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Magnetic resonance imaging (MRI)-guided intervention has drawn increasing attention

over the last decade. It is accredited to the capabilities in providing non-invasive and

high-contrast images of soft tissues without harmful ionizing radiation, and also in

monitoring the temperature change in thermal therapy procedures. These advantages

prompted the adoption of MRI guidance for interventions ranging from biopsy, thermal

therapy for tumor ablation, drug delivery to catheter-based procedures within cardiovascular

system. However, the inherent working principle of MRI involves high-intensity magnetic

and radiofrequency (RF) fields, which prevents the adoption of robotic systems containing

ferromagnetic materials. Besides, precisely manipulating the instrument within the limited

workspace of MRI bore remains challenging. This gives rise to the demand for precise

tele-manipulation of interventional instruments under MRI guidance.

The major focus of this thesis is to develop high-performance systems regarding

robotic tele-operation for intra-operative (intra-op) MRI-guided interventions. Key robotic

components are investigated, including the high-fidelity magnetic resonance (MR)

safe actuation, dexterous and compact robotic mechanism, and the real-time sensing

and feedback control under MRI. MR safe high-performance hydraulic motors using

diaphragm-sealed cylinders are proposed as the essential component for robotic actuation.

The motor can provide tele-operated, dexterous control of interventional tools under MRI.

The configurable motor designs are capable of generating unlimited range of continuous

bidirectional rotation with high payload. With incorporation of the proposed MR safe
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motors, a robotic platform is developed for bilateral stereotactic neurosurgery under intra-op

MRI guidance. The compact robotic structure can enable less invasive anchorage and the

accommodation inside the MR imaging head coil with a limited workspace. The simplified

workflow has been validated by a pre-clinical trial under MRI. Furthermore, an MR safe

robotic manipulator is developed for intracardiac catheterization, with incorporation of

the proposed MR safe motors to provide dexterous manipulation of the cardiac catheter.

The robot can offer functional manipulation towards cardiac electrophysiology (EP) under

MRI, which is the first of its kind. A shape tracking system is proposed for the standard

cardiac catheter, integrating the tracking coils and a multi-core optical fiber with fiber

Bragg gratings (FBGs). Both shape and positional tracking of the bendable section could

be realized. To achieve accurate and effective feedback control of the cardiac catheter,

a learning-based modeling method using the shape information from FBGs is proposed,

which is implemented for autonomous robotic control. The overall performance of the shape

tracking and controller was demonstrated by a simulated pulmonary vein isolation (PVI)

task with ex-vivo tissue ablation.

(Word count: 405 words)
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Chapter 1

Introduction

1.1 Motivation and objectives

Magnetic resonance imaging (MRI) is a medical imaging technology. Compared to

other imaging modalities (ultrasound or X-ray), MRI has demonstrated its unique and

superior advantages for interventional applications: i) non-invasive imaging without

harmful ionizing radiation; ii) high-contrast imaging of soft tissues; iii) intra-operative

(intra-op) monitoring of pathological and physiological changes; iv) three-dimensional (3D)

localization in real-time; v) monitoring of temperature variation during thermal therapy

procedures. However, precise manipulation of surgical instruments for minimally invasive

surgeries still remains challenging, particularly for operations in confined space under

dynamic disturbance. To this end, tele-operated robotic systems have been investigated to

assist the procedures, demonstrating improved surgical outcomes. However, the operation of

MRI involves high-intensity magnetic and radiofrequency (RF) fields, which prevents the

application of robotic systems containing ferromagnetic materials. Besides, there are still

lots of technical challenges related to the application, such as undesired patient movement,

confined workspace inside imaging coils, and real-time tracking and control of instruments

under MRI. For MRI-guided robot-assisted interventions, it poses a strong need for compact

and high-performance robotic systems to offer dexterous instrument manipulation and

precise motion control.

To tackle these unmet technical challenges towards robot-assisted interventions guided

by intra-operative (intra-op) MRI, I have mainly devoted efforts to the development of

magnetic resonance (MR) safe high-performance actuation, dexterous robotic mechanism
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with compact size, and the real-time sensing and feedback control under MRI. The major

objectives of this thesis involve:

1. To design MR safe hydraulic actuators for robotic tele-operation of MRI-guided

interventions, particularly for the procedures requiring precise and dexterous

instrument manipulation;

2. To develop compact robotic manipulators for MRI-guided needle placement

procedures, including stereotactic neurosurgery and percutaneous interventions;

3. To propose a tele-operated robotic catheter system for cardiac electrophysiology (EP)

procedure under MRI guidance, which can provide high-dexterity and fast-response

manipulation of cardiac catheter.

4. To validate the control performance using a model-free method based on the robotic

catheter system;

5. To investigate the shape tracking and feedback control technologies for cardiac

catheters. Multi-core optical fiber with fiber Bragg grating (FBG) and learning-based

modeling method are involved.

1.2 Structure and contributions of thesis

Chapter 2 presents a review of the current status regarding intra-op MRI-guided

robot-assisted interventions. The recent advances of intra-op MRI systems and

corresponding technologies are reviewed. The MRI safety classification is introduced,

serving as the fundamental standard for the development of MRI-guide robotic

devices. The prior arts of MRI-guided robotic systems are reviewed, focusing on

neurosurgery, percutaneous interventions, and intra-cardiovascular interventions. The trends

and perspectives regarding tele-operated robotic system, MR safe/conditional actuation,

real-time sensing in MRI, and high-performance control interface are presented. They are

the major areas that this thesis will address.

Chapter 3 presents an MR safe hydraulic motors for robotic tele-operation of

MRI-guided interventions. The hydraulic motors can offer high-fidelity and dexterous

manipulation of interventional tools under MRI. The configurable MR safe motor

designs are capable of offering continuous bidirectional rotation with unlimited range.
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These capabilities would be comparable to the conventional electric motor for versatile

applications even involving high-payload manipulation. Kinematics and dynamics models

of the hydraulic motor have been studied, which can facilitate the overall design

optimization and position/torque control. Motor performance, such as step response,

frequency response, and accuracy, has been experimentally evaluated. The proposed

hydraulic motors have been incorporated into the tele-operated robotic systems in

Chapter 4 and Chapter 5.

Chapter 4 introduces fluid-driven needle placement robots for MRI-guided

interventions. An intra-op MRI-guided robot for bilateral stereotactic procedures is

developed. Its compact design can enable robot operation within the constrained space

of MRI head coil. A simulated needle insertion task of deep brain stimulation (DBS)

has demonstrated an average targeting accuracy of ≤1.73 mm assisted by the robot. The

system also incorporated MR-based wireless tracking markers, which can offer real-time 3D

instrument localization with a frequency of 30-40 Hz. Moreover, to explore a more compact

and flexible robot design, another prototype for percutaneous needle placement has been

proposed. The compact and lightweight design can enable the direct fixture of robot on the

patient body and needle targeting at multiple locations with several robots. The instrument

manipulation can be conducted in an interactive way, with coarse placement made by the

surgeon and fine adjustment by fluid-driven actuators. Visual feedback with light indicator

can be provided during manual operation for clear and interactive operation.

Chapter 5 presents a robotic manipulator to realize robot-assisted intra-cardiac

catheterization in MRI environment. It is designed particularly for cardiac EP procedure,

which is an effective treatment of arrhythmia. It is the first MR safe robot for intra-cardiac

EP intervention. The robot incorporated the MR safe, high-performance hydraulic actuators,

which demonstrated a promising ability to tele-manipulate a cardiac EP catheter. A

human-robot control interface is also presented to improve the tele-operation effectiveness.

Experiments were conducted with simulated navigation and pulmonary vein isolation (PVI)

tasks to validate the effectiveness for surgical operation.

Chapter 6 introduces the kinematics modeling, shape tracking and feedback control of

cardiac catheter based on the robotic platform. Kinematics modeling methods, including

model-free and model-based control approaches, have been applied to the robot for

quantitative comparison and evaluation. A shape tracking system is also proposed,

integrating a multi-core FBG fiber and tracking coils with a standard cardiac catheter. Both
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shape and positional tracking of the bendable section can be achieved. A learning-based

modeling method has been developed for cardiac catheters. The modeling method can use

FBG-reconstructed 3D curvatures to initialize the model and update the motion mapping.

Feedback control of the cardiac catheter can be realized by implementing the proposed

modeling method on the MRI-guided robotic platform. The overall performance of the

proposed shape tracking and feedback control approaches was demonstrated by a simulated

PVI task with ex-vivo tissue ablation.

The main contributions of the thesis are summarized as:

1. Development of MR safe hydraulic motors for robotic tele-operation of MRI-guided

interventions. The hydraulic motors can provide high-fidelity, dexterous control of

interventional tools under MRI. The configurable MR safe motor designs are capable

of providing unlimited range of continuous bidirectional rotation.

2. Development of a tele-operated manipulator for bilateral stereotactic neurosurgery

under intra-op MRI guidance. The robotic manipulator features light-weight (145.4

g) and compact (110.6× 206.8× 33.2 mm3), which can be operated inside an MR

imaging head coil with limited workspace. High-performance hydraulic motors are

adopted to offer MR safe actuation with minimal imaging artifacts;

3. Design of a patient-mounted robotic device for MRI-guided percutaneous procedures.

The robot can provide semi-automated and interactive needle manipulation. The

light-weight (189 g) and compact (�108 mm×115 mm height) features can enable

the setup of several robots for needle targeting at multiple locations.

4. Development of an MR safe robotic manipulator for intracardiac catheterization.

High-performance hydraulic motors have been incorporated to provide dexterous

manipulation of cardiac catheter. A robot control interface is also developed to

assist the tele-operation. Experimental evaluations were conducted to validate its

effectiveness.

5. Experimental validation of model-based and model-free control approaches for

tele-operation of the robotic catheter platform. The model-free and model-based

control approaches were implemented on the MR safe robotic catheter platform. A

simulated ablation task was conducted by ten subjects for quantitative evaluation and

comparison of the control approaches.
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6. Development of shape tracking and feedback control methods for the flexible cardiac

catheter under MRI guidance. Multi-core FBG fiber and tracking coils were integrated

with a standard cardiac catheter to achieve both shape and positional tracking of

the bendable section. A learning-based modeling approach is proposed for cardiac

catheters, which can utilize 3D curvatures obtained from FBG fiber to initialize the

model and update the motion mapping. The proposed modeling method has been

implemented on an MRI-guided robotic catheter platform for feedback control.
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Chapter 2

Robot-assisted Interventions under

MRI Guidance

2.1 Introduction

Magnetic resonance imaging (MRI) is well-known for its superior capabilities in providing

high-contrast and non-invasive images of soft tissues without harmful ionizing radiation,

and also in monitoring the temperature changes during thermal therapy procedures [53].

These advantages have prompted the adoption of MRI guidance for interventions ranging

from biopsy [54], thermal therapy for tumor ablation [55, 56], drug delivery [57, 58] to

catheter-based procedures within cardiovascular system [59, 60].

However, high-intensity magnetic and radiofrequency (RF) fields generated by MRI

scanner prevents the application of robotic systems containing ferromagnetic materials.

Besides, precisely manipulating the instrument within the limited workspace of MRI bore

also remains challenging. In an attempt to tackle these difficulties, a number of researches

[61–64] have focused on developing tele-operated robotic platforms for interventions,

demonstrating enhanced accuracy and reduced procedural time under intra-operative

(intra-op) MRI guidance. The recent development of techniques for magnetic resonance

(MR) safe/conditional robotics has shown great potential in MRI-guided robot-assisted

interventions. MR safe/conditional actuators have been developed, enabling tele-operated

robotic manipulation to optimize the surgical workflow. MR-based tracking system can

achieve real-time positional localization for various robotic instruments, allowing feedback

control of devices under MRI guidance.

32
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In this chapter, the advances of intra-op MRI technology and recent development of

MRI-guided robotic platforms are reviewed. The clinical motivations for tele-operated

robotic systems are summarized, together with technical challenges towards a safe and

effective robotic system for MRI-guided interventions. The research background of the

thesis is presented in this chapter.

2.2 Intra-operative MRI technology

2.2.1 Recent advances of MRI

MRI is an imaging technology for medical applications ranging from diagnosis, disease

detection, to treatment monitoring. It was firstly invented in 1970s and then went through

a tremendous development over the following years. The first commercial MRI system

appeared in 1980s. After that, the technique of MRI rapidly evolved over the last three

decades and has become the routine diagnostic procedure [65]. Till 1996, more than ten

thousand MRI scanners have been installed in the world [66]. Around 100 million MRI

exams were estimated to be taken in each year, with the global quantity of operational MRI

scanners at over thirty thousand [53]. Nowadays, MRI has become one of the most versatile

modalities in radiology, occupying a large proportion of radiological examinations.

The fundamental MRI working principle is to excite and detect the spins of hydrogen

atoms, which makes up 70% to 90% of the most tissues in human body [66]. These atom

spins can be excited by strong fluctuating magnetic fields generated by the MRI machine.

MRI scanner’s computer can then process these signals of spin changes and reconstruct

tissue images. Since the amount and status of water can have dramatic differences in various

tissues, organs and tissues with different properties can be clearly distinguished in the

images obtained by MRI. It makes MRI a very sensitive imaging modality for diagnosis.

Compared to other imaging modalities commonly used for diagnosis and pre-operative

planning, such as X-ray or ultrasound, MRI has been proven to have many unique and

superior advantages. It can provide non-invasive three-dimensional (3D) scanning with

zero ionizing radiation to neither patient nor radiologist/surgeon, which is particularly

beneficial to procedures requiring frequent scanning. MRI can offer high-contrast imaging

of soft tissue (Fig. 2.1a) to visualize the morphology and anatomical structures, enabling

characterization of the pathological and normal tissue. Intra-op MRI can even provide
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a great variety of physiologic information, such as water diffusion, blood flow, tissue

deformation and ablation progress (Fig. 2.1b). For instance, the physiological change of

tissue originated by complete or insufficient ablation/cutting can be readily visualized in

real-time by T2/diffusion-weighted MRI [67]. Functional MRI has also been invented to

observe activities and functions in the brain, which is achieved by measuring hemodynamics

in different regions [68]. In addition, MRI can provide precise and real-time temperature

monitoring (<1°C), namely MR thermometry, during thermal therapy procedures [3] to

monitor the heat generation and diffusion to tissues (Fig. 2.1c).

Fig. 2.1: (a) Magnetic resonance (MR) image showing the cardiac structure and lesions created by
radiofrequency (RF) ablation; (b) T1-weighted MR images showing the hepatobiliary carcinoma;
(c) T2 image of brain (left) and heat map during ablation (right) through MR thermometry. Image
Source: [1–3]

2.2.2 Setup of MRI systems for intra-operative operation

To bring the MRI advantages into surgical applications, a variety of interventional or

intra-op MRI systems have been developed and commercialized. Among the various

designs, both low-field [69] and high-field MRI scanners [70] can be adopted. The low-field

scanners generally involve open magnets with field strength varying from 0.2T to 1T. The

low-field scanners equip with smaller magnets than high-field ones, hence reducing scanner

size. Because of the lower field strength, the MRI room for low-field scanner has lower
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standard on the electromagnetic (EM) shielding. It is feasible to build the open-magnet

scanner, offering larger space for patients access for direct interventional procedures [71].

Fig. 2.2a shows a typical low-field MRI scanner, Signa SP system (GE Medical Systems,

Milwaukee, Wisc., USA), developed by GE Healthcare. It adopts a “double-donut” magnet

configuration for the 0.5T scanner. Patients can be accessed from the side and top,

giving great convenience to surgical operations. It can also eliminate the need to transfer

either patients or facilities. A variety of low-field systems were also commercialized,

such as Polestar (Medtronic) (Fig. 2.2b) [72], Panorama (Philips Medical Systems MR

Technologies, Vantaa, Finland) (Fig. 2.2c), and Magnetom (Siemens, Erlangen, Germany)

(Fig. 2.2d). These low-field systems generally feature convenient patient access and flexible

arrangement and installation, facilitating a faster surgical workflow. However, the imaging

quality is greatly sacrificed in low-field scanners, which is the major drawback and limits

the wide application.

Fig. 2.2: (a) Signa SP system from GE Healthcare. Clinician can access the patient at the gap
between the two magnets, even during MRI acquisition; (b) Polestar system from Medtronic.
The system is optimized for cranial surgery by incorporating two smaller magnets; (c) Panorama
interventional magnetic resonance imaging (MRI) system from Philips; (d) Magnetom system from
Siemens. Image Source: [4–7].
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In general, high-field scanners involve closed-bore scanners with a higher magnetic

field ranging from 1.5T to 3T, which can offer higher imaging resolution and faster imaging

speed. The intra-op MRI system from IMRIS Inc., Winnipeg, Canada (Fig. 2.3a) [73–75]

is an example. This system requires two rooms to travel the magnet, while the patient is

staying in the same position for operations (Fig. 2.3b). The system can provide the same

imaging quality compared to fixed-magnet systems. Because the operating room is also used

for imaging, it needs to be RF-shielded to ensure safety and prevent EM interference. Since

high-field scanners involve closed MRI bore, surgeons could not access the patient in the

bore during scanning. Therefore, surgical operation is generally performed after transferring

the patient outside the bore. It is very labor-intensive and time-consuming for this transition

between surgery and imaging mode for the high-field scanner systems.

