗) and c(∗) = cos(∗), the Fourier coefficients are given by
a0p = 35.03, a1p = 24.34, b1p = −21.77, a2p = 6.40, b2p = 4.57, a3p = 4.36,
b3p = −0.91, a4p = −0.03, b4p = 1.61, a5p = −0.19, b5p = 1.06, a6p = −0.24
and b6p = 1.15, while the corresponding goodness of fit is given by the square
of the correlation (R2 = 0.99). Further, the HRV model described (5.2) can
be used in the left ventricle volume model provided in (5.4), which is used in
systemic circulation reproduction.

Table 5.1: Table of Fourier coefficients used to model the periodic mitral valve motions
in (5.1), which are obtained from pre-operative patient data by using 3D magnetic-resonance
imaging. Subscript ∗ indicates the associated x-, y and z-axis, while the square of the
correlation is denoted (R2).

axis a0∗ a1∗ b1∗ a2∗ b2∗ R2

x -1.735 0.888 -1.413 0.804 -0.006 0.98
y -0.906 0.584 -0.363 0.273 -0.050 0.93
z 5.626 -3.648 2.019 -1.834 -0.504 0.97
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Figure 5.5: An overview of systemic circulation modeling with integrated mitral valve (MV)
and aortic valve (AV). A three-element Windkessel model with capacitance (C), proximal
resistance (Rp) and distal resistance (Rd) is used to mimic the left ventricle (LV) pres-
sure (PLV (k)), the aortic pressure (P (k)) and distal systemic pressure (Pd(k)), while a fixed
filling pressure (Pa(k)) is provided by a venous reservoir (inset left, second from the top). A
pulsatile pump with piston radius (rp) and displacement (ld) is attached to the LV of the
heart model. The pump provides a LV fluid flow (QLV (k)) and aortic fluid flow (Q(k)),
which is described by the time derivative of the LV volume. The bottom inset provides the
LV volume and aortic pressure as described in literature [162].
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5.2.4 Systemic circulation modeling

In order to provide realistic opening and closing of the MV and AV, we mimic
the impedance of the systemic arterial system by using a systemic arterial
model (SAM). A three-element Windkessel model can be used to describe the
pressure and flow relation at the entrance of the systemic arterial system. The
SAM as depicted in Fig. 5.5 comprises of a capacitance (C) and proximal and
distal resistors, (Rp) and (Rp), respectively. By considering a distal location
in the SAM, the relation between the aortic fluid flow (Q(k)) and the aortic
pressure (P (k)) and pressure (Pd(k)) at a distal location is given by

P (k)− Pd(k) = RpQ(k). (5.5)

Further, the left ventricle volume (V (k)) described in (5.4) can be used to
find an expression for the fluid flow (Q(k)) through the AV entering the SAM
according to

Q(k) =

{
−∆V (k) for k ∈ [tn, tn + ts]

0 for k ∈ [tn + ts, tn + ts + td]
, (5.6)

where tn indicates the start time of the cardiac cycle and ts and td the sys-
tole and diastole times, respectively. The relation between fluid flow (Q(k))
described in (5.6) and the distal pressure (Pd(k)) is described by a two-element
Windkessel model as follows:

Q(k) = C∆Pd(k) +
1

Rd
Pd(k), (5.7)

where ∆Pd(k) is the discrete time derivative of the distal pressure (Pd(k)).
The two-element Windkessel model can be extended to a three-element Wind-
kessel model by rearranging the distal pressure (Pd(k)) in (5.5), which can be
substituted into (5.7) according to

CRp∆Q(k) +
Rd +Rp
Rd

Q(k) = C∆P (k) +
1

Rd
P (k), (5.8)

where ∆Q(k) is the discrete time derivative of the fluid flow (Q(k)) described
in (5.6), thus know. By considering the differential equation in (5.8), the
modeled fluid flow in (5.6) and the aortic pressure described by literature
as shown in Fig. (5.5), we can estimate for the proximal resistance (Rp =
0.075 mmHg·s/mL), distal resistance (Rp = 1.25 mmHg·s/mL) and capaci-
tance (C = 1.9 mL/mmHg).