Fig. 2.3: (a) Operating suite from IMRIS Inc. with dual-room configuration. The patient table is
fixed on the ground. The MRI scanner is mounted on the ceiling track and can be traveled between
the two rooms; (b) Two types of room arrangement for the interventional MRI system from IMRIS
Inc. Each contains three types of room: operating room, diagnostic room, and control room. Image
Source: [8].

2.2.3 MRI safety classification

In order to excite and detect the tiny changes of hydrogen atoms spins for imaging, MRI

scanner will generate high-intensity static magnetic field, rapidly switched magnetic fields

(gradient filed), as well as pulsed RF field. These strong magnetic and RF fields would cause

potential hazards (force and torque) for devices containing metallic components (Fig. 2.4a).

Heating may also be induced in electrical cables by the fluctuating magnetic fields and RF

pulses. In terms of imaging quality, implants or devices made of non-MR-safe materials
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would cause image artifact by disrupting the magnetic field homogeneity (Fig. 2.4b).

Although a certain level of artifact is acceptable in diagnosis, it may produce severe

distortion in the navigation or targeting in MRI-guided interventions. To deal with the safety

issue of medical devices in the MR environment, relevant standards have been published by

American Society for Testing and Materials (ASTM) with the adoption of current MR safety

terminology. A clear classification has been list in ASTM-2503 [76] (Table 2.1) about the

MR safety.

Fig. 2.4: (a) Safety hazard caused by strong magnet field of MRI. A wheelchair was attracted by the
magnet field to hit the MRI bore; (b) MRI axial projections showing artifacts triggered by metallic
devices (marked by circles). Image Source: [9, 10].

Table 2.1: MR safety classification in ASTM F2503-13 standard
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In order to develop devices and systems for application in MRI, materials should follow

this standard to ensure MR safety. In general, EM motors and metallic structures that

are commonly used in conventional robotic systems cannot be adopted for MRI-guided

interventions. The development of MR safe/conditional robotic systems requires additional

efforts to achieve a functional, effective and safe design. In the next section, the recent

development of MRI-guided robotic systems is summarized.

2.3 Recent development of MRI-guided robotic systems

Robotic systems were firstly adopted for medical applications in 1980s, and have made

great influence on varieties of medical disciplines, including neurosurgery, orthopedic

surgery, and general surgery [77–80]. Recently, researchers have developed various robotic

platforms for MRI-guided interventions in an attempt to solve the technical challenges

related to MRI. It is expected that robotic systems will play a more significant role in the

future [81]. The prior arts of MRI-guided robotic systems for interventions are reviewed

in this section. Backgrounds of surgical requirements and the recent development of

corresponding robotic systems are introduced for the three surgical applications: stereotactic

neurosurgery, percutaneous interventions, and intra-cardiovascular interventions.

2.3.1 Stereotactic neurosurgery

Stereotaxy is a method to localize surgical targets with the reference of an external

coordinate system. In functional neurosurgery, this technique has been adopted to treat a

variety of movement disorders (e.g. dystonia and Parkinson’s disease (PD)), psychiatric

abnormalities and epilepsy. Among these applications, PD is the second prevalent disease

of the nervous system following Alzheimer’s disease. The number of affected people is

expected to reach 8.7 million worldwide by 2030 [82]. Deep brain stimulation (DBS) is one

of the standard stereotactic procedures, providing treatment to debilitate motor symptoms

of PD and dystonia. Two DBS needles with long (e.g. 300 mm) and slender (≈ �1.3 mm)

structure can be individually orientated by a stereotactic frame (Fig. 2.5a) and inserted into

the patient’s skull through burr holes (≤ �14 mm). After reaching the deep brain areas of

interest, stimulation electrodes attached on the needle will be implanted to deliver scheduled

electrical impulses.
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Fig. 2.5: (a) Head frame for stereotactic neurosurgery; (b) MR images showing brain shift caused
by craniotomy. The brain deformation is marked by white arrows. Image Source: [11, 12].

Although physicians have established the standard workflow of stereotactic

neurosurgery for more than half a century, the surgical operation is still challenging due

to the complex workflow and high requirement of targeting accuracy. For example, an

average error of 2-3 mm was just bearable for the needle targeting according to the

records [83]. Besides, the deformation of intracranial contents occurs inevitably after

craniotomy, namely “brain shift” (Fig. 2.5b), which would further increase the difficulty

of stereotactic navigation. Gravity, cerebrospinal fluid (CSF) leakage, anesthesia, and

surgical manipulation are several major causes of the brain shift. It may provoke a notable

misalignment (up to 10-30 mm [84]) of the pre-operative (pre-op) planning path, resulting

in a significant targeting error. To deal with this issue, conventional DBS guided by

fluoroscopy/computed tomography (CT) utilizes several micro-electrode recording (MER)

to verify the placement accuracy of electrodes, and simultaneously evaluates the symptoms

with the awake patient under local anesthesia. These sophisticated measures give incentives

to the adoption of intra-op MRI-guided stereotaxy. With the equipment of MRI, the

essential brain structures and points of interest (e.g. subthalamic nucleus (STN) or ventral

intermediate nucleus) can be spontaneously reflected and monitored.

There are only a few products of MR safe stereotactic systems [83, 85] which

can be found in the present market, such as NexFrame® (Fig. 2.6a) from Medtronic

Inc., USA and ClearPoint® (Fig. 2.6b) from ClearPoint Neuro, USA (formerly MRI

Interventions). However, these products usually need intensive manual adjustment of the

stereotactic frame (Fig. 2.6b), and frequent patient transfer in-and-out of the scanner bore,

which would largely disturb the workflow. For this purpose, researchers have developed

MR safe/conditional robotic platforms. SYMBIS® (also called NeuroArm, IMRIS Inc.,
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Canada), is a Food and Drug Administration (FDA)-approved prototype for MRI-guided

tele-operated microsurgery (Fig. 2.7a-b) [86]. It can conduct MRI-guided stereotaxy

with one of its robot arms. To ensure the MRI compatibility, piezoelectric motors were

adopted to actuate the robotic arms and MRI safe/conditional materials (e.g. titanium,

polyetheretherketone (PEEK)) were used to build the robot body [16]. However, the

robotic system occupied a larger space in the operational theater, which would reduce its

effectiveness while being repeatedly transferred in-and-out the scanner for imaging updates.

Fig. 2.6: (a) The Nexframe® platform; (b) ClearPoint® system from ClearPoint Neuro, USA. The
frame of device was anchored on the skull and the trajectory of needle was manually adjusted. Image
Source: [13–15].

Neuroblate® (Monteris Medical Inc., USA) (Fig. 2.7d) is a robotic platform which can

offer two degrees of freedom (DoFs) manipulation of probe. The system was actuated

by piezoelectric motors and could provide assistance for stereotactic laser ablation [56].

MR-thermometry information could be acquired in real-time to secure a safe ablation

margin separated from the adjacent structures [87]. For multiple instrument insertions, the

frame relocation/realignment and additional craniotomy were needed after transferring the

patient back to the operating theater.

Fischer et al. [17, 88] have developed a research prototype for needle-based neural

interventions (Fig. 2.7c). In terms of kinematics, the robot is similar to the traditional

stereotactic frame (e.g. Leksell frame). Piezoelectric motors were utilized to drive the robot.

The MR imaging quality for surgical guidance can be assured by adopting a specially

designed control system, enabling the concurrent MR imaging and robot actuation. As the

robot needs to be mounted on the operation table, either MRI head coil or the scanner bore

(inner diameter of 1.5/3T MRI scanners usually �600−700 mm) needs to be customized to

enlarge the operational space for the robot.
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Fig. 2.7: (a) SYMBIS/NeuroArm® system developed by Deerfield Imaging, USA; (b) End-effector
of NeuroArm system to hold surgical tools; (c) Table-mounted robotic system towards needle-based
neural interventions; (d) NeuroBlate® system (Monteris Medical, Inc., USA) developed to
manipulate instrument in 2 degrees of freedom (DoFs). Image Source: [16–18].

After reviewing the current robotic systems for MRI-guided stereotaxy, compactness

and MRI compatibility can be concluded as two crucial matters affecting the efficiency

and flexibility of robot setup in the hospital. However, quite a few robotic systems can be

implemented into the MRI head coil, as well as perform instrument manipulation without

diminishing the imaging quality during consecutive MR imaging. No platform can provide

bilateral DBS, which is currently the prevalent approach for PD [89]. Besides, for most of

the above systems, the positional tracking of the instrument was achieved by either passive

MR fiducials or optical tracker, which may introduce high errors during the registration

between the coordinates of robot and imaging [90]. In summary, there is no existing

robotic system for functional neurosurgery, which adopts MR safe actuation and MR-based

tracking, and can conduct stereotactic manipulation inside the MRI bore.
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2.3.2 Percutaneous interventions

Percutaneous procedures are typically conducted by inserting a needle or probe through

the patient’s skin towards target anatomy. Percutaneous interventions can be involved in

various applications, including biopsy, drainage, drug administration and tumor ablation.

As one of the primary sources of cancer-related death globally [91], liver cancer is also the

sixth most common type of cancer. Hepatocellular carcinoma (HCC) is the most common

form of primary liver cancer and is mainly treated by liver transplantation and resection for

<20% cases [92]. The remaining cases can be conducted by RF ablation [93], which is a

standard local ablative therapy. For each insertion, an ablation needle with an outer diameter

of �1.2-2.1 mm is advanced through patient’s skin to the target region, which is generally

under the guidance of ultrasound or CT. In case of a tumor with a larger diameter (>�3 cm)

or multiple tumors, several needles would be inserted to achieve a complete ablation.

However, despite the recent development of RF ablation and other loco-regional

techniques such as laser therapy, cryotherapy, microwave ablation, HCC still holds a high

recurrence rate in five years at 70% [94]. The current procedure still faces challenges in

dealing with tumors near vessels or organs, since the ablation cannot guarantee accurate

ablative margins (<10 mm). As a result, the tumor recurrence rate may be increased or

potential of inadvertent organ injury would be caused. Multiple paths are required for the

tumors resided on the liver dome, or near the gall bladder [95]. Furthermore, liver movement

caused by patient respiration would also bring difficulty to the procedure [96] during the

percutaneous treatment.

In an attempt to solve these challenges, MRI has been applied as an option to ultrasound

and CT guidance, demonstrating unique advantages of high-contrast imaging of soft-tissue

[97] and zero ionizing radiation. The intra-op MRI can also accomplish real-time and

accurate measurement (<1°C) of tissue temperature, allowing estimation of ablation and

its heat diffusion progress. Alternatively, laser ablation [98] can be conducted with MR

thermometry and no imaging interference. Nevertheless, the precise probe placement

in tumor and percutaneous needle insertion positioning still play an essential role in

effective MRI-guided ablation. It demands highly skilled operators, which may also induce

inter-operator variability in ablation results [99].

To minimize the probe placement variability, passive needle holders have been

developed as commercial products, such as SeeStar (AprioMed, Uppsala, Sweden) and
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Simplify (NeoRad AS, Oslo, Norway) [100, 101]. Passive devices can support the manual

alignment of needle orientation and hold the desired direction for needle insertion. However,

surgeons still have to perform intensive manual adjustments of the needle to achieve an

accurate placement. It would lengthen the operation time due to the frequent transfer of the

patient in-and-out the MRI scanner, so as to conduct needle adjustment.

Fig. 2.8: (a) Innomotion robotic system from Innomedic Inc., Herxheim, Germany; (b) Robotic
system for MRI-guided liver tumor ablation by laser; (c) MR safe needle-guide robot actuated by
pneumatic motors. Image Source: [19–21].

To this end, extensive researches have been conducted towards the MR safe/conditional

systems for robot-assist percutaneous procedure. A commercialized robotic system

Innomotion (Innomedic Inc., Herxheim, Germany) (Fig. 2.8a) was developed for MRI-

and CT-guided needle placement [102]. The robot was table-mounted and could provide

5-DoF needle manipulation through pneumatic actuators. The experiment demonstrated an

average targeting accuracy of <0.5 mm by the system. Research prototypes have also been

built for MRI-guided needle procedures. The 5-DoF instrument manipulator developed by

Chinzei et al. [103] is an example. Two long rigid arms with end-effectors were extended to

the surgical workspace and actuated by piezoelectric motors. All the motors were placed

far from the imaging region and inside the main structure, which was mounted at the

top of an open-bore intra-op MRI scanner (0.5-Tesla, Signa SP/i, GE Medical Systems,

USA). Franco et al. [20] have developed an MRI-guided robot for tumor ablation by laser

(Fig. 2.8b), which were under pilot studies on two patients. The robot employed a gantry

to support the robot structure above the patient and could accommodate a large workspace

(up to 90% volume of the liver) for needle positioning. More research prototypes have also
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been developed, including the MR safe pneumatic-actuated needle robot (Fig. 2.8c) from

Stoianovici et al. [21], a needle steering robot for neurosurgical ablation with concentric

tubes by Comber et al. [104], and a robotic system for breast biopsy from Park et al. [105],

which could be installed on an MR imaging coil inside the MRI bore.

In general, the table/floor-mounted systems can provide a fixed reference frame through

the rigid structure, and can hence achieve high-accuracy needle targeting. However, their

bulky structure would occupy a large footprint, which may require a specialized MRI

body coil or scanner with larger clearance, as well as alteration of the surgical workflow.

Moreover, the potential relative motion between the robot/needle and patient body due to

respiration or accidental movement of the patient would pose a safety hazard.

Patient-mounted systems can guarantee safety regarding the patient movement, as the

needle and robot have the synchronized motion with the patient. The Light Puncture

Robot [22, 23] was developed for CT- and MRI-guided needle placement and actuated by

pneumatic cylinders (Fig. 2.9a). The system could achieve a large needle tip workspace (135

mm× 120 mm) above-skin and automatic needle insertion. However, as a result, the overall

system footprint was large (368 mm× 270 mm× 127 mm). A patient-mounted robot [106]

was developed for MRI-guided arthrography of the pediatric shoulder (Fig. 2.9c), which

could provide 4-DoF needle manipulation and had a diameter of ∼ �200 mm. A robotic

system for low back pain injections was developed by Li et al. [24], with a dimension of

219 mm × 250 mm × 87 mm. It could be anchored on the patient’s body directly through

the two stacked x-y table mechanisms (Fig. 2.9b).

Although many current systems can provide accurate and automatic needle positioning,

they are typically not designed for the simultaneous use of multiple needles. Due to

the relatively large footprint, most of the systems could not be deployed in multiples

to overcome this limitation. In case of larger (>�3 cm) and/or multiple tumors, several

ablations and insertions are often needed to sufficiently cover the tumor volume [107]. This

would prolong the procedure if only a single-needle ablation can be conducted at each time

of MRI guidance. Few studies have been focused on this issue. A patient-mounted MR

conditional robotic positioner was proposed by Wu et al. [26], which could be fixed on the

MRI loop coil (Fig. 2.9d). The robotic system was particularly designed for multiple needle

insertions, although through a common entry point for needle insertion. This feature may

restrict its applications in cases where separate entry points are required.
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Fig. 2.9: (a) Computed tomography (CT) and MRI-compatible system for needle positioning and
insertion, which was mounted on patient body. The robot was actuated by pneumatic pistons; (b)
Patient-mounted robot for low back pain injections. The robot was anchored on patient’s body by
two straps; (c) Robot for MRI-guided arthrography, which was mounted on the patient’s shoulder.
The basement of robot can be attached on patient’s body by adhesive pads; (d) MR conditional
robotic positioner mounted on MRI loop coil. Multiple needle insertions can be conducted by the
robot. Image Source: [22–26].

For MRI-guided percutaneous procedures that require multiple needle insertions,

the overall procedure time could be shortened by reducing the need for rescanning,

repositioning, and inserting needles for each target. It poses a strong need for a small-size

patient-mounted robotic platform to conduct MRI-guided percutaneous needle placement,

which could also enable the needle targeting and insertion at multiple locations.

2.3.3 Intra-cardiovascular interventions

Heart rhythm disorders, also named as arrhythmia, affect over 2.6 million people in the

United States each year. Specific arrhythmias, e.g. ventricular tachycardia (VT), may induce

unexpected cardiac death, causing over half a million death in the United States annually.

As population age increases, these numbers would rise accordingly. Timely diagnosis and

proper treatment can prevent at least 80% of the cardiac deaths. Among a variety of

treatments, cardiovascular electrophysiology (EP) is an effective surgical approach, which

has drawn growing attention [108,109]. In the procedure, a long (∼1.5 m) and thin (∼�2.7
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mm) catheter is inserted to the heart chamber from the femoral vein. Then the electrodes

on the catheter tip conduct RF ablation on the target tissue, which can block the irregular

electric signals that induce arrhythmias. Two significant factors govern the effectiveness

and safety of the EP procedure: i) the ability to evaluate lesions and their locations, as

well as to monitor the ablation progress during intra-op imaging; ii) effective manipulation

of cardiac EP catheters to the target tissues for electroanatomic mapping (EAM) and RF

ablation [110–112].

However, the arrhythmia recurrence rate would rise due to the formation of

edema instead of necrosis, which were generally caused by insufficient RF ablation or

inaccurate/incomplete electrical-circuit isolation [113]. On the contrary, excessive ablation

of tissue may cause severe perforation on the cardiac wall. In light of the challenges,

MRI can provide high-contrast imaging for clear visualization of cardiovascular soft tissue,

as well as can enable the construction of the 3D cardiac roadmap [114, 115]. The scar

tissue [116] or edema [117] resulted from completed or inadequate RF ablation can also

be promptly visualized and distinguished under MRI. Numerous clinical trials have also

been carried out by research groups (e.g. [118–121]), verifying the advantages of intra-op

MRI-guided EP procedure.

Even assisted by the cardiac roadmap for catheter navigation, it still remains challenging

to manipulate the long and flexible EP catheter, particularly due to the dynamic disturbance

and the rapidly deforming cardiovascular tissue. These difficulties have stimulated the

development of tele-operated robotic systems for the catheter manipulation [122–124],

including the well-known commercial platforms - Hansen Sensei® X (Fig. 2.10a), Amigo

Remote Catheter System (Fig. 2.10b), and Stereotaxis Niobe® system [125] (Fig. 2.10c).

These commercial platforms have demonstrated the great potential of robotics to enhance

the catheter manipulation accuracy and dexterity for intra-cardiac EP intervention. However,

the catheter navigation would still be complicated due to the lack of real-time and

continuous updates of patient-specific cardiac EP roadmaps. The electrophysiologists

would be conservative to perform large amount of RF ablation, due to the possibly large

misalignment (>5 mm) between the actual and reconstructed catheter tip positions in the

roadmap or EA map. Despite the significant benefits of robot-assisted catheterization as

well as the advances of intra-op MRI, there is no complete system which has been tested for

MRI-guided EAM and RF ablation. This may attribute to the high demand on dexterous

manipulation of the long flexible EP catheter, as well as the conventional challenge of

robotic actuation in MRI environment [126].
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Fig. 2.10: (a) Sensei® X robotic system developed by Hansen Medical. Surgeon can use a motion
input device to tele-operate the robotic catheter; (b) Amigo Remote Catheter System by Catheter
Precision Inc. Cardiac catheter can be directly mounted on the robot for tele-operation; (c) Niobe
Remote Magnetic Navigation System. The catheter tip motion can be driven by magnetic force.
Image Source: [27–29]
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2.4 Perspectives towards MRI-guided robotic system

In review of the development of MRI-guided robotics, tele-operation has become a common

feature for most of the surgical robotic systems. On the other hand, there are still lots

of unsolved technical difficulties in association with the robotic operation and setup in

MRI. Major difficulties involve the restricted workspace within the MRI scanner bore,

MRI compatibility regarding the robot actuation/material, and the real-time localization

of instrument/target with sufficient imaging quality. The system design is anticipated to be

more compact with improved accuracy and dexterity. The subsequent sections will present

the trends and perspectives of tele-operated robotic systems under MRI environments

towards high-performance robotic manipulation. These perspectives also constitute the

main focus of this thesis.

2.4.1 Tele-operated robotic system

In tele-operated robotic system, the operator can remotely control the manipulator, while

continuously receiving sensory or visual feedback. This type of system is also named

as “master-slave system”, with the control part as “master” and remote manipulator as

“slave”. Tele-operated robotic system has attracted significant interests and been utilized for

various medical applications, including diagnostic and interventional procedures. A medical

tele-operated robotic system can conduct interventional tasks remotely while involving the

advantages of robotic manipulation. These features can particularly benefit the MRI-guided

interventions, where the high magnetic field and confined workspace in the scanner would

cause limited accessibility to the patient (Fig. 2.11). Most of the MRI-guided robotic

systems introduced in Section 2.3 were tele-operated, demonstrating the significance by

their applications. Image and video guidance are two primary sources for the control of

tele-robotic systems. The portability and transportability of the tele-operated robotic system

would be affected by the image acquisition process. For the application in MRI, real-time

intra-op MR imaging (Fig. 2.11) of the target region can be readily acquired, which can be

shown together with the instrument localization for visual guidance.
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Fig. 2.11: Integrated robotic framework involving the MR safe/conditional actuation and robotic
platform, tele-operation control interface, and MR image processing.

Compared to the fully autonomous systems, tele-operated robotic system would not

completely replace human operation, but can involve human in the control loop. Physicians

can contribute their expertise together with the precise and dexterous robotic manipulation

for surgical procedures. An exemplary case is the robot-assisted stereotactic interventions.

Surgeon can pre-define the instrument trajectory based on pre-operative images. And

the remote manipulator can execute the task automatically by following the instruction.

Another example is the da Vinci® surgical system. It can display the operating environment

to surgeon through the endoscopic camera, while greatly improving the instrument

maneuverability through robotic tele-operation. Regarding the safety issue, human factor

is still an important constituent to ensure the safety and effectiveness of surgical procedures

[127]. Experts need to continuously monitor and take control of the whole procedure to

avoid any accident that the robotic system may not be able to handle.

However, contrary to the expending use of tele-operated robotic systems for

MRI-guided interventions, only a few systems have been commercialized, and much fewer

have been adopted in interventional practice [128]. Additional efforts are required to address

technical challenges regarding: i) MR safe/conditional robotics actuation with high fidelity

and fast response; ii) compact robot design to allow operation within the limited workspace

of MRI scanner bore; iii) real-time localization and navigation of instrument/target under

MRI; iv) high-performance control for flexible robotic instrument. The majority of the

previous researches address only on a part of the above challenges and could not achieve

sufficient system effectiveness for translation to clinical routine.
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2.4.2 MR safe/conditional robotic actuation for tele-operated system

As introduced in previous sections, MRI is well-known for its superior capabilities

in providing non-invasive and high-contrast images of soft tissues without harmful

ionizing radiation, and also in monitoring the temperature changes during thermal therapy

procedures [53]. These advantages prompted MRI for interventions ranging from biopsy

[54], thermal therapy for tumor ablation [55, 56], drug delivery [57, 58] to catheter-based

procedures within cardiovascular system [59, 60].

However, the use of ferromagnetic materials is forbidden due to the high magnetic

interaction forces in MR environment (e.g. at 1.5 or 3-Tesla). Conductive materials may

introduce eddy currents by EM induction, which may generate excessive heating or cause

image artifact by disrupting the magnetic field homogeneity. These limitations restrict

the adoption of conventional robotic actuators, i.e. electromagnet motor, for MRI-guided

robots. It imposes a significant challenge to robotic design, particularly for interventions

requiring precise and fast actuation, such as the manipulation of catheter inside the heart

chamber. There are strong demands of high-performance actuators adopted for robotic

actuation under MR environment. The actuator design should consider the long-range power

transmission from the control room to MRI room, and through a waveguide in-between the

rooms. Compared to the transmission distance (at least 10 meters), the length of waveguide

(∼30 cm) is negligible.

Piezoelectric (ultrasonic) motor is one of the prevalent choices for MRI-guided robotic

actuation. It employs high-frequency current to excite precise stepping action [129–131].

It generally features compact size and high positioning accuracy (e.g. �23× 34.7 mm3,

5.73× 10−6 degree per step [31]), which can give rise to a flexible robotic design and

integration. Fig. 2.12a-b show two robot designs with the adoption of piezoelectric motors

for stereotaxy [8]. However, the use of electricity with high-frequency current would

inevitably introduce interference leading to image artifacts. In order to minimize the EM

interference, the motors had to be placed far from the imaging region [103]. Recent study

[31] attempted to use tailor-made components to attenuate EM interference. Much effort

has been made in designing the EM-shield enclosures and the motor driver for low loss

of signal-to-noise ratio (SNR). Nevertheless, due to the fundamental working principle of

stepping and friction driven, it is challenging to apply piezoelectric motor to operations that

require promising dynamics performance.
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Fig. 2.12: (a) Robotic system driven by piezoelectric motors from PiezoMotor AB, Sweden, which
was designed for MRI-guided stereotactic neurosurgery; (b) NeuroArm manipulator actuated by
piezoelectric motors from Nanomotion, Yokneam, Israel; (c) Complex shielded enclosure containing
the piezoelectric motor drivers, power supplies, and other accessories. Image Source: [8, 30, 31].

MR safe motors driven by pneumatic power have been extensively studied over the last

two decades. The pressurized air (at 0.2-0.4 MPa) from the medical gas supply systems

in MRI rooms can actuate the pneumatic motors and ensure no EM interference in MRI.

The first MR safe pneumatic stepper motor, PneuStep (Fig. 2.13a) [32], was developed

by Stoivanici et al., which was also integrated into an MR safe prostate robot [132]. The

motor could provide a discrete rotation at 3.33° per step. Maximum torque could reach

to 640 mN-m with 3-m air hoses and air pressure at 0.83 MPa. Groenhuis et al. [33]

developed a pneumatic stepper motor and incorporated it in an MRI-guided robot for breast

biopsy (Fig. 2.13b). By sequentially pushing the pistons against a straight/curved rack,

translational motion could be generated at a resolution of 0.25 mm [133]. This motor could
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exert the highest force of 63 N at 6.5 MPa within a short transmission distance (0.5-m).

But the actuation range was constrained by the rack length. Besides, various mechanisms of

pneumatic motors were proposed to generate step-wise motion (Fig. 2.13c-d) [34, 35, 104,

134–137]. However, the high air compressibility would cause difficulties in handling the

air dynamics and also the mechanical transmission delay, particularly in certain procedures

demanding prompt and responsive manipulation/navigation of instruments.

Fig. 2.13: Various designs of MR safe pneumatic motors: (a) MR safe pneumatic stepper motor,
PneuStep; (b) Pneumatic actuator developed by Groenhuis et al., which can provide linear stepping
actuation; (c) High-torque stepper motor integrated with a gearbox; (d) Customizable pneumatic
motor from Guo et al.. Image Source: [32–35].

Hydraulic actuation using incompressible fluid (e.g. water, oil) as transmission

media can offer a much faster response and higher power density [138, 139]. However,

conventional piston-cylinder paradigm would suffer from large Coulomb friction due to the

tight O-ring sealing, which may introduce substantial mechanical losses and nonlinearities

to the control system. Whitney et al. [140] developed an efficient fluid transmission based

on the rolling-diaphragm-sealed metallic cylinders, which could significantly reduce the

mechanical friction. However, the diaphragm could only be flipped inside out with a limited

stroke, which was insufficient for operations demanding long-range motion, such as catheter

navigation in EP. Although the effective stroke could be increased by gearing up the

actuator, it would inevitably compromise the output torque and durability of non-metallic

components.
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This poses a strong incentive to develop a novel integration method of these fluid

transmissions, which is MR safe and capable of providing bi-directional rotation with

unlimited range and high payload. Such technique is expected to resolve many bottlenecks

involved in tele-operating MRI-guided surgical apparatus. For example, high-intensity

focused ultrasound (HIFU) thermal therapy [141, 142] under MRI is a noninvasive

ablation approach, which currently still relies on manual positioning of a heavy ultrasound

transducer array.

2.4.3 Real-time sensing and navigation in MRI

Position tracking of instrument is essential in interventions, where the positional feedback

data can close the control loop for robotic navigation. The conventional use of passive

MR fiducial markers has been found to be difficult in achieving responsive/continuous

tracking. The complicated MRI sequence would prolong the process time of the

susceptibility artifacts in the high-resolution images. Recently, paramagnetic markers

could be automatically localized at high frequency (50 Hz) [143]. But it had a relatively

large positional error of ≤4.5 mm when the MRI sequence PRIDE was used to acquire

echo-phased projection in three principal axes [143].

MR-based tracking can also be achieved by attaching two tiny solenoid coils

(Fig. 2.14a) close to the catheter tip, which were connected to an electronic receiver

system via coaxial cables. It is a typical MR-active tracking setting, in which the coil can

actively “pick up” the MR gradient field [144] along with the three principal directions

for localization. By matching/tuning the receiver’s circuit components for a specific MRI

scanner, these coils can be highly sensitive to very local field inhomogeneity [145]

without adversely affecting the image quality, providing high-resolution (0.6×0.6×0.6

mm3) tracking performance with fast sampling rate (40 Hz) Fig. 2.14c-d [36].

MR-semiactive tracking is a state-of-the-art approach, in which coils can be integrated

into small isolated resonant circuits. These coils can resonate with specific MR frequencies

by means of wireless inductive coupling with the MRI system. There were no direct

electrical connections with the MRI system. This can avoid resonating RF waves along

with the connection of the coaxial cable, which would pose a potential heating hazard in

active tracking. Using a properly programmed MR sequence to detune/trigger the isolated

resonant circuit, the semiactive device can be visualized in the MR images. To alter the RF

resonant behavior, an optical fiber could be connected to the circuit in order to illuminate
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a photodiode placed parallel to a coil, which could achieve real-time imaging in an in

vivo test [37] (Fig. 2.14e). MR tracking also allows real-time visualization of the catheter

configuration with respect to (w.r.t.) the EP roadmap constructed from the MR images. This

can provide the operator with reliable navigation guidance and consistent motion reference

to aim the catheter tip at the ablation lesions imaged and registered locally around the tip

(Fig. 2.14b).

Fig. 2.14: (a) Tiny solenoid coils attached on the catheter tip; (b) Real-time visualization of the
instrument configuration can be achieved based on the MR-based positional tracking; (c) Catheter
mounted with MR-active tracking coils; (d) MR image showing the location of the active micro-coil
(white arrow); (e) MR-semiactive coils mounted on a catheter; (f) Real-time MR images showing
the intense signal spot generated by the MR-semiactive coils; Image Source: [36, 37].

2.4.4 High-performance control interface for flexible robotic instrument

Catheterization is an interventional procedure for the treatment of cardiovascular diseases.

In cardiac EP for atrial fibrillation, a long (1.5-m) and flexible EP catheter is inserted

from femoral vein to heart chamber to obtain an EA map [60], then to create lesion

by RF ablation. The non-conductive scars created by ablation, usually on the ostia of

the pulmonary veins, can isolate abnormal EP signals to treat heart rhythm disorders
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(arrhythmias) [146]. This minimally invasive procedure requires delicate and consistent

motion of the catheter tip via the manipulation of the catheter handle. However, even

provided with X-ray visual guidance, maneuvering the distal tip to the desired location

is still a challenging task. To facilitate precise manipulation, robotic catheterization has

attracted increasing attention.

The conventional navigation relied on intra-op X-ray to provide a real-time navigation

interface [147]. Compared with X-ray, intra-op MRI can offer high-contrast imaging of

cardiovascular soft tissue [113], which can distinguish the edema [117] and scar tissue [116]

resulting from inadequate or successful RF ablation. MRI-guided EP procedure has been

validated by research groups with patient trials [118, 121], which have shown its potential

to improve the procedure effectiveness. MR-based tracking [148, 149] can offer accurate

localization of catheter under the same coordinate as imaging, which can eliminate the need

for registration. This feature also allows the generation of a virtual endoscopic view from

the catheter tip. The hand-to-eye coordination can hence be simplified, as the operator can

control the catheter movement in the endoscopic view instead of conventional Cartesian

space. Such an endoscopic visual guidance has been utilized in a simulated ablation task

[150], demonstrating improved accuracy and reduced potential perforation risk.

Traditional robotic control was based on the kinematics/dynamics model of the

robot configuration and motion [151–154]. The distal bendable section of a catheter

could be modeled as a continuum robot. Constant curvature (CC) approach is one of

the most common methods for kinematics modeling of continuum structures [151]. CC

models of catheters [155, 156] have simple formulations thus facilitating convenient

implementation. Catheter deflection could also be predicted from actuation force using

quasi-static force-deflection models based on beam theory [157]. Another approach

modeled the bendable sections as discretized rigid links with passive spherical joints,

which was demonstrated in a 2D motion planning simulation [158]. However, external

disturbance to the catheter, such as the pulsatile blood flow and contact with the cardiac

chamber, would promptly deteriorate the reliability of these models in surgical applications.

Furthermore, the accuracy of these kinematics/dynamics models strongly depends on proper

selection of the structural parameters. However, cardiac EP catheters usually consist of

composite materials with unknown properties. It would be time-consuming and impractical

to characterize the parameters of each cardiac catheter before usage. To obtain the precise

model parameter still remains crucial for accurate modeling and control.
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In an attempt to avoid the complicated procedures of system identification, model-free

control methods have been proposed. Online estimation of the robot kinematics can be

adopted to control the catheter within a constrained workspace with unknown conditions.

A proportional–integral–derivative (PID) controller was developed for a 4-tendon catheter

[159], in which solely real-time position/force feedback was used to generate actuation

commands. Another model-free controller introduced in [160] could estimate the Jacobian

in real-time to correlate the actuator command with the sensory feedback from catheter

tip. However, due to the dynamic disturbance in heart chambers, it is difficult to estimate

the Jacobian with a smooth transition, particularly under contact or interaction with

surroundings. It poses a strong need for precise modeling and control of standard EP

catheter towards effective cardiac catheterization.