The proximal and distal resistances (R∗) can be obtained by N∗ parallel
capillary tubes with length (l∗) and radius (r∗) using the Hagen-Poiseuille
equation according to

R∗ =
P∗(k)

Q∗(k)
=

8µl∗
πN∗r4

∗
⇒ N∗ =

8µl∗
πR∗r4

∗
, (5.9)
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where ∗ = p and ∗ = d are associated with the proximal and distal resistances,
respectively. Further, P∗(k) describes the pressure loss, Q∗(k) is the fluid flow
and µ represents the dynamic viscosity of blood (0.029 g/cm/s). By considering
the density of blood (ρ = 1060.0 kg/m3) and the Reynolds number for laminar
flow in a capillary tube according to

Re =
2ρ

πµN∗r∗
Q(k) < 2300, (5.10)

we evaluate the capillary tube lengths (lp = 150 and ld = 300 mm), the
radii (rp = 0.0775 and rd = 0.04 mm) and the total parallel tubes (Np = 307
and Nd = 519). Hence, we complete the systemic circulation modeling.

5.3 Experiments

In this section, the experimental plan used to evaluate the beating heart testbed
is described and the corresponding results are presented.

5.3.1 Experimental plan

The experimental plan comprises of three parts. First we evaluate the repro-
duction of beating heart MV motions including HRV in 3D space based on
pre-operative patient data described in section 5.2.2. The reproduced motion
is evaluated by using a five DOF EM sensor (Northern Digital Inc., Ontario,
Canada), which is attached to the moving Stewart platform. Subsequently,
we evaluate the proposed systemic circulation model described in section 5.2.4
by using MPX5050GP pressure sensors (NXP Semiconductors, Eindhoven, the
Netherlands). Finally, we demonstrate ultrasound and EM observation of a sta-
tionary robotic catheter inserted in the MV of the beating heart model. The
stationary robotic catheter is observed by a Siemens Acuson S2000™ultrasound
system with a Siemens 18L6 transducer (Siemens AG, Erlangen, Germany) and
by two embedded EM sensors (Northern Digital Inc., Ontario, Canada).

5.3.2 Results

The experimental results of the beating heart motion reproduction are provided
in Table 5.2, while a representative experiment is depicted in the left plot of
Fig. 5.6. Further, the experimental results of system circulation reproduction
using a pulsatile pump, a SAM and a venous reservoir are depicted in the
center inset (Fig. 5.6), while the observations of a stationary robotic catheter
in ultrasound and EM position tracking are provided in the bottom-left and
bottom-right insets (Fig. 5.6), respectively.

Experiments in reproducing the beating heart motion show a mean absolute
distance error (ε) of approximately 0.8 mm for heart rates of 20 to 50 BPM,
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Table 5.2: The results of the beating heart testbed motion reproduction experiments for
heart rates of 20 to 70 BPM. The mean absolute distance error (ε) and the mean absolute
position errors (εx, εy and εz) are provided with the standard deviation of the absolute error.

BPM εx [mm] εy [mm] εz [mm] ε [mm]
20 0.17 0.31 0.63 0.79± 0.53
30 0.26 0.38 0.57 0.80± 0.52
40 0.24 0.33 0.47 0.70± 0.40
50 0.24 0.36 0.60 0.81± 0.57
60 0.33 0.49 0.78 1.07± 0.70
70 0.34 0.52 0.98 1.26± 0.95

while a deterioration for heart rates of 60 and 70 BPM of 1.07 and 1.26 mm
are observed, respectively. Note, that changing heart rates could be considered
during catheter evaluation. The deterioration for higher heart rates (i.e., 60
and 70 BPM) could potentially be attributed to the tubes between the fixed
elements of the SAM and the beating heart model attached to the moving
Stewart platform.