2.5 Conclusion

This chapter reviews the advances of intra-op MRI technology and recent development

of MRI-guided robotic systems. The MRI safety classification is introduced, which is the

basic standard for the development of robotic devices under MRI guidance. The current

status of MRI-guided robotic systems is reviewed, focusing on neurosurgery, percutaneous

interventions, and intra-cardiovascular interventions. In review of these systems, there

are still lots of unmet technical challenges towards effective MRI-guide robot-assisted

interventions. To this end, essential techniques have been investigated, including the

tele-operated system configuration, MR safe robotic actuation, real-time sensing and

navigation in MRI, and high-performance control of flexible instruments.

In the following content, MR safe high-performance hydraulic motors are introduced

in Chapter 3, serving as the essential component for robotic tele-operation. The needle

placement robots (Chapter 4) and the robotic catheter system (Chapter 5) are developed

with incorporation of the hydraulic motors, offering dexterous instrument manipulation.

Real-time shape tracking and motion control methods are proposed and validated with the

robotic catheter platform, which are introduced in Chapter 6.
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MR Safe Hydraulic Actuation for

Tele-operated Robotic System

3.1 Introduction

As introduced in Chapter 2, a variety of magnetic resonance (MR) safe/conditional

robotic actuators have been developed for MRI-guided robots, in which piezoelectric

and pneumatic motors were mostly adopted. However, their inevitable drawbacks have

limited the wide adoption, such as the complex shielding or significant transmission

delay. There still lacks choice of MR safe actuator that can provide high-fidelity and

dexterous robot manipulation. In this chapter, an MR safe hydraulic actuation method

is presented. The high-performance hydraulic motors can offer tele-operated, dexterous

motion control under magnetic resonance imaging (MRI). The proposed hydraulic motor in

three-cylinder configuration is also capable of providing continuous bidirectional rotation

with unlimited range. The detailed design and mechanism of the motor are described

in Section 3.3. Kinematics and dynamics modeling of the proposed hydraulic motor is

studied in Section 3.4, which facilitates the overall design optimization (Section 3.5)

and position/torque control. Motor performance, including accuracy, step response and

frequency response, was also experimentally evaluated (Section 3.6). The key contributions

of this work include:

57
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1. Design of MR safe hydraulic motors for robotic tele-operation for MRI-guided

interventions. The motor configured with three cylinders can achieve continuous

bidirectional actuation in unlimited motion range. The motor can also be customized

with more cylinders (>3) to provide higher output torque;

2. Kinematics and dynamics modeling of the hydraulic actuation for motor control and

design optimization. Both positional and torque control can be applied. The key

design parameters governing the system performance have been devised. Their design

tradeoff is also presented in an analytical study.

3. Experimental validation of transmission performance. Step response, force

transmission, frequency response and actuation accuracy have been evaluated for the

proposed hydraulic motors.

3.2 Advances of rolling-diaphragm seals for hydraulic system

Fig. 3.1 shows a pair of cylinders enabling action-and-reaction transmission via a

long hydraulic pipe (10-meter), which passed through the waveguide in-between MRI

and control room. Compared to the 10-m hydraulic tube, the length of waveguide

(∼30 cm) would cause negligible influence on the hydraulic transmission performance.

Incompressible liquid, such as water or oil, could be filled in the pipelines to ensure

responsive, accurate power transmission in both directions. Considering the tradeoff

between pliability and stiffness of the tube for such long-distance transmission, semi-rigid

nylon tubes with outer/inner diameter of �6/4 mm (DG-5431101, Daoguan Inc.) were

selected. Radial expansion of these tubes under loading is minimal when the transmission

liquid inside is pressurized. Key components in the current prototype, such as piston rods

and cylindrical housings, were 3D-printed with polymer composites (VeroWhitePlus and

VeroClear, Stratasys, US), thus ensuring the MR safety. To enhance the structural rigidity

and robustness in production stage, alternative choices of MR safe materials with higher

strength, such as polyethylenimine and polyoxymethylene, will be explored and adopted.

Each cylinder unit contains a rolling diaphragm (MCS2018M, FEFA Inc.) made of

fabric-reinforced rubber for sealing. The diaphragm can be flipped inside out, and roll over

the piston rod to allow 35-mm stroke linear motion. Its working principle can inherently

avert the static contact and sliding friction between the seal and cylinder, which are great

concerns in the conventional O-ring-sealed hydraulic transmission [140, 161] (Fig. 3.2).
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Fig. 3.1: (a) Pair of rolling-diaphragm-sealed cylinders enabling MR safe power transmission
through a long hydraulic tube, which was channeled through the waveguide in-between control room
(master control side) and MRI suite (slave robot side). The transmission can take place only when
the piston rod is pushed onto the diaphragm hat. The rendered model and 3D-printed prototype of
the cylinder are respectively shown in (b) and (c).

Fig. 3.2: (a) Traditional sealing using O-rings. Large sliding friction would be induced between the
cylinder wall and the seal; (b) Low-friction sealing with rolling diaphragms, which can tightly seal
the fluid and avoid the sliding friction.
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To ensure symmetric rolling and constrain undesired ballooning/stretching of the rolling

diaphragm, the diaphragm hat was kept to attach the piston head and cylinder wall tightly.

As a result, the pressure reaction of the rolling diaphragm can be efficiently transmitted to

the piston head.

However, the transmission can only take place when the piston rod is pushed onto the

diaphragm hat. Therefore, only one pair of cylinders is incapable to conduct bidirectional

transmission. In this light, the integration of multiple cylinders pairs is proposed to

generate actuation in both directions. Two exemplary configurations are presented, with

two (Section 3.3.1) and three pairs of cylinders (Section 3.3.2) arranged in parallel or radial,

respectively.

Fig. 3.3: (a) Section view of two-cylinder actuation unit. The rack-and-pinion mechanism can enable
the bidirectional rotation. Preloading fluid pressure can minimize backlash, thereby maintaining
steady contact of gear teeth; (b) Prototype of the actuation unit. All components are MR safe, with
the housing body 3D-printed by polymer composites; (c) Two cylinders placed at an acute angle,
giving rise to larger range of output rotation.
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3.3 Multiple configurations of diaphragm-based hydraulic

transmission

3.3.1 Actuation with two-cylinder configuration

Fig. 3.3a shows the section view of integrated two-cylinder actuation unit with an overall

dimension of 85×60×28 mm3. The two cylinders were placed in parallel (Fig. 3.3a-b).

A pinion gear was located in-between and coupled with the two linear racks, which were

integrated with the piston rods. This rack-and-pinion mechanism can enable bidirectional

rotation of the pinion, which converts the piston’s linear motion (25 mm) to pinion’s rotation

(±47.8°). Master-slave system can be adopted (Fig. 3.4a), in which the master unit was

connected to the slave unit via two long hydrostatic pipelines. The master and slave parts

located separately in the control room and MRI room, respectively. The slave unit can

passively follow the motion of master unit which can be driven by direct current (DC)

motor (Fig. 3.4b).

Fig. 3.4: (a) Mater-slave hydraulic transmission of the two-cylinder actuation unit for tele-operation.
The slave unit can passively follow the motion of master unit driven by electric motor; (b) Prototype
of the actuation units with a master-slave setup. Hydraulic power was transmitted by 10-meter
pipelines through a waveguide in-between the control room and MRI room
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The motion range of the two-cylinder design could be increased by configuring the

cylinders with an acute angle, as shown in Fig. 3.3c. Another way to achieve the motion

range increase is to vary the cylinders’ cross-sectional areas at the master and slave sides,

in order to form a certain transmission ratio without a gearbox. However, these methods

would generally decrease the transmission accuracy and maximum torque output. Moreover,

the short motion range is still far from satisfying requirements for high-precision and

long-range navigation, such as needle insertion (>100 mm [162]) or electrophysiology (EP)

catheterization from the femoral vein to heart chamber. To this end, a fundamental change

of cylinders configuration (Fig. 3.5) is proposed to resolve the unmet technical challenges.

Fig. 3.5: Prototype of the three-cylinder actuation unit connected with three separate pipelines. All
components are MR safe, with the structural components 3D-printed by polymer composites.
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3.3.2 Continuous actuation with three-cylinder configuration

Fig. 3.5 and Fig. 3.6a show the prototype and 3D model of the proposed MR safe

motor, respectively, which integrates three hydraulic cylinders. It has an overall dimension

of 150×140×46 mm3. This design is capable of offering bidirectional, continuous and

torque-controllable rotatory actuation, in contrast to aforementioned pneumatic stepper

motors that only allowed stepper motion [32]. Continuous motion can be made possible

by taking advantage of the rolling diaphragm seal. The low-friction sealing method can

enable precise displacement/force control of each cylinder, even when connected through

10-meter hydraulic pipelines.

As shown in Fig. 3.6b, a rotating plate with a crankshaft coupled the piston rods

to the output shaft. The rotating plate can provide a larger space for the rod anchorage,

while keeping the cylinders in the same plane. The plate was fixed to the rod of cylinder

C1, with others remaining flexible to revolve around the joints. While being actuated, the

cylinders can rotate about the anchoring joints thus following the rod motion. This design

can reduce the lateral force between the cylinder housing and piston rod, and can also

keep the diaphragm centered inside the cylinder. Thus the durability of diaphragm can be

enhanced with reduced internal friction.

The motor’s output shaft can be simultaneously driven by all cylinders, which were

radially placed with 120° intervals (Fig. 3.6b). This configuration aims to avoid kinematics

singularity, where no output torque can be generated regardless of how the cylinders are

actuated. For fluid-driven cylinders that only allow for push motion, singularity would

become inevitable if only one or two cylinders are employed in a craft-shaft mechanism.

This necessitates a minimum of three-cylinder design to enable smooth rotary motion. By

employing more cylinders such that more than three, the actuator’s allowable output torque

can be increased, where more cylinders share the payload. However, the tradeoffs include

larger motor dimension and increased hydraulic pipelines to connect with the cylinders.

Other performance indices, such as step response or frequency response, would remain the

same, as they are mainly governed by the hydraulic transmission performance.
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Fig. 3.6: (a) Design of hydraulic motor with the three-cylinder configuration. The three cylinders
are radially placed/moved about the output axis; (b) Schematic diagram showing the coupling
mechanism of output shaft and piston rods through a crankshaft and rotating plate; (c) Kinematics
parameters denoted in a single cylinder, which are summarized in Table 3.1.
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By varying the linear positions of cylinder shafts (Fig. 3.7), the continuous positional

control at the output shaft can be achieved. Such a three-cylinder configuration in

previous works [32] generally output stepping motion without precise positional control

of each cylinder, or just delivered a continuous rotation. In this work, the adoption of

rolling-diaphragm-sealed cylinders can enable precise positional adjustment of individual

cylinders through the tele-operated hydraulic actuation. Then by deducing the actuator

kinematics, the angular output of the three-cylinder actuator can be accurately generated

by controlling the cylinders’ displacement.

Table 3.1: Key parameters of three-cylinder actuator

Fig. 3.7: Setup of hydraulic system for three-cylinder actuator. The continuous positional actuation
at the output shaft was controlled by varying the linear positions of piston rods, which were driven
by the direct current (DC) motors at master side through 10-m hydraulic pipelines.
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3.4 Modeling of hydraulic motor

3.4.1 Kinematics model of slave actuator

The kinematics model of the three-cylinder configuration is derived based on the actuator

geometry. Key kinematics parameters of a single cylinder are depicted in Table 3.1. All

the components, except for the rolling diaphragm, are considered as rigid bodies. Unique

solution of each piston displacement, xi, is obtainable, corresponding to an angular position

θ of the output shaft. By applying Cosine Law for the triangle OAP in Fig. 3.6c, the piston

displacement of the cylinder C1 can be calculated as:

x1(θ) =
√

2R(R+ s)(1− cosθ)+ s2− s (3.1)

As the pistons are evenly placed in a circle, the ith cylinder Ci has a phase difference ϕi =

(i− 1) · 2π/n compared with cylinder C1, where n is the total number of cylinders and

equals to 3 for the three-cylinder configuration. Therefore, the piston displacements of the

cylinders can be derived by adding the phase difference to θ in Eq. 3.1. Note that the

misalignment due to the installation of rotating plate is negligible.

3.4.2 Dynamics modeling of hydraulic transmission

To identify the system properties and optimize the design parameters, we established the

model of the integrated transmission system and carry out the validation, not only in

simulation but also in the experimentation. Provided with the dynamics model of our

proposed actuator, we can identify the key parameters that govern the system performance,

which makes it possible to define a design guideline to fulfill various practical requirements

and constraints.

The proposed transmission system adopts a master-slave design, with two sides

connected by hydrostatic transmission pipelines. The slave side is the three-cylinder

actuation unit and the master side comprises of the same number of cylinders individually

driven by electric motors. The system dynamics model is derived in two parts, namely the

slave actuation unit and the hydraulic transmission.

The kinematics and dynamics of the two-cylinder configuration (Fig. 3.3) could

be formulated as xt = ±rp · θ and τt1 − τt2 = Ip · θ̈ + τo, respectively, with Table 3.2
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summarizing the parameters. There are two assumptions: 1) all the components are

considered as rigid body, except for the rolling diaphragm and pipelines; 2) friction at the

joints is negligible. It is also applicable for the models of three-cylinder configuration.

Table 3.2: Parameters of dynamics model for two-cylinder configuration

For the three-cylinder configuration illustrated in Fig. 3.6a-b, each cylinder can only

generate a unidirectional force, which comes from the fluid pressure in the pipeline. The

output torque contributed by the ith cylinder can then be described as τi = Fi ·di, where Fi is

the force provided by the cylinder and di is the offset between the center line of the ith piston

and the rotation axis of output shaft. From Fig. 3.6c, di could be calculated as di = R · sinβi,

where βi is the angle between AO and the ith piston rod axis, and R is the rotational radius.

According to Sine Law, sinβi can be calculated as:

sinβi =
s · sin(θ −ϕi)√

s2 +R2−2s ·Rcos(θ −ϕi)
(3.2)

The output torque at the crankshaft is generated from the the cylinder rods as:

n

∑
i=1

τi = Irθ̈ + τo (3.3)

where Ir is the inertia of the rotational components, θ̈ is the angular acceleration of output

shaft and τo is the output torque. Thus, the correlation between the output torque and the

forces provided by the cylinders can be described. Torque control is then made possible to

be implemented on this actuator.

The dynamics model of the rolling diaphragm-based hydraulic transmission describes

the relation between the input force Fin (master side) to the output force of Fout (slave

side). A spring-mass-damping system (Fig. 3.8) is adopted to approximate the interactions

between the pistons and hydraulic fluid. Their interconnection is represented by the

spring elements of stiffness 2Kt , which account for the pipeline compliance and fluid

compressibility. We assume that the system damping induced by the rolling diaphragm and
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fluid friction can be described by the coefficients c and B f .

We first derive the pipeline compliance by considering that the input force Fin is applied

at Piston 1 while the Piston 2 is being blocked. The following equations in Eq. 3.4 describe

radial stress σr and the hoop stress σθ applied on the inner pipe wall resulted from the

applied pressure P, according to Lamé Formula:

σθ = P ·
D2

pi +D2
po

D2
po−D2

pi
, σr =−P (3.4)

where Dpi and Dpo represent the inner and outer diameters of the pipeline. For pipes

made of isotropic material with Poisson’s ratio ν and elasticity modulus E, the hoop

strain is equivalent to εθ = ∆Dpi/Dpi = (σθ − υσr)/E. The volume change in the pipe

for an enclosed system should be equal to the change in the input cylinder, which gives

[(Dpi +∆Dpi)
2−D2

pi]Lp = D2
in ·∆xin, where ∆Dpi is the change of pipe inner diameter, Din

is the diameter of input cylinder, ∆xin is the displacement of input piston and Lp is the length

of pipe. Therefore, the inner diameter change of pipe could be determined by:

∆Dpi ≈
D2

in ·∆xin

2DpiLp
(3.5)

Fig. 3.8: Dynamics parameters of a single transmission pipeline. Input force Fin is applied to produce
movement at constant velocity of piston 1, with output force Fout equal to zero. The cross markers
“×” denote the fluid damping.

With Eq. 3.4, Eq. 3.5 and the assumption that the pressure comes from the input force

Fin = P · (πD2
in/4), the pipeline stiffness Kp observed at the piston can be derived as:

Kp =
Fin

∆xin
=

πED4
in

8D2
piLp

[
D2

pi +D2
po +νD2

po−νD2
pi

D2
po−D2

pi

]−1

(3.6)

The fluid stiffness resulted from compression could be modeled as K f = Ev ·Ain
2/V ,
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where Ain is the cross-sectional area of the input cylinder, V is the total volume and Ev is the

bulk modulus of fluid. The equivalent transmission stiffness Kt of the hydraulic pipe can be

obtained as the series of fluid stiffness and pipeline compliance: Kt = KpK f /(Kp +K f ).

For the system damping factors, we assume that the input force at Piston 1 is Fin and

it produces a movement at constant velocity, given that there is zero loading at the Piston

2 (Fout = 0). We can hence derive the fluid head loss, which is governed by the Bernoulli

equation for steady and incompressible flow between any two points in a pipe:

Pin

ρ
+

v2
in

2
+g · zin =

Pout

ρ
+

v2
out

2
+g · zout +h f (3.7)

where Pin and Pout are the fluid pressures, zin and zout represent the elevations, vin and vout

represent the fluid velocities, at the input and output piston respectively, h f is the head loss

ρ is the fluid density and g is the gravitational constant.