Further, systemic circulation experiments showed that the change in LV
volume provided by the pulsatile pump results in a maximum LV pressure
of approximately 120 mmHg, while the observed maximum aortic pressure
and the corresponding decay is approximately 70 and 35 mmHg, respectively.
Note, that the reduced aortic pressure in experiments compared to clinical
practice (bottom inset, Fig. 5.5) did not limit AV and MV opening and closing,
which is considered in catheter evaluation. The difference between LV and
aortic pressure indicates a resistance introduced by the artificial AV, which is
similar to AV stenosis. The pressure in the left atrium (LA) during the systole
increases to approximately 25 mmHg. This could be attributed to the MV with
implemented prolapse, which causes MV regurgitation.

Further, observations of a stationary robotic catheter inserted in the beating
heart model are provided in Fig. 5.6. Observations showed that the catheter
is visible in ultrasound images and could be tracked by two embedded EM
position sensors as provided in the bottom inset (Fig. 5.6).

5.4 Conclusions and future work

In this study, we described an experimental testbed for the evaluation of robotic
cardiovascular interventions. We presented a beating heart model with a real-
istic interior, a realistic MV and an artificial AV. The heart model is attached
to a Stewart platform in order to reproduce the beating heart motions based
on pre-operative patient data. Further, systemic circulation is obtained by
a pulsatile pump, a SAM and a venous reservoir. This provides a realistic
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cardiac environment for MIS MV repair surgery. In experiments, we demon-
strated beating heart motion reproduction with an error of 1.26 mm for heart
rates of 70 BPM, while the observed maximum LV and aortic pressures are
approximately 120 and 70 mmHg, respectively. Further, we provided observa-
tions of a stationary catheter in the heart model by using ultrasound images
and EM position tracking, which can be used in closed-loop control of robotic
instruments.

In future work, we intend to perform robotic catheter studies in the beating
heart testbed. Further, we aim to expand the testbed by considering various
aortic and mitral valves in order to mimic different cardiac diseases. By consid-
ering different realistic valvular models, cardiac decreases such as insufficiency
and stenosis could be mimicked, while a robotic catheter could demonstrate
effective treatment. Our proposed experimental testbed demonstrates cardiac
motion and circulation reproduction with integrated valve models. Therefore,
the presented experimental testbed could provide a platform for the evaluation
of future robotic catheter applications such as MV repair, navigational tasks
and ablation.
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CHAPTER 6
Conclusions and future work

The objective of this thesis is to contribute to the development of minimally in-
vasive surgical procedures. The envisioned MIS applications are percutaneous
and cardiovascular interventions. The proficient execution of these MIS inter-
ventions are often impeded by challenges such as reduced visibility during the
procedure and limited dexterity of the instrument at the treatment location. In
order to address the aforementioned challenges, methods are developed for the
closed-loop control of continuum robots such as needles, delivery sheaths and
catheters. In order to analyse the contribution to MIS interventions, the devel-
oped continuum robotic methods are evaluated in clinically-relevant testbeds.
In this chapter, the conclusions are summarized and potential directions for
future work are provided.