In this case, pipeline loss mainly contributes to head loss. So the local loss at the

connections between cylinder and tube can be neglected. Because the pipeline loss is

proportional to the length but inversely proportional to the diameters, the head loss in the

cylinders is negligible when compared with that in the pipelines. The total pipeline loss can

be approximated as h f = λLpv f
2/(2Dpi), where λ is the flow coefficient and v f is the fluid

velocity [163]. For laminar pipe flow, we can assume that λ = 64/Re, where the Reynolds

number Re = ρv f Dpi/µ , and µ is the dynamic viscosity of fluid.

Assuming that the pipes are put at the same elevation, the terms gzin and gzout can

be eliminated. The fluid is nearly incompressible so that the velocity at the input piston and

output piston is approximately equal, vin ≈ vout . The pressure Pout is zero in our case with no

load applied (Fout = 0). By observing that Fin = Pin ·Ain, the equivalent damping coefficient

B f can be obtained as:

B f =
Fin

vin
= 8πµLP

(
Din

Dpi

)4

(3.8)

For the fluid inertia, we consider an equivalent fluid mass as observed at the piston,

which can be determined by an energy calculation:

m f v2
in = mcylv2

in +mpiv f
2 (3.9)

where m f is the equivalent mass of fluid, mcyl is the fluid mass in cylinder, and mpi is the
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fluid mass in the pipeline. Then the equivalent mass can be obtained as:

m f = mcyl +mpi(Din/Dpi)
4 (3.10)

The key components of the overall dynamics model of the passive fluid transmission

system are shown in Fig. 3.8. The dynamics of the hydraulic transmission can be described

by a linear differential equation as follows:

Kq+Cq̇+Mq̈ = F (3.11)

where 
K =


2Kt −2Kt 0

−2Kt 4Kt −2Kt

0 −2Kt 2Kt

 C = diag(c,B f ,c)

M = diag(mp,m f ,mp) F =
[

Fin 0 −Fout

]T

(3.12)

In Eq. 3.10, q = [ q1 q2 q3 ]T denotes the matrix containing displacements of input

piston (q1), fluid (q2) and output piston (q3). Damping coefficient, c, is introduced by the

rolling diaphragm. The state space function can be derived as: q̇

q̈

=

 0 I

−M−1K −M−1C

 q

q̇

+
 0

M−1F

 (3.13)
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3.5 Design optimization of hydraulic transmission system

This section presents the design guidelines for the hydraulic system in regards to the

desired system performance, including fluid transmission stiffness, transmission latency

and pipeline bending stiffness. Parametric study was performed by numerical simulation

of the dynamics model. The study scope includes several form factors of the transmission

system, such as pipe diameter, length, thickness, materials, and cylinder diameter. Four

typical pipe materials: polycaprolactam 6 (PA 6), PA 66, polytetrafluoroethylene (PTFE)

and polyurethane (PU), were examined. Their nominal values adopted for the integration

are listed in Table 3.3 for reference.

Table 3.3: Values of design parameter set in simulation

3.5.1 Transmission stiffness

The transmission stiffness has a compelling effect on the system repeatability and accuracy.

Fig. 3.9a-b illustrate the trends of transmission stiffness under various pipe diameters and

lengths. The stiffness decreases when the diameter or the length increases. It can also be

observed that the choice of pipe material imposes a significant influence on the transmission

stiffness. PA66 offers the highest transmission stiffness because it possesses the highest

Young’s modulus. However, the large bending stiffness of PA66 (0.17 N-m2 with outer/inner

diameter of �6/4 mm) would hinder its application in conditions that requires flexible

arrangement. Fig. 3.9c shows that the enlargement of piston diameter could also enhance

the transmission stiffness, because of the increased piston diameter to pipe inner diameter

ratio.
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Fig. 3.9: Simulation results showing the trend of transmission stiffness against: (a) the pipe inner
diameter; (b) the pipe length; and (c) the piston diameter. It can be observed that the stiffness profile
is significantly affect by the pipe materials: polycaprolactam 6 (PA 6), polycaprolactam 66 (PA 66),
polytetrafluoroethylene (PTFE) and polyurethane (PU).
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3.5.2 Transmission latency

The power transmission in this system could be considered as the simultaneous occurrence

of pressure and velocity changes. Such velocity of pressure transient through fluid in a

closed conduit could be deduced as:

cp =

(√
ρψDpi

e ·E
+

ρ

Ev

)−1

(3.14)

where the relevant parameters are described in Table 3.4 [164]. The pipe support factor ψ is

a function of the pipe material (ν), the pipe inner diameter (Dpi) and the pipe wall thickness

(Tp), which can be calculated as following for the case of thick-walled pipe (Dpi/Tp < 10)

without anchorage throughout the length [164]: ψ = 2e(1+υ)/Dpi +Dpi/(Dpi +Tp).

Table 3.4: Physical parameters

Fig. 3.10a-b show that the predicted transmission latency was around 21 ms (with the

ratio of pipe inner diameter to thickness varying and pipe thickness fixed at 1 mm). The

enlargement of pipe inner diameter over 2 mm would cause a slight increase of latency.

But the decline of the diameter under 1 mm would bring a significant rise in latency. The

latency is also proportional to the pipe length. And more rigid pipe material can reduce the

transmission latency.

3.5.3 Bending stiffness

The pipelines’ bending stiffness can influence the system setup by affecting the maximum

tube bending curvature, which would hence affect the arrangement flexibility of the whole

system. Fig. 3.11 informs that the stiffness of the pipe will increase when the pipe diameter

raises, indicating a larger bending radius and more difficult arrangement for the pipe. The

materials of pipe can also result in four bending stiffness curves, ranging from 0.05 to 0.17

N-m2.
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Fig. 3.10: Plot of transmission latency against: (a) the pipe inner diameter; (b) the pipe length.

Fig. 3.11: Simulation result illustrating the trends of bending stiffness against the pipe inner
diameter.

Overall, several design tradeoffs haven been investigated to account for the required

dynamics performance and dedicated operating conditions. Shorter pipelines are preferable

as a general design rule to reduce the fluid inertia, give rise to a higher transmission stiffness,

and decrease the transmission latency. For surgical applications that emphasize positional

accuracy, such as breast or prostate biopsy, pipelines with a smaller diameter and pistons

with a larger diameter should be adopted to enhance the transmission stiffness. However,

a small pipe diameter (< 1 mm) would dramatically increase transmission latency and

damping, which would deteriorate the control and stability. Therefore, the pipeline diameter

shall be expanded to accommodate for applications that require a fast dynamic response,

such as tele-manipulation of a catheter in a master-slave manner.
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3.5.4 Towards maintaining a reliable hydraulic system

To enhance the transmission efficiency, the liquid in pipelines can be preloaded at the

same pressure (0.05-0.2 MPa) before operation. It can increase the transmission stiffness

in three ways: 1) reducing the volume of micro air bubbles that have been inadvertently

drawn into the pipelines during their connection; 2) pre-stretching the rolling diaphragm

that is naturally flexible in shape; 3) reducing the gear backlash, where the rack and pinion

tooth being pushed tightly in contact under the preloaded pressure. Fig. 3.12a-b respectively

demonstrate the setup and pipeline schematic of the preloading system for the two-cylinder

actuator. A water reservoir was connected to the pipelines in order to prevent entering of air

bubbles. The fluid in pipelines can be pre-loaded by a pressurized air source or air pump

before actuation. Upon the motor actuation, the valves are closed to isolate the two hydraulic

pipelines, thus enabling the master-slave hydraulic actuation. This preloading system can be

readily used for actuators with more than two cylinders by adding extra pipelines.

Fig. 3.12: (a) Setup of the preloading system for the two-cylinder actuator; (b) Schematic diagram
showing the pipeline connection of two-cylinder actuator with preloading system.
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3.6 Experimental evaluation of motor performance

Several experiments have been conducted to evaluate key performance indices of the

proposed hydraulic transmission, including step response, force transmission, positional

frequency response and sinusoidal positional tracking. In all these experiments, master and

slave units were connected by 10-meter semi-rigid nylon (PA 6) tubes, which had inner

and outer diameters of �4 mm and �6 mm, respectively. Distilled water was chosen as

the transmission media, accrediting to its incompressibility and convenient implementation.

The water pressure preloaded in all pipelines was controlled by the system in Fig. 3.12. Not

only could this eliminate backlash, but it could also ensure the symmetric folding/unfolding

of rolling diaphragms, thus reducing friction during fast motion transmission.

3.6.1 MRI compatibility test

A signal-to-noise ratio (SNR) test was conducted to evaluate the electromagnetic (EM)

interference to the MR images with the operation of the three-cylinder motor. The slave

part of the motors involved exclusively non-metallic, non-conducting, and non-magnetic

materials, thus fulfilling the MR safe classification from American Society for Testing and

Materials (ASTM) standard F2503-13 [76]. The slave part of the motor was tested in a 1.5T

MRI scanner (SIGNA, General Electric Company, USA) and was placed near a commercial

MRI phantom (J8931, J.M. Specialty Parts, USA) at the isocenter of the scanner (Fig. 3.13).

The T1-weighted fast field echo (FFE) and T2-weighted turbo spin echo (TSE) sequences

were adopted to obtain the MR images.

Fig. 3.14a shows the resultant MR images of the MRI phantom by T1 and T2-weighted

sequences under four different conditions: i) Phantom: only the MRI phantom was placed

in the scanner; ii) Static: motor was placed in the scanner and remains powered OFF; iii)

Powered: motor was in static without motion output, with the electric power was ON; iv)

In motion: motor in operation. No observable image artifact was found in the MR images

under these motor operation scenarios. The SNR analysis followed the guidelines from

ASTM F2119-07 [165], with the phantom condition served as the baseline for evaluation.

Fig. 3.14b-c illustrate the results of SNR analysis under the two imaging sequences. The

maximum SNR loss in the successive conditions was found within 2% only, even with the

motor in full motion.



3.6. Experimental evaluation of motor performance 77

Fig. 3.13: Setup of the three-cylinder motor in the 1.5T MRI scanner. This MR safe motor was
connected with three hydraulic pipelines, which transmitted motion from the master unit in the
control room. The MR image of an MRI phantom placed aside the actuator indicates the negligible
EM interference.

3.6.2 Step response of hydraulic transmission

Step response experiments were conducted to evaluate the force transmission behavior

between two cylinders, which were connected by a hydraulic pipeline (Fig. 3.1). At

the master side, a DC motor actuated the master cylinder through the rack-and-pinion

mechanism, which converted rotational torque to linear force. The output force at slave

cylinder was measured by a force sensor (MIK-LCS1, Hangzhou Meacon Automation

Technology Co., Ltd) embedded on the piston rod. Water in the pipelines was preloaded

at 0.05 MPa to ensure the mechanical couplings were fully engaged, which corresponded

to 5 N force output on the slave cylinder at the initial state. Two step inputs, i.e. 26 N and

78 N, were applied to the master cylinder. The corresponding measured force responses

are shown in Fig. 3.15. Simulated results deduced by the dynamics model in Section 3.4

are also overlaid, predicting a similar response to the measured results. The response time

was within 40 ms from the signal input and the 10%-to-90% rise time was 25 ms for both

step input forces. This rise time remains constant for different input forces, depicting an

important feature for a linear time-invariant system. The settling time with 5% error band

was about 0.17 s, indicating that the proposed hydraulic transmission could rapidly transmit

the force, even via a 10-meter long pipeline. These characteristics are crucial to the highly

responsive force transmission required in many tele-operated robot systems.
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Fig. 3.14: (a) MR images of an MRI phantom placed aside the robot indicating the negligible
electromagnetic (EM) interference in four operating conditions. Signal-to-noise ratio (SNR) test
results with sequence of (b) T1-weighted fast field echo (FFE); (c) T2-weighted turbo spin echo
(TSE). Both sequences show the SNR losses below 2% in all conditions.

3.6.3 Transmission hysteresis

Hysteresis is the primary concern for interventions that requires accurate manipulation

of instruments with high resolution. The hysteresis of the pair of two-cylinder actuation

units was measured, with the results shown in Fig. 3.16. The translational positions of the

master and slave pistons were measured at four levels of preloaded fluid pressure inside

the pipelines (0.05-0.20 MPa). The periodic motion of the master unit was controlled by

the embedded proportional–integral–derivative (PID) positional controller at a frequency

of 0.1 Hz, where 70% of the stroke-length was covered. The hysteresis was generally

uniform throughout the whole range of motion, particularly at higher preloaded pressures.

The average values of hysteresis were 0.88 mm, 0.93 mm, 1.02 mm, 1.29 mm for preloaded

pressure 0.05 MPa, 0.1 MPa, 0.15 MPa and 0.2 MPa, respectively. The hysteresis only

slightly increased with the preloaded pressure, potentially due to the rise in static friction

between the gears.
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Fig. 3.15: Experimental step response of a single cylinder transmission, which were measured in two
different steps of magnitudes. Actual and modeled responses are compared. Response time from the
signal input was within 40 ms.

Fig. 3.16: Diagram illustrating the transmission hysteresis of the two-cylinder actuator, which were
evaluated at four levels of fluid preloading pressures (0.05-0.20 MPa).
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3.6.4 Sinusoidal positional tracking

To evaluate the accuracy of the hydraulic actuator under open-loop control, a positional

tracking test was performed. No loading was added to the slave actuator. For both the

two- and three-cylinder actuators, the slave unit was controlled to follow the periodic

sinusoidal input of master actuator under open-loop control, where the angular position is

θ = Asin(ω · t). The three master cylinders were controlled based on the inverse kinematics

derived in Section 3.4. The output angular position was measured by a differential encoder

coupled with the output shaft. The frequency of periodic sinusoidal input at the master side

was kept low, which was 0.1 Hz, in order to minimize the dynamics effect such as fluid

damping.

Two-cylinder configuration: Fig. 3.17 depicts that the slave actuation unit of

two-cylinder configuration could precisely follow a sinusoidal trajectory of the master unit.

The maximum absolute positional error was 0.67 mm. The motion range was short (18 mm)

for this configuration, due to the limited cylinder stroke.

Fig. 3.17: Sinusoidal angular positional tracking of the two-cylinder actuator. The angular position
of the slave actuation unit can accurately follow input from the master unit at 0.1 Hz.
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Three-cylinder configuration: In the experiment, the periodic sinusoidal input at the

master side covered a larger motion range of 360°. This sinusoidal tracking performance is

illustrated in Fig. 3.18, which shows the input and output angular motion profile, as well as

the corresponding error in angular displacement. It also demonstrates the three-cylinder

continuous actuator can track the positional input over the range of 360°. The average

error between the input and output within one cycle was 0.64°, demonstrating an accurate

feed-forward control performance.

Fig. 3.18: Sinusoidal tracking of angular displacement during the three-cylinder actuation
throughout two cycles in 40s. Precise feed-forward control can be observed, with an average absolute
error of 0.64°.

3.6.5 Transmission stiffness

Transmission stiffness is a critical index which can characterize the response and steadiness

of a hydraulic actuator. The stiffness of the presented master-slave two-cylinder actuator

(Fig. 3.3) was experimentally measured. The input shaft at the master side was actuated by a

DC motor. The input torque and angular displacement were measured by a torque sensor and

differential encoder, respectively. With the slave side fixed, transmission stiffness could be

deduced by the torque and angular position at the master side. In every test cycle, the input

torque was alternated between the positive and negative extremes. This torque was changed

in a quasi-static manner, once per 10 seconds (≈0.1 Hz), in order to minimize the dynamics

effect such as fluid damping. This test was repeated under four different conditions of fluid
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preloading levels, i.e. 0.05, 0.10, 0.15 and 0.20 MPa.

Fig. 3.19 shows the torque-angle diagram. The recorded data at four preloading levels

were linearly fitted using least square regression. A highly linear relation between torque

and angular displacement can be found, corresponding to a spring-like stiffness behavior of

the hydraulic transmission. Furthermore, there is a clear trend that the increase in preloaded

pressure can improve the transmission stiffness. This is consistent with the prediction

in Section 3.5.1. In the mechanical model, the hydraulic fluid (water) is assumed to be

incompressible, and the transmission stiffness is mainly attributed to the compliance of

nylon hydraulic pipes. Preloading on fluid can pre-stretch, thus stiffen the nylon pipes.

Meanwhile, the torque transmission hysteresis reveals in the same diagram (Fig. 3.19) as

well. The area inside the hysteresis profile, enclosed by forward and backward transmission,

indicates the energy loss during one cycle. Higher preloading pressure would also lead to

more significant hysteresis, as it can tighten the gears to reduce backlash, but inevitably

giving rise to the friction between gears.

Fig. 3.19: Torque-displacement trials of two-cylinder actuation under four levels of hydraulic
pressure (0.05-0.20 MPa) preloaded. Motion hysteresis can also be observed from the corresponding
enclosure area, and the stiffness profiles can be denoted by the overall regression slope, ranging from
6.60 to 9.63 Nm/rad.
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3.6.6 Force transmission performance

Two-cylinder configuration: The force transmission performance of the master–slave

actuator was evaluated by a weight-lifting experiment. In this experiment, a rotary slave

actuator depicted in Fig. 3.3a was coupled to a winch with 5-cm radius. With the hydraulic

fluid preloaded at 0.1 MPa, the master–slave actuator was capable of lifting a 3-kg mass at

a constant velocity of 10.01 cm/s, corresponding to an output torque of 1.47 Nm and net

power of 2.93 W. The input torque at the motor axis on master side was also monitored by

a torque sensor, which was used to estimate the hydraulic force transmission efficiency as

70%.

Three-cylinder configuration: Force transmission performance of the three-cylinder

continuous motor was evaluated in a weight-lifting experiment, in which three master

cylinders were individually actuated by electric motors through leadscrew drives. The

output shaft was coupled to a winch of diameter �40 mm. With the hydraulic fluid preloaded

at 0.1 MPa, the master-slave actuator could lift a 2.5-kg load at a constant velocity of 50.24

mm/s, corresponding to an output torque of 0.49 Nm and a net power of 1.23 W. The

volumetric power density of the hydraulic transmission was 2.46 kW/m3. The torque/power

outputs of this motor were mainly determined by the electric motor inputs at the master

side. In principle, the continuous motor can generate power as much as the electric motors

can afford, until the weakest component with lower strength limit fails, such as tiny gear

teeth and thin rolling diaphragms.

In fact, the maximum torque of the present prototype is limited by the mechanical

strength of the 3D printed components. In the practice for animal/human trials, the robot

prototype ought to be fabricated with standard industrial machining procedures. Wider

choices of MR safe materials, such as Acetal, Nylon or any strong resilient plastic, will

be used to comprise more robust structure for promising durability and enhanced actuation

torque.
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3.6.7 Frequency response of the transmission

Two-cylinder configuration: For a linear time-invariant system, the frequency response at

steady state can be described by τss = M · sin(ωt + ξ ), where M is the “magnification”

and the ξ is the “phase-shift”. The Bode plot of the two-cylinder hydraulic transmission

is illustrated in Fig. 3.20. The magnitude plot shows a growing trend of the transmission

magnification when the preloaded fluid pressure increases. The peak of the magnification

was at around 5 Hz, which could be regarded as the natural frequency of the overall

hydraulic transmission. The increase of preloaded fluid pressure did not significantly affect

the natural frequency. The transmission phase lag remained around 25° within the low

actuation frequency (≤ 1 Hz), and was not influenced by the preloaded fluid pressure.

Small time delay could be observed for the transmission at 0.2-MPa preloaded pressure,

with values of 45 ms and 66 ms at the frequency 1 Hz and 15 Hz, respectively. The natural

frequency and phase-shift could be attributed to the compliance of the rolling diaphragms

and 10-m long semi-rigid tubes, as well as the micro air bubbles in the fluid.

Fig. 3.20: Bode plot showing torque transmission response of the master-slave hydraulic actuation
unit at four preloaded fluid pressures (0.05-0.20 MPa). The magnitude (top) and phase shift (bottom)
are shown. The data was collected in 10 cycles at the steady state.
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Three-cylinder configuration: The dynamics performance of a three-cylinder continuous

actuator (Fig. 3.5) was investigated with a frequency response method. No loading was

added to the slave actuator. The three master cylinders were controlled based on the inverse

kinematics derived in Section 3.3.2. The slave actuator could thus follow the periodic

sinusoidal input of master actuator under open-loop control, where the angular position

θ = Asin(ω · t). The amplitude was 5° and the test frequency was from 0.1 Hz to 7 Hz.

The output angular position was measured by a differential encoder coupled with the

output shaft. Fig. 3.21 illustrates the Bode plots of magnitude M and the phase-shift ξ

of the continuous actuator at steady state. Note that for a linear time-invariant system,

the frequency response at steady state becomes τss = M ·Asin(ω · t +ξ ). The magnitude

plot indicates that the magnification increases with higher preloaded fluid pressures. The

magnification value peaked at around 5 Hz, which corresponded to the natural frequency of

the overall hydraulic transmission. The phase lag of the transmission was kept at around

20.3° for low actuation frequency (≤ 2 Hz). It was also found that the increase of the

preloaded fluid pressure did not significantly affect the natural frequency and phase lag.

The transmission with preloaded fluid pressure 0.2 MPa had small time delay only: 60 ms

and 52 ms at actuation frequency 1 Hz and 5 Hz, respectively.

Fig. 3.21: Experimental frequency response of the three-cylinder actuation at four levels of hydraulic
pressure. The input is positional signal, and the output displacement was measured by encoder at
slave-side actuation unit.
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In summary, the master-slave actuator had fast step response (< 40 ms), high

transmission stiffness (9.63 Nm/rad at 0.2 MPa), quick frequency response (60 ms at

1 Hz and 0.2 MPa), and precise feed-forward control (average error of 0.64°). Higher

transmission stiffness could be attained by increasing the fluid preloading level, as shown

in the stiffness plot (Fig. 3.19). The performance in step response (Fig. 3.15) and

frequency response (Bode plot, Fig. 3.21) has demonstrated that sufficiently low latency

of force/position transfer could be maintained in a range of 0.1-2.0 Hz.

3.7 Conclusion

In this chapter, MR safe hydraulic motors are presented, which incorporate

rolling-diaphragm-sealed cylinders for high-fidelity robotic tele-operation. The

configurable MR safe motor is capable of offering continuous bidirectional rotation

with unlimited range. These capabilities would be comparable to the conventional electric

motor for versatile applications even involving high payload manipulation. It also features

fast response (rise time < 40 ms), precise open-loop control of position (average error

of 0.64°) and high output torque (0.49 N-m) through 10-meter long hydraulic pipelines.

Currently, there is no such kind of MR safe hydraulic master-slave follower. Both

kinematics and dynamics models of the motor have also been devised to identify the key

design parameters governing the system performance, namely transmission stiffness and

latency. Their design tradeoffs are presented in an analytical study.

The current limitation of the proposed MR safe hydraulic actuators is mainly on the

relatively large size (two-cylinder: 85×60×28 mm3; three-cylinder: 150×140×46 mm3).

The large actuator size would cause obstacle to reduce robot overall dimension, particularly

for the robots involving high number of DoF and used inside/under the head/body coils

with confined workspace. In our future work, we intend to miniaturize the size of hydraulic

actuators in two approaches: 1) optimizing the motor structure with more compact design;

2) customizing the rolling diaphragm with reduced size.

In summary, the proposed hydraulic actuation methods, particularly the three-cylinder

configuration, would offer many opportunities for MR safe/conditional robot. The motors

could be further implemented to other interventions demanding for intra-op MRI guidance,

such as breast and prostate biopsy. MRI-guided robotic catheter platform for cardiac EP

(Chapter 5) and robotic manipulator for functional stereotactic neurosurgery (Chapter 4)
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are our recent examples. It is anticipated that, not only would the surgical workflow be

simplified by the presented tele-operation of robot from the control room to MRI suite, but

it would also add much confidence to surgeons with clear MR-based guidance revealing on

multiple displays in control room, which is particularly crucial to cardiac EP.



Chapter 4

MRI-guided Needle Placement

Robotic Systems

4.1 Introduction

In Chapter 2, the current development status of neurosurgery and percutaneous

interventions is reviewed. Various robotic systems have been developed in an attempt to

improve the accuracy and effectiveness of needle/probe targeting and placement. However,

few systems could achieve sufficient compactness to be placed within magnetic resonance

imaging (MRI) head/body coils, as well as fully magnetic resonance (MR) safe to ensure

zero imaging interference during consecutive MR scanning. In light of the unmet technical

challenges, MR safe needle positioning robotic systems are proposed and introduced in this

chapter, aiming to facilitate improved needle placement accuracy and shortened operational

workflow.

Section 4.2 describes an intra-operative (intra-op) MRI-guided robot for bilateral

stereotactic procedures. Its compact design can enable robot operation inside the standard

MRI head coil with constrained space. MR safe, high-performance hydraulic transmissions

(Chapter 3) were incorporated in the robot. The robot performance was experimentally

validated, as present in Section 4.4. The system also incorporated novel MR-based

wireless tracking markers, which are capable of offering real-time three-dimensional (3D)

instrument localization with a frequency of 30-40 Hz. With assistance of the MR-based

tracking system, a navigation test was conducted under standard MRI settings. The

hydraulic-actuated robotic platform was proven to have minimal interference to MR

88
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imaging by a signal-to-noise ratio (SNR) test.

A semi-automated robotic system is designed for MRI-guided percutaneous needle

procedures (Section 4.3), which could be further modified for neurosurgery or other

instrument placement procedures. The compact and lightweight structure can enable the

direct fixture on patient body as well as needle targeting at multiple locations with several

robots. The instrument manipulation can be conducted in a more interactive way, with fine

adjustment conducted by the robot following the coarse initial placement by the surgeon.

4.2 Tele-operated robotic system for bilateral stereotactic

neurosurgery

After reviewing the current robotic systems for MRI-guided stereotaxy in Chapter 2,

compactness and MRI compatibility can be concluded as two crucial matters affecting the

efficiency and flexibility of robot setup in the hospital. However, quite a few robotic systems

could be implemented into the MRI head coil, as well as to conduct the manipulation

without diminishing the imaging quality during consecutive MR imaging. No platform

could provide bilateral deep brain stimulation (DBS), which is currently the prevalent

approach for Parkinson’s disease (PD) [89]. Besides, for most of the previous systems,

the positional tracking of the instrument was achieved by either passive MR fiducials or

optical tracking system, which may introduce large errors during the registration between

the coordinates of robot and imaging [90]. In summary, no existing robotic system could

conduct stereotactic manipulation for functional neurosurgery inside the MRI bore. To this

end, the contributions can be differentiated from previous works in three major aspects:

1. Development of a tele-operated manipulator for bilateral neuro-stereotaxy under

intra-op MRI guidance. The robot can be anchored based on a single platform on the

patient’s skull. Navigation for both bilateral targets can be performed independently

and simultaneously;

2. Light-weight (145.4g) and compact (110.6×206.8×33.2 mm3) robot design. It can

enable the robotic operation inside an MR imaging head coil with limited workspace.

High-performance hydraulic motors were incorporated to offer MR safe actuation

with minimal imaging interference;
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3. Intro-op MRI-guided needle navigation accomplished by wireless MR-based tracking

markers. Instrument localization in imaging coordinates can be directly acquired

in real-time. Offline registration can be avoided for the alignment of imaging and

tracking coordinates.

4.2.1 Design criteria torwards effective MRI-guided neurosurgery

The robotic system in Fig. 4.1 aims to conduct bilateral needle placement procedures,

particularly for intra-op MRI-guided DBS. The purpose of the procedure is to place an

electrode in the anatomical target, subthalamic nucleus (STN), which has an ellipsoid shape

and is located in the deep brain (90 mm under the skull surface) [166]. High-accuracy

targeting and placement of the electrode are desired to be <3 mm, in order to optimize

stimulation result. To achieve the aim, clinical consideration and robot design criteria are

discussed as follows.

Fig. 4.1: Slave module of the proposed MR safe robot for intra-op MRI-guided bilateral stereotactic
procedures.

Workspace and dexterity: Two burr holes are created on the skull for the procedure. The

proposed robotic system can be anchored on the middle line of the two burr holes, with each

manipulator serving one burr hole (Fig. 4.2). For each manipulator, 4-degree-of-freedom

(DoF) actuation of the needle guide can be achieved, including pitch, roll, and offset along

the parallel plane above the skull tangent surface. This can facilitate alignment of the

instrument with the desired straight-line trajectory to the STN. The manipulation actuation

ranges include the planar motion in X or Y direction of ±2.5 mm, pitch angle of ±33°, and
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roll angle of ±26°. These ranges can be considered to be more than sufficient to fulfill the

required workspace in many cases [166].

Insertion path planning: With the 3D intra-op MR images, surgeons can identify

the mid-commissural point (MCP), as well as the STN targets according to the anterior

commissure-posterior commissure (AC-PC) line, and can consequently define the entry

point on skull and insertion path to the target. The coordinate frame of the robotic operation

should be identical to the deep brain targets, which is pre-planned based on the AC-PC line.

The target location is approximately 12 mm lateral, 5-6 mm inferior, 3-4 mm posterior with

respect to (w.r.t.) the MCP (Fig. 4.2) [167].

Fig. 4.2: A single manipulator shown with two possible configurations. Bound-aries of subthalamic
nucleus (STN) targets highlighted in green, which could be revealed by T2-weighted MRI.
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Setup and MR compatibility: The robot is designed to achieve bilateral stereotactic

manipulation with the following features: i) the structure of the robot body is compact,

such that the robot can be mounted on the skull within the head coil; ii) automatic path

planning and instrument adjustment can be conducted; iii) bilateral manipulation can be

performed independently; iv) the robotic system can fulfill the standard of American Society

for Testing and Materials (ASTM) F2503-13 regarding MRI safety [76].

4.2.2 Tele-operated actuation system

A short-range tendon-driven mechanism (Fig. 4.3) is proposed for the slave actuation

system, which intends to separate the manipulator from the bulky and heavy actuation

module. As illustrated in Fig. 4.1, the bilateral manipulators were mounted on the patient’s

skull. And the actuation module could be accommodated on the operation table. The

manipulator and actuation module were connected by short-range flexible tendons. The

design can minimize the manipulator size to fit the limited space in MRI head coil, as

well as reduce its weight, which may cause discomfort to the patient. Meanwhile, the

tendon-driven mechanism can still provide a flexible manipulation as well as an acceptable

actuation performance in terms of torque/force, accuracy and responsiveness. To meet the

MR conditional standards, most components of the prototype were made of 3D-printed

polymers (VeroClear™, Stratasys Inc., USA).

Fig. 4.3 depicts the 1-DoF actuation module for the single layer of the manipulator.

The manipulator and slave part of the hydraulic actuation unit were connected by a pair

of tendons (≈200 mm) to transmit bidirectional actuation. The tendons had a diameter

of �0.16 mm (Dyneema polyethylene (PE), Tokushima Inc., Japan) and covered by

Polytetrafluoroethylene (PTFE) sheaths with outer/inner diameter of �2/0.5 mm. The

tendon sheath can resist axial compressing force and deformation while the tendons

are pulling, which can ensure accurate transmission of force and displacement. The

appropriate rigidity of the sheath can also support the tendon route while maintaining

sufficient pliability, even under a high tendon pulling force. The low-friction characteristic

of PTFE will greatly reduce the tendon-sheath fiction during the actuation. To reduce

the actuation hysteresis, two idlers were installed to pre-stretch the tendons, with their

translational positions adjustable along the grooves. Other than PTFE, we have also tried

Polyetheretherketone (PEEK) for the material of tendon sheath. It has similar performance

compared to PTFE, but with a higher axial rigidity to improve the transmission accuracy.
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However, it is harder than PTFE and hence has a decreased pliability.

A master-slave actuation system is designed for the robotic tele-manipulation. The

master and slave parts located separately in the control room and MRI room, respectively

(Fig. 4.3). Two-cylinder hydraulic actuators (Section 3.3) were integrated into the robotic

system. The slave unit was connected through hydraulic pipelines to the master cylinders,

which were actuated by electric motors (57BYG250-80, Hongfuda Inc., China). The pipes

were made of semi-rigid nylon, having an inner/outer diameter of �2/4 mm and a length of 8

meters. To improve the transmission dynamics performance, the parameters of the hydraulic

system were chosen according to the previous studies [138], which suggested a shorter

length and larger diameter of pipelines to diminish transmission latency, fluidic friction and

energy loss. Incompressible fluid (e.g. water or oil) was filled in the pipes, which were

channeled through the waveguide in-between the control and MRI rooms. To further reduce

the transmission hysteresis, the fluid was pre-pressured to generate a force onto the piston

against the rack-and-pinion gear, reducing the gap between the teeth and hence backlash.

Rolling diaphragm seals (�15 mm, MCS3014MOP, FEFA Inc., Germany) were adopted

in the cylinders to reduce the sliding friction during actuation (Chapter 3). The resultant

actuation response and efficiency can outperform the conventional O-rings sealings, which

generally had a significant sliding friction [140]. The actuator could generate a rotary

motion of 100.6°, corresponding to the 201.2° rotation at the base joint of the manipulator.

Fig. 4.3: Key components and schematic diagram of a 1-degree-of-freedom (DoF) actuation design
for the single layer of manipulator. Master-slave hydraulic transmission was integrated with a
tendon-driven mechanism. Hydraulic power was transmitted through 8-m long pipelines through
the waveguide in-between control room and MRI room.
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4.2.3 Skull-mounted manipulator design

Fig. 4.4a illustrates the structure and components of the robotic bilateral manipulator. It

adopts a five-bar planar parallel mechanism for the upper and lower layers of arms, which

can enhance positioning accuracy and stiffness compared to the serial-link structure. Large

workspace-to-footprint ratio has also been revealed in previous studies [168, 169] for such

parallel mechanism. The planar motion can be manipulated by two active revolute joints and

three passive revolute joints, providing 2-DoF actuation at the end-effector of each layer.