6.1 Conclusions

In Chapter 2 (Part I) of this thesis, a steering method capable of autonomously
and accurately guiding a needle to a target is developed and evaluated. The nee-
dle steering method comprises of an ultrasound-based tracker, a needle motion
planner, closed-loop controller and a needle insertion device. The ultrasound-
based tracker estimates the needle tip pose by controlling the position of the
ultrasound transducer in order to obtain images at the the needle tip. Subse-
quently, the localization of the needle tip in ultrasound images is performed by
a segmentation algorithm, which is used to extract features such as the comet-
tail artifact. The needle tip pose is considered as an input to the needle motion
planner, which reacts to perturbations in target and obstacle locations. The
updated needle path is provided as a reference to the closed-loop controller.
The closed-loop controller is used to steer the needle along the referenced path
in order to reach the intended target, while feedback needle tip feedback is
provided by the ultrasound-based tracker. Results obtained from experiments
showed targeting accuracies of 0.9 mm and 2.2 mm for scenarios without ob-
stacles and scenarios with an obstacle moving 7 mm (typical in breast biop-
sies), respectively. In literature, it was observed that experienced clinicians
in brachytherapy showed an average seed placement error of 6.3 mm [108].
Furthermore, it was documented that experienced clinicians using rigid nee-
dles in prostate biopsies showed average targeting errors between 5.5 mm and
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6.5 mm [109]. Although, the experienced clinicians show less targeting accu-
racy, the needle steering method described in this thesis is evaluated in soft-
tissue phantoms, which leads to simplifications as opposed to clinical practice.
Nevertheless, the proposed needle steering method is technically capable of de-
livering improved targeting accuracy. Hence, with modification the proposed
needle steering method could be applicable to biological tissue, which can be
considered a significant contribution to percutaneous MIS interventions.

In Part II of this thesis, methods for cardiovascular interventions using de-
livery sheaths and catheters are described. In Chapter 3 (Part II), a delivery
sheath is steered by model predictive control in order to autonomously and
accurately compensate the beating heart motions. An online segmentation
algorithm is used to localize the delivery sheath tip position in ultrasound im-
ages by filtering, edge detection and a random sample consensus strategy. The
localized delivery sheath tip is used for feedback in predictive control. The
predictive control strategy with kinematic models is used to compensate aor-
tic heart valve motions based on pre-operative patient data. Furthermore, the
predictive control strategy is used to compensate mechanical hysteresis in the
system and to restrict instrument motion to an allowable region. By restrict-
ing the instrument motion, sensitive tissue is avoided that could be present
in surgery. In experiments, evidence is provided that the delivery sheath is
capable of tracking aortic heart valve motions with an accuracy of 1.7 mm.
However, the system is evaluated in a water container which leads to con-
siderable simplifications compared to clinical practice. Nonetheless, accurate
tracking of beating heart motions based on pre-operative patient data is demon-
strated. Note, that considerable attention of the surgeon is required in order
to accurately track complex repetitive beating heart motions up to 60 beats
per minute, while respecting sensitive tissue [19]. Hence, with modifications
relevant to clinical practice (e.g., improved robustness), the proposed strategy
could provide a significant contribution to minimally invasive cardiovascular
surgery.

In Chapter 4 (Part II), the stabilization method described in Chapter 3
(Part II) is extended to the stabilization of a steerable and flexible catheter
tip for beating heart mitral valve motions. In addition to ultrasound tracking
of the catheter, electromagnetic sensors are embedded at base of the steerable
segment and instrument tip in order to provide feedback of the catheter pose
for closed-loop control. A novel catheter steering module concept is developed,
which is capable of robot actuation of a wide range of tendon driven catheters.
The catheter tip is stabilized for beating heart mitral valve motions in a realistic
and functional mitral valve model. In order to provide a relevant experimental
scenario, the realistic and functional mitral valve model is embedded in a acrylic
heart system, which is attached to a 6 DOF Stewart platform. The beating
heart mitral valve motions are reproduced by the Stewart platform and based
on different pre-operative patient data sources, while a pulsatile pump provided
fluid flow to enable opening and closing of the realistic mitral valve model. In

126



6.2. Future work

experiments, catheter tip stabilization is demonstrated up to a reproduced
heart rate of 30 beats per minute with an error of 0.6 mm and 1.4 mm for
closed-loop control using electromagnetic and ultrasound instrument feedback,
respectively. Although, an acrylic heart system with fluid flow and embedded
realistic and function mitral valve model is used, the anatomy at the testbed
treatment location does not describe clinical practice. The absence of realistic
anatomy leads to simplifications in the evaluation of continuum robotic steering
methods as opposed to clinical practice. Nevertheless, the results obtained by
the evaluation of the closed-loop controlled catheter method suggests a system
capable of improving minimally invasive surgical interventions. The closed-
loop controlled catheter offers improved tracking accuracy and uses multiple
methods for instrument feedback, which is evaluated in a clinically-relevant
testbed.

In Chapter 5 (Part II), an experimental testbed is developed for the eval-
uation of continuum robotic cardiovascular interventions. The beating heart
model comprises of a realistic interior, a realistic mitral valve and an artificial
aortic valve. Similar to Chapter 4 (Part II), the heart model is attached to a
Stewart platform, which is used to reproduce the beating heart motions based
on pre-operative patients data. Furthermore, a systemic circulation circuit is
integrated by using a pulsatile pump, a systemic arterial model and a venous
reservoir, which are used to reproduce systemic flow in order to enable open-
ing and closing of the heart valves in the system. The beating heart motion
reproduction combined with systemic circulations provides a realistic cardiac
environment for the evaluation of continuum robots in minimally invasive car-
diovascular surgery. In experiments, the reproduction of the beating heart
motion is demonstrated with an error of 1.3 mm for heart rates of 70 beats per
minute, while clinically-relevant maximum left ventricular and aortic pressures
of approximately 120 and 70 mmHg are observed, respectively. Subsequently,
a stationary catheter is introduced in the beating heart model at the treatment
location, which is observed by ultrasound images and electromagnetic position
tracking. Thus, providing a functional and realistic testbed for the evalua-
tion of closed-loop controlled continuum robots aimed to improve minimally
invasive surgery.

6.2 Future work

The directions for future work are divided into four topics. First, suggestions for
future work related to feedback of continuum robots and clinical environment
are described. Subsequently, potential research topics for closed-loop control
strategies are presented. Further, possible directions for future work associated
with the design, modelling and actuation of continuum robots are provided. Fi-
nally, potential research opportunities for the reproduction of clinically-relevant
scenarios are given.
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In this work, feedback of continuum robots is provided by ultrasound images
and by electromagnetic tracking sensors embedded in the instrument. However,
the robustness and accuracy could be improved. The visibility of continuum
robots in ultrasound images could be enhanced by using special materials and
coatings [163]. The enhanced instrument visibility helps segmentation algo-
rithms to extract well known ultrasound imaging artifacts such as reverbera-
tion, acoustic shadowing and specular side lobes that are often associated with
medical devices. Furthermore, robustness could be provided by segmentation
methods that use more than one feature (e.g., shape, structure, size and con-
trast) for the detection and localization of continuum robots in medical images.
Hence, a combination of segmentation algorithms for the extraction of contin-
uum robot artifacts and features in medical images could significantly improve
the robustness and the localization accuracy. In addition to instrument feed-
back provided by ultrasound images and electromagnetic tracking, continuum
robot shape measurements for closed-loop control could be provided by inte-
grated fiber bragg grating sensors [36]. Feedback could also be provided by force
measurement sensors at relevant locations in the continuum robot, which can
be used for interactive control [78]. Note, that data fusion methods can be used
to combine instrument feedback obtained by multiple sensors (e.g., ultrasound
images, electromagnetic tracking, shape sensing and force measurements). By
combining instrument measurements from multiple sensors, the robustness and
accuracy could be improved. In this work, a reference to the treatment location
is provided by a fiducial marker embedded in the heart model. Although, the
use of fiducial markers embedded in tissue has been described in clinical prac-
tice, the risk of migration should be considered [164, 165]. As an alternative,
segmentation of medical images could be used to evaluate relevant aspects of
the treatment location. Furthermore, a fixed catheter at the treatment loca-
tion could be used as a reference in medical images. As an example, a reference
catheter inserted and clamped in the coronary sinus could potentially provide
beating heart mitral valve motion feedback for the stabilization of continuum
robots.