The parallel mechanism has been integrated into the robot to form 4-DoF, five-bar-linkage,

double-layer manipulators in a bilateral arrangement.

Fig. 4.4: (a) 3D model illustrating the robot structure and main components of the two manipulators
for bilateral stereotaxy; (b) Sufficient space of 20-30 mm from the skull to the manipulator’s lower
layer, which is reserved for direct observation of burr hole; (c) Dimensions with the manipulator
placed within a standard MRI head coil.

The bilateral manipulators can be anchored on a mounting base (Fig. 4.5), which was

affixed to the skull via bone screws. The anchorage locations were positioned apart from

the sagittal suture to avoid potential trauma to the patient’s brain. The mounting base can be

tailored for patient according to the pre-op images, in order to suit the patient-specific skull
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curvature (Fig. 4.4b). In the current prototype, there was a 20-30 mm spacing between the

lower arms to the burr hole, which was reserved for surgeons to have a clearer monitoring

on the burr hole in case of any accident. To ensure the remote center of motion (RCM) is

located on the burr hole, boundary condition can be set for the 4-DoF needle pose, which

could be deduced from the robot kinematics. Eight slots were reserved on the housing

surface (Fig. 4.4a) for embedding registration markers under MRI guidance. The bilateral

manipulators can operate inside the mock head coil (inner diameter: �265 mm), even with

the two sides controlled to reach the actuation limits in opposite directions.

Fig. 4.5: Bilateral manipulators which can be fixed onto the mounting base through an anchor screw.
The initial orientation of each manipulator can also be adjusted and fixed by the corresponding
anchor screws.

For each manipulator, tendon-driven mechanism was adopted to actuate the four

revolute joints and hence the forearms (Fig. 4.4a). At the distal end of the forearms, ball

joints (igus® Inc., Germany) were incorporated at upper and lower layers. To avoid vertical

backlash of the arms and keep a constant distance between the two ball joints, the upper

and lower forearms are designed to maintain contact at the sliding plate (Fig. 4.6). It can

serve as a moving contact plane for the upper forearm, which embedded sliding ceramic

balls (Fig. 4.6) to reduce the friction. Through controlling the planar positions of the two

ball joints, the needle guide orientation can be adjusted. The needle guide was fixed with

the upper ball joint to avoid unexpected sliding. Before inserting needle through the needle

guide, the desired insertion depth can be preset by a needle stop (Fig. 4.6).
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Fig. 4.6: Side view of the single robotic manipulator mounted on the skull. Upper and lower forearms
are kept in contact and can move along the sliding plate. The needle guide passes through the ball
joints of each layer, with the orientation controlled by the planar positions of the two joints.

4.2.4 Kinematics modeling

Fig. 4.7 describes the kinematics of the double-layer manipulator at one side. The coordinate

frames at the housing base and needle tip are defined as {ΨO} and {ΨE} respectively. The

cannula passes through the upper and lower passive joints, Ju5 and Jl5, respectively. Their

planar positions can be manipulated by the individual robotic actuation from the two layers,

which contain the points puk and plk (k = 1, · · · ,5), where p∈R3. These points represent the

coordinates of the relevant joints Juk, Jlk (k = 1, · · · ,5), which have the following relations: ‖pu3 −pu5‖= l f

‖pu4− pu5‖= l f

(4.1)

 ‖pl3−pl5‖= l f

‖pl4−pl5‖= l f

(4.2)

The horizontal distance a of the two adjacent base joints (i.e. Ju1 & Ju2, Jl1 & Jl2) is 25

mm. The vertical separation b of the two layers is 16 mm. The inputs values at the actuated

joint can be defined as q = [q1,q2,q3,q4]
T . The actuation ranges of the active joints can be

found as q1,q3 ∈ [29.7◦,195.3◦] for Ju1, Jl1, and q2,q4 ∈ [−15.3◦,150.3◦] for Ju2, Jl2. The
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forward kinematics can be solved by deducing the needle orientation r ∈ R3 as:

r =
pl5−pu5

‖pl5−pu5‖
(4.3)

Singularity exists in this five-bar linkage mechanism [170] in two types: (1) the

condition when the forearms are collinear; (2) the condition when the arms are fully

stretched. To eliminate the collinear condition, a mechanical limit is set for the relative

rotational positions of the forearms. For example, joint Jl5 will be controlled outside

quadrangle area of Jl1 Jl2 Jl3 Jl4. The second condition does not exist in the presented design.

The linear distances between the target and the joints Ju5 and Jl5 are defined as du and

dl respectively. Then the needle tip position pt could be obtained as:

pt = pu5 +du · r (4.4)

Inverse kinematics can be deduced by calculating the joint angles q = [q1,q2,q3,q4]
T

from the desired needle position, which is obtained by MR imaging. The desired needle

position pt and orientation r are defined in {ΨO}. Positions of pu5, pl5 could then be

obtained by estimating the needle intersecting locations on the layers:

pl5 = pt −dl · r and pu5 = pt −du · r (4.5)

The coordinates of pu5, pl5 are within the triangle ∆Ju1Ju3Ju5 and ∆Jl1Jl3Jl5, respectively.

Afterwards, the angle ∠Ju3Ju1Ju5 (θu1) and ∠Ju4Ju2Ju5 (θu2) can be calculated by cosine

laws within their triangles:

l2
f = l2

u +‖pu2−pu5‖2−2lu ‖pu2−pu5‖cosθu2 (4.6)

l2
f = l2

u +‖pu5−pu1‖2−2lu ‖pu5−pu1‖cosθu1 (4.7)

The angles ∠Ju2Ju1Ju5 (αu1) and ∠Ju5Ju2Ju1 (αu2) can be solved in the triangle

∆Ju1Ju2Ju5. The actuation angles q3,q4 can be calculated similarly through the above

procedures.
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Fig. 4.7: Schematic diagram showing the manipulator kinematics. Mechanism of five-bar linkage is
adopted for the upper and lower layers.
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4.3 Interactive needle placement robot for percutaneous

interventions

This section describes a small-sized patient-mounted robotic system for MRI-guided

needle placement, which allows needle targeting and insertion at multiple locations with

several robots. The overall procedure time could be shortened by reducing the demand of

rescanning, repositioning, and inserting needles for each target. The key contributions are

listed as:

1. A patient-mounted robotic device designed for MRI-guided percutaneous procedures.

The needle manipulator is semi-automated, with fine adjustment actuated by the robot

after coarse initial placement by the surgeon. Visual feedback from light indicator is

provided to the surgeon during manual operation for clear, interactive operation;

2. Lightweight (189 g) and compact (�108 mm×115 mm height) robot structure, which

allows mounting on the patient and operation with standard loop coils under MRI,

even for needle targeting at multiple locations. Fine adjustment can be performed by

soft fluid-driven actuators to ensure minimal MR imaging artifacts. Granular jamming

was adopted for the locking of the needle guide to prevent undesired movement;

4.3.1 Robot design criteria for MRI-guided percutaneous procedures

The considerations regarding the design and surgical application of the proposed robot are

summarized as follows:

1. Dexterity: In order to achieve an RCM manipulation for single-port intervention,

at least pan and tilt DoFs are required. An ample angle (-32° to 24° about normal

from the patient’s skin [22]) is desired for flexible adjustment of needle inserting

trajectories, particularly for tumors with large dimension (>�3 cm) that require

ablation at multiple sites.

2. Size and weight: A compact robot structure (< �110 mm) is desired, in order to

facilitate flexible anchoring on the patient body within the MRI bore. The robot

should be capable of placing in the standard MRI loop coil (Part No. 10185554,

Siemens Medical Solutions, USA), which has a diameter of �110 mm. Moreover,

multiple incisions with several robots should be considered. The robot should be
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lightweight to allow convenient handling by the surgeon, as well as to minimize the

burden on the patient.

3. Positioning accuracy: By referring to the smallest size of tumor for radiofrequency

(RF) ablation, the needle targeting accuracy should be maintained as <3 mm [171] at

the probe tip.

4. MR-safety: The robot should be made of materials that satisfy the MRI compatibility

standard ASTM F2503-13 [76]. The material is restricted to those that are not

conductive, metallic or magnetic [76]. Besides, electromagnetic (EM) interference

should be minimized during the operation of the robot, which may deteriorate the

MR imaging quality or device tracking accuracy.

4.3.2 Clinical workflow with proposed robotic system

Four stages are included in the proposed workflow, namely preparation, planning, targeting,

and intervention (Fig. 4.8). The overall duration is around 3 hours, with time cost for each

stage estimated as: (1) Preparation in 20 minutes; (2) Planning in 72 minutes (26 minutes

for each MR scan [172]); (3) Targeting in 56 minutes; (4) Intervention in 30 minutes [173].

The overall procedure time is similar to the RF ablation for hepatic malignancies under

MRI guidance, generally lasting for 2–5 hours [97]. For the treatment of multiple tumors,

the proposed compact and lightweight robot design can offer a more efficient option using

several robots for targeting and intervention. Detailed descriptions of each stage are list

below:

Stage 1: Preparation. Based on the pre-operative MRI images for early observation and

diagnosis, the target location for treatment or biopsy can be roughly estimated. At this stage,

the patient is placed on the MRI table.

Stage 2: Planning. The patient undergoes pre-interventional imaging to obtain a

high-resolution 3D dataset for the region of interest. The needle insertion path, incision

port and hence the robot position can be determined by the surgeon based on this image set.

The robot is then attached to the patient body accordingly by adhesive pads and a fastening

belt. Robot registration is then performed with a second round of MR scans to localize the

robot relative to the target.
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Fig. 4.8: Workflow of MRI-guided percutaneous intervention using the proposed needle robot. The
robotic operation is involved in the targeting stage.

Fig. 4.9: Coarse adjustment of the needle guide while the patient is being outside the scanner bore.
Fine adjustment will be tele-operated while being in the bore. The angular error of needle guide can
be indicated by colored lighting during the coarse adjustment. The needle guide can be locked by
the operator using granular jamming for a precise needle insertion.
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Stage 3: Targeting. Targeting can be divided into three steps (Fig. 4.9): 1) The

orientation of the needle guide is adjusted manually by the surgeon following lighting

instructions. When the error between the desired orientation and the actual orientation

becomes larger than 20°, between 5° and 20° or less than 5°, the red light, purple light or the

green light can be turned on respectively (Fig. 4.9). This step is called coarse adjustment of

the robot. 2) Manual locking can be applied by operating a switch on the outer shell of the

robot. 3) The patient is moved into the MRI bore for automatic needle guide positioning,

which is fine adjustment, under real-time MR tracking. Afterwards, the needle guide is

further locked by the granular jamming module inside the robot.

Stage 4: Interventional procedures. The patient is moved out of the MRI bore for manual

needle insertion by the surgeon. The allowable insertion depth is preset by a needle stop.

The patient is then moved into the MRI bore for treatment/biopsy. Intra-op imaging can be

performed based on the surgical requirement. Post-operative imaging can then be performed

as needed for detailed analysis of ablation lesions.

4.3.3 Design of robot components

The proposed robot platform is designed to be anchored onto the patient or on a loop coil to

mitigate the effects of patient movement. Three attaching pads with adhesive and a fasten

belt were employed as anchorage (Fig. 4.10). To minimize interference with MR imaging,

the main structure of the robot was 3D-printed with biocompatible polymers (MED610,

Stratasys Inc., USA). The remaining components were also made of non-conductive,

non-metallic or non-ferromagnetic materials.

The overall robot size is �108 mm × 115 mm height, with a weight of 189 g. The

compact and lightweight features can permit a flexible setup within the confined MRI

bore. The needle guide installed on the robot has 2-DoF actuation, pivoting about a ball

joint at the bottom of robot. The robot can be anchored on the patient’s body, with the

ball joint placed above the entry port on the abdomen skin and serving as an RCM for

needle guide. The robotic system can offer semi-automated needle positioning with the

core features: i) active alignment of needle direction in small range, which can be actuated

by a soft fluid-driven actuator; ii) passive needle holder manipulated manually by the

surgeon for coarse adjustment of orientation, which can cover a large (± 30°) orientation

range; iii) granular jamming locking mechanism (Fig. 4.10) incorporated to provide a rigid

fixture for needle insertion. This semi-automated actuation design can reduce the actuator’s
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performance requirements in terms of motion range and output force, but without sacrificing

the needle targeting precision. Compared to the fully automatic systems with large structural

size (> 200 mm length × 200 mm width [24, 106]), the small size of our robot can enable

improved flexibility and convenience in practice. In this way, the setup of multiple robots on

patient’s body becomes possible for the scenarios with multiple needle insertions, providing

reduced operational time and simplified scanning procedures.

Fig. 4.10: Exploded view of the robot interior structure. A locking slider is used to manually fix the
passive holder orientation. A small pack of particles can enclose the needle guide, ensuring rigid
fixture for needle insertion.
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During coarse adjustment of the needle guide, the surgeon can grip the passive holder,

which is labeled in Fig. 4.10a. The outer and inner covers constrain the motion of

passive holder into merely pivoting around the RCM. A slider (Fig. 4.10a) can be pushed

downwards to lock the passive holder through a friction-lock mechanism. The desired

needle guide orientation and corresponding optical encoder angles can be calculated based

on the target selected from preliminary MR imaging. Fiber-optic lighting (Fig. 4.9) can

transmit light signals to the surgeon to indicate the angular error range of the needle guide

orientation.

After the coarse adjustment, the orientation of needle guide can be actively manipulated

by a soft fluid-driven actuator [174] (�40 mm × 10 mm height) for fine alignment. The

fluidic chambers were 3D-printed with soft polymers (Agilus 30, Stratasys Inc., USA).

The three chambers can achieve 2-DoF planar motion (Fig. 4.10b). The chambers were

connected through 10-m long pipelines to the master cylinders, which were actuated by

electric motors. Low-latency and high-stiffness transmission can be conducted by this

hydraulic actuation approach [175, 176]. The soft actuator was connected to the needle

guide, offering two-direction fine adjustment with ± 5° motion range. Although the

full-range automatic positioning would be sacrificed, the actuator can retain small size

with lower requirements for motion range and output force. It could also ensure safety by

minimizing the potential damage to the patient upon any undue mechanical failure. Besides,

the soft actuator can achieve feedback control by incorporating the MR safe optical absolute

rotary encoders (ZapFREE® MR431, Micronor Inc., Camarillo, USA), which can provide

2-DoF angular measurement with a resolution of 0.044° for the needle guide.

In addition to the manual locking mechanism for the needle holder, a granular jamming

module (Fig. 4.10b) was incorporated into the robot, acting as a second level of locking

after the fine adjustment. A small package of granular particles was sealed in a flexible

cover, which wrapped around the needle guide. Upon the vacuum is induced, stiffness of

the granular chamber will increase, hence fixing the needle guide orientation. The granules

were polyvinyl chloride spheres with 2-mm diameter, having sufficient smoothness on their

surface to reduce the hindrance against needle guiding movement.
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4.3.4 Targeting kinematics

The schematic diagram of the robot is depicted in the Fig. 4.11a-b. A coordinate frame

{ΨO} is defined at the RCM point pO ∈ R3, about which the needle guide can revolve.

When the actuator is at rest, the actuation block is at the center point pN , and the needle

guide is perpendicular to the plane of the soft actuator. A coordinate frame {ΨA} is defined

at the point pN and moves with the actuator.

Fig. 4.11: (a) Schematic diagram showing the DoFs of the needle guide. Its initial (vertical) and
inclined pose are both constrained by the remote center of motion (RCM) at the incision point.
Angles αx and αy about the X- and Y-axis of the frame ΨO, respectively, denote the needle guide
orientation; (b) Schematic of the soft actuator with the length of ith fluidic chamber denoted by lCi.

The initial pose of the needle guide is along the Z-axis of the frame {ΨO}. After the

coarse adjustment of the robot, the angular positions of the needle guide with respect to

(w.r.t.) the coordinates X and Y of {ΨO} can be denoted as αx and αy respectively. The

three-dimensional rotation matrix A
OR(φ) ∈R3×3 from the coordinate frame {ΨA} to {ΨO}

can be described with ZYX Euler angles:

A
OR(φ) = Rz(ϕ) ·Ry(θ) ·Rx(γ) (4.8)

where the angles φ = [ ϕ θ γ ]T represent rotations defined w.r.t. the frame {ΨO} along

the Z-, Y- and X-axis respectively. The values of each angle can be found as ϕ = 0, θ = αx,

and γ can be derived based on αy according to the geometric relations. Then the position of

pN can be obtained as:

pN = A
OR(φ) ·pNO (4.9)

where pNO is the center coordinate of the actuator at the initial pose. In the same way, the
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coordinates of the soft chamber base points pC1, pC2 and pC3 can also be obtained.