Closed-loop control strategies are used to steer continuum robots towards
the treatment locations and to stabilize the continuum robot tip for tissue
motions. Predictive control is used to stabilize the continuum robot tip for
repetitive tissue motions (i.e., respiration and beating heart motions). How-
ever, the predictive control strategy could potentially be improved by including
data from electrocardiography. This could potentially improve the accuracy of
instrument tip stabilization for tissue motions during a procedure performed by
a clinician. In order to facilitate a clinician in the loop, shared control by using
a tele-operated device should be considered [166]. Shared control enables the
clinician to perform a procedure, while aid is provided by a control mechanism.
As an example, a needle could be inserted or retracted by the clinician, while
steering of the instrument is performed by a closed-loop control strategy up-
dated by path planning. Furthermore, interaction between clinician controlling
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a continuum robot and the anatomy should be considered in closed-loop control
strategies. Force feedback can be used for interaction, which could potentially
provide intuitive control of the continuum robot during the intervention [167].

Various continuum robot designs, models and actuation mechanism are pro-
vided in this thesis. For continuum robots such as flexible needles, the torsional
stiffness is important for accurate steering [168]. In future work, designs should
consider torsional stiffness in order to avoid inaccuracies in needle rotations,
which is used by steering methods such as duty cycled spinning. Further,
manipulation at the base of continuum robots such as steerable and flexible
catheters should directly translate to the corresponding instrument tip deflec-
tion. However, the catheter tip deflection is often influenced by the instrument
shaft configuration. Hence, catheter tip positioning inaccuracies are introduced
if the shaft configuration is not considered by modelling or steering algorithms.
Future steerable and flexible catheter designs could use mechanisms such as
bowden cables in order to decouple the effects of shaft configuration from the
instrument tip actuation. Furthermore, in the development of actuation mech-
anisms for continuum robots, the backdrivability should be considered. The
force exerted by actuators (e.g., linear motors) with drive mechanisms for the
manipulation of continuum robots could potentially be used in force feedback.
As an example, optimal backdrivability is obtained for needles inserted by lin-
ear motors. Force feedback can be used for interactive control between clinician
and the clinical environment.

In this thesis, the reproduction of clinically-relevant scenarios for percu-
taneous and cardiovascular applications are provided by soft-tissue phantoms
and experimental testbeds with anatomy, respectively. Note, that the proposed
instrument steering method described in Chapter 2 (Part I) is evaluated using
soft-tissue phantoms, which leads to simplifications as opposed to studies in
biological tissue. The interaction between instrument and biological tissue is
highly dependent on viscoelastic properties. In many applications, soft tissue
elasticity may vary with the anatomical site and often exhibits anisotropic be-
haviour [169]. The effects of varying tissue elasticity and anisotropic behaviour
is not considered in current steering methods. Hence, the use of ex-vivo tissue
should be considered. Further, an experimental testbed with relevant anatomy
provides an accessible and available method for the evaluation of continuum
robots in cardiovascular applications. However, the experimental testbed with
relevant anatomy should be expanded to consider different cardiovascular dis-
eases such as degenerative aortic and mitral valve stenosis and regurgitation.
By using realistic valvular models, cardiac decreases such as stenosis and re-
gurgitation could be reproduced, while a continuum robot potentially demon-
strates effective treatment. Note, that an experimental testbed with relevant
anatomy is a simplification of the clinical treatment location. Hence, the pre-
sented closed-loop controlled continuum robotic methods should be evaluated
in ex-vivo beating heart experiments.

Finally, by considering the results from experimental testbed evaluation as
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described in this thesis, the closed-loop control methods for continuum robots
could provide a significant contribution to percutaneous and cardiovascular
interventions. The results show accurate positioning and stabilization of con-
tinuum robots such as needles and catheters. The work described in this thesis
could benefit from the aforementioned suggestions. Hence, with modifications,
the proposed methods could be successfully deployed in clinical practice.
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and J. Sjögren, “Transapical versus transfemoral aortic valve implan-
tation: A comparison of survival and safety,” The Annals of Thoracic
Surgery, vol. 91, no. 1, pp. 57–63, 2011.
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