For an array of inputs from the actuator chambers q = [lC1, lC2, lC3]
T , the new position

of the actuation block pA can be solved by the equation set:

lCi = ‖pA−pCi‖ , i = 1, 2, 3 (4.10)

The motion range of the chambers are lC1, lC2, lC3 ∈ [5 mm, 15 mm]. The point pA is kept

within the X-Y plane of the frame {ΨO} by the constraint:

(pA−pN) · (pN−pO) = 0 (4.11)

Then the orientation of the needle guide r ∈ R3 can be denoted by:

r =
pO−pA

‖pO−pA‖
(4.12)

Given a needle insertion depth di defined from the joint pA to the target, position of the

needle tip pT can be calculated as:

pT = pA +di · r (4.13)

To solve the inverse kinematics based on the desired tip position pT , co-registration

between image coordinate system and the robot is executed first. The robot is assumed to

have been manually adjusted and fixed and the needle guide orientation is within the motion

range of the actuator. The desired needle orientation rd can be expressed as:

rd =
pT −pO

‖pT −pO‖
(4.14)

Then the desired coordinate of actuation block pA can be obtained by solving the

equation sets of Eq. 4.11 and Eq. 4.12, with the conditions that pA is located simultaneously

in the direction of rd and on the X-Y plane of {ΨO}. In the end, the desired inputs of each

chamber q = [lC1, lC2, lC3]
T can be solved by substituting pA into the equation set Eq. 4.10.

The desired encoder angles αx and αy can also be calculated based on the needle orientation

rd.
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4.4 Experimental validation

The performance of the robotic system for stereotactic neurosurgery presented in

Section 4.2 has been validated by the following experiments, including actuation stiffness,

robotic targeting accuracy, MR tracking performance, and MRI compatibility. To verify the

proposed DBS workflow, a pre-clinical trail has been carried out under MRI guidance by

the robotic system.

4.4.1 Transmission stiffness of robotic actuation

Transmission stiffness is one of the primary factors governing the ability to resist external

disturbance. A stiffness test was carried out for the one DoF of hydraulic actuation, which

was from the master side to the manipulator’s base joint. The manipulator’s arm was fixed

to lock the joint rotation. A pair of 10-m long pipes connected the master and slave units,

which were filled with distilled water. A direct current (DC) motor was employed to actuate

the master unit with an encoding resolution of 1.39°. The applied torque by the motor was

measured by a torque sensor with 5 mN-m sensitivity (HLT131, Hualiteng Technology Co.

Ltd., China). The tests were performed repeatedly (10 cycles) under the bi-directional load.

Fluid preloading pressures at 0.05, 0.1, 0.15 and 0.2 MPa were examined. The external loads

were gradually increased, while recording the corresponding piston displacements.

The force-displacement diagram in Fig. 4.12 illustrates the increasing trend of

transmission stiffness with higher fluid pressure pre-loaded. The maximum stiffness can

reach 24.35 N/mm at 0.2 MPa preloading pressure, which was linearly fitted by the

least-square regression. In comparison, the interaction force is commonly less than 0.8

N [86, 177] between the brain tissue and the instrument, which shows that the incorporated

hydraulic actuator has sufficient stiffness to provide precise tissue manipulation under

external load. The existing compliance in the hydraulic transmission could be attributed

to three main reasons: 1) structure deformation of the plastic components under load; 2)

diaphragms elongation; 3) expansion of the pipes under internal pressure. The transmission

stiffness can be enhanced by utilizing more rigid materials. In addition, shorter pipelines

can help to increase the transmission stiffness, as well as to reduce fluid friction and

inertia [138].
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Fig. 4.12: Transmission stiffness of the hydraulic actuator illustrated by the force-displacement
diagram. Four preloading pressures (0.05, 0.1, 0.15 and 0.2 MPa) were investigated for the
experiment.

4.4.2 Needle targeting accuracy of manipulator

In the needle targeting experiment, the 3D coordinates of any point defined in the

experimental setup were measured by an EM tracking system (Aurora, NDI Medical,

Canada). The STN targets were simulated with 10 points pre-defined on a plate. The robotic

manipulator was placed approximately 100 mm above the targets, which was the average

depth of stereotactic targets under the human skull. These measured targets coordinates

were registered with the robot coordinate system. A �1.4-mm simulated needle was used,

which was similar to a DBS cannula. A 6-DoF EM marker was attached on the needle tip

to record its position.

The robot pose, needle guide configuration and the insertion depth were continuously

measured and calculated during the experiment. After confirming the needle guide

orientation towards the target, the needle was manually inserted. 10 trails were taken for

each target. When the needle tip was considered to reach the pre-defined target, 500 times

of measurement were taken and an average value was calculated. The measurement was

taken for the deviation from the needle tip to the target, as well as for the orthogonal distance

from the target to the axis of needle. The average error was less than 2 mm, and the standard

deviation was smaller than 1 mm (Table 4.1). This targeting accuracy is comparable to the

current stereotaxy application [83].
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Table 4.1: Needle targeting accuracy test results

Needle tip Normal to the needle

Accuracy (mm) Left
1.73±0.75

Right
1.21±0.63

Left
1.61±0.72

Right
1.15±0.62

4.4.3 Validation of MR-based tracking system

MR-based wireless tracking coils has been incorporated into the proposed robotic system,

which is the first time for such applications. The conventional passive tracking [178, 179]

could not provide sufficient signal contrast to the background, which was not reliable to

be used for real-time and automatic localization. Passive tracking markers would have

prolonged processing time due to the 2D image reconstruction in prior to the markers’

visualization. In comparison, the proposed wireless marker can pick up the MR gradient

signal along three principal scanning directions, and resonate with the signals transmitted

to the MRI scanner receiver [180–182]. 1-D projection techniques [183] could be utilized

without the process of image reconstruction.

Fig. 4.13: System schematic of the MRI-guided robot-assisted stereotaxy.

A navigation test was conducted using a diagnosis MRI scanner. Fig. 4.13 shows the

setup of robotic system for MRI-guided stereotaxy. The brain simulator was fabricated by

molding the agar gel (Biosharp Inc., China) into a skull model. It can be revealed in MR

images and used to improve the image contrast for needle targeting. In the test, the robot

was anchored on the skull model and placed within an imaging head coil. Two MR tracking
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markers in 1.5×5×0.2 mm3 were incorporated for robot navigation, which were embedded

in the needle guide (Fig. 4.14a). 3D fast spoiled gradient recalled-echo (FSPGR) sequence

was used to assess the location and orientation of the needle guide. The sequence parameters

are listed in Table 4.2. A needle made of carbon fiber was then inserted and scanned with

the same imaging sequence.

Fig. 4.14: (a) Needle guide embedded with two MR-based tracking coil units; (b) MR image of the
brain simulator (in the coronal view) revealing the two tracking markers by the corresponding bright
spots; (c) Virtual configurations of the instrument augmented on those high-contrast markers, which
were posed above the 3D-reconstructed brain simulator.

Table 4.2: MRI scan parameters
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The MR image in coronal view is illustrated in Fig. 4.14b, with a clear visualization

of inserted needle and coils. The bright spots with red crosses represent the two coils, with

signal intensities of 1133.00 and 1341.00. In contrary, the average intensities were measured

as 16.27 and 232.05 for the background and agar-gel brain (yellow circles), respectively. The

contrast of the MR coils can be further improved by dedicated excitation at lower flip angles

(e.g. 1°) to minimize the background signals. The dark straight line in Fig. 4.14b indicates

the negative artifact of the needle. The two spots are zoomed in and enclosed in the blue

dash ellipse. Two red crosses indicate the signal intensities of the coils, which are much

higher than the average intensities within the other two yellow circles: on the background

and agar-gel brain simulator. The marker’s inherent precision was 0.12 mm and maximum

position error was 0.50 mm, which were measured at 48-mm distance from the isocenter.

Due to the gradient field nonlinearities, these errors may increase if the marker is located

farther from the isocenter.

4.4.4 MRI compatibility test

The MRI compatibility of the robotic platform was tested in a 1.5T MRI scanner (SIGNA

HDxt, GE Healthcare, USA). A square MRI phantom (Part Number: 150027, USA

Instruments, Inc.) was placed at the scanner’s isocenter. An image without the robot was

obtained for baseline utilizing T2-weighted fast spin echo (FSE) MRI sequence (Table 4.2).

This acquisition sequence is usually used for localization in stereotactic neurosurgery.

After placing the robot alongside the MRI phantom in the scanner, three robot operating

conditions were set to acquire the MR images (Fig. 4.15): i) Static: robot remained powered

off and was placed in the scanner; ii) Powered: robot was powered on, but remained

static without motion output; iii) Operating: robot was in full operation. Then the SNRs

of MR images were examined by referring to the standard from the National Electrical

Manufacturer’s Association [184].

Fig. 4.15 shows the results with < 3% SNR loss, even with the robot in actuation.

Artifacts of MR images were analyzed according to the evaluation method in ASTM [165],

which may result from the robot’s presence and operation. The images under the four

operating conditions were analyzed. Pixels were considered as artifacts with the intensity

variation larger than 30% [124], which would be shown in the binary map (FSE Artifact,

Fig. 4.15) as white spots. The robotic operation had zero generation of imaging interference,

with no artifact observed within the MRI phantom area in the images.
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Fig. 4.15: Upper: T2-weighted FSE images of an SNR phantom. No artifact was observed within
the phantom area. Lower: SNR test results. Minimal influence on SNR has been demonstrated for
the four robot conditions.

4.4.5 MRI-guided pre-clinical trial

The MRI-guided bilateral robotic system and the proposed DBS workflow have been

validated by a pre-clinical trial. System setup and workflow are shown in Fig. 4.16 and

Fig. 4.17. A human cadaver was utilized for the experiment, with the DBS targets simulated

by capsules containing Vitamin-E. The targets were placed inside the cadaver head before

moving the subject to the MRI room. To reduce the duration of experiment, pre-op

procedures including MRI scanning and planning were omitted. The anchoring base was

fixed on the skull by three titanium screws. Afterward, based on the robot’s workspace,

the surgeon conducted the skin incision, burr hole creation, as well as dural opening.

Two fiducial rings were anchored and aligned at the center of burr holes. A head fixator

(inner/outer diameter: �220/250 mm) made of MR safe materials was employed to anchor

the subject, which had an inner diameter of �300 mm and could be placed into the imaging

head coil.
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Fig. 4.16: Pre-clinical trial conducted by the proposed bilateral robotic system for MRI-guided
stereotaxy.

After completion of all the preparation works, the subject was moved to the MRI

room for robotic needle positioning (Fig. 4.16). A 1.5T diagnostic MRI scanner (Achieva,

Philips Healthcare) was utilized for imaging. The head fixator together with the subject was

anchored tightly inside the MRI head coil during the scanning. 3D volumetric MR scan

was conducted with a selective volume covering the brain, targets, as well as the fiducial

markers. The images were stored in the computers placed in the control room through

Digital Imaging and Communications in Medicine (DICOM) connection. The 3D location

of points were chosen in the DICOM files, including the fiducial markers on robot, fiducial

rings at burr holes, as well as the targets. Then the 3D coordinates of these points were
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used for robot registration and needle insertion trajectory calculation. Note that it is just

a preliminary trajectory by directly connecting the burr hole center and target points. The

surgeon might conduct fine-tuning of the trajectory by adjusting the entry locations at the

burr hole, forming final optimized needle insertion paths.

After the confirmation of the preparatory trajectory, needle guide localization was

carried out by MR tracking sequence for robot guidance. The robot actuation states at

each joint can then be reversely determined based on the position and orientation of needle

guide. Angular errors at each joint could be estimated by comparing the actuation states

calculated from the current and desired needle trajectories. Based on the errors, the desired

joint motions could be input in the program to control the robot. Alternatively, the angular

position of each joint can be individually adjusted to reduce the alignment error. This

alignment procedure needed to be performed repeatedly to aim the needle guide at the target.

When the MR-guided robotic manipulation was completed, the subject was transferred

out of the isocenter. The desired insertion distance could be calculated according to the

robot kinematics. A clip was installed on the needle to fix the insertion distance. The

distance from the tip to the clip was equal to the desired insertion distance. Afterward,

the surgeon conducted the needle advancement manually towards the target. The subject

was translated into the MRI isocenter again for the post-operative MRI scan to assess the

targeting accuracy.
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Fig. 4.17: Proposed workflow of the MRI-guided stereotaxy with assistance of the tele-operated
robotic system.
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4.5 Conclusion

This chapter presents compact robotic manipulators for MRI-guided needle placement

procedures, including stereotactic neurosurgery and percutaneous intervention. The

manipulator for MRI-guided stereotactic neurosurgery can perform bilateral needle

targeting towards both STNs simultaneously. The manipulator features compact (110.6×

206.8× 33.2 mm3) and light-weight (145.4 g), which could be operated in the head coil

with confined workspace. The patient-mount design can avoid the repeated adjustment

of the needle orientation if patient’s head is moved during the surgery. The current robot

size has been optimized to ensure sufficient dynamics performance to achieve safe and

effective stereotactic procedures. The design trade-off between the robot dimension and

performance (e.g. accuracy, stiffness) needs to be further studied for different applications.

The high-fidelity hydraulic actuators, which are introduced in Chapter 3, have been

incorporated in the robot. The manipulation could achieve a maximum stiffness of 24.35

N/mm. The needle targeting accuracy was verified by a simulated DBS task, indicating

the robot could provide a much sufficient accuracy than the regular requirement. A

pre-clinical trial under MRI guidance has been carried out to verify the surgical workflow

with the assistance of the proposed robotic system. In addition, a semi-automated needle

placement robot is proposed towards interactive manipulation for instrument positioning.

The lightweight (189 g) and compact (�108 mm×115 mm height) features can enable the

setup of several robots for needle targeting at multiple locations.

In stereotactic neurosurgery, the continuous update of the brain map with the intra-op

MRI can greatly improve the instrument placement accuracy by monitoring the brain shift.

The bilateral needle insertion approach can also minimize this brain shift with no need for

extra anchorage on the skull. The proposed MR safe robotic system with integration of the

wireless MR tracking system can benefit from the utilization of fast MR imaging/tracking

sequences. Risks for damaging the crucial brain structures can be avoided by real-time

visualization of the instruments and targets with the robotic tele-manipulation in situ. Local

anesthesia with the patient awake could also be avoided. Lastly, it is anticipated that the

operational time could be greatly saved, which was usually due to the repeated image

alignment and instrument adjustment. In this way, the overall expense can be remarkably

reduced, which can also cover the high cost of MRI.

The current limitation of the proposed MR safe needle placement manipulators is

mainly on the lack of automated needle insertion mechanism. The needle insertion
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by manual would prolong the operation duration and reduce the targeting accuracy.

In our future work, compact (∼ �30 mm × 60 mm) needle insertion module with

tendon-driven mechanism will be developed. The module will be integrated with the

proposed manipulators to provide a fully-automated needle placement operation.

For commercialization of the proposed needle placement systems, several challenges are

still encountered. The robot design will be modified by taking account of the sterilization

standards. The materials will be carefully selected for robot components and the cost will be

examined to achieve the disposable feature. The robot effectiveness will also be evaluated

by pre-clinical trials with anatomical simulators or animals, followed by clinical studies

in prior to the market approval from relevant agency (e.g. Food and Drug Administration

(FDA)).



Chapter 5

Robotic Catheter Platform for

MR-guided Cardiac Catheterization

5.1 Introduction

This chapter introduces a robotic manipulator to achieve robot-assisted intra-cardiac

catheterization under magnetic resonance imaging (MRI) guidance. MRI can offer

high-resolution images to visualize soft tissue features such as scars or edema, as well

as can localize the catheter tip precisely with respect to (w.r.t.) the MR image/roadmap

coordinates. It is hypothesized that robotic catheterization, combined with the enhanced

monitoring of lesions creation using MRI intra-operatively, will significantly improve the

procedural safety, accuracy and effectiveness for cardiac electrophysiology (EP). However,

despite the benefits of robot-assisted catheterization and the advances of intra-operative

(intra-op) MRI, no existing commercial robotic catheterization platform could be used under

MRI guidance.

To this end, the first magnetic resonance (MR) safe robot for intra-cardiac EP

intervention has been developed. The robot incorporates the MR safe, high-performance

hydraulic actuators presented in Chapter 3, demonstrating the promising ability to

tele-manipulate a cardiac EP catheter. Detailed design and hydraulic actuation mechanism

are described in Section 5.4. A human-robot control interface to assist the tele-operation

is presented in Section 5.5. Experiments are reported in Section 5.6 to evaluate the

tele-manipulation effectiveness of a standard cardiac catheter.

118
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5.2 Clinical motivation for MRI-guided robot-assisted

catheterization

Heart rhythm disorder (arrhythmias) is one of the most prevalent cardiovascular diseases

worldwide. There are more than 2.7 million patients suffering from this disease each year

in the United States. And the estimated patient number is expected to be 16 million by 2050

[185]. The symptoms of cardiac arrhythmias vary from conditions. Mild symptoms include

irregular or skipping of heartbeat, which may be seldom noticed by patients. However,

certain types of arrhythmia, such as ventricular tachycardia (VT), may induce unexpected

cardiac death, causing over half a million death in the United States annually. As population

age increases, the number of death would rise accordingly. At least 80% of these deaths

could be avoided through timely diagnosis and proper treatment. A basic classification of

heart rhythm disorder is by heart rate, which includes bradycardia (slower heart rhythm)

and tachycardia (faster heart rhythm).

Fig. 5.1: (a) Normal cardiac conduction system. The electricity signal is initiated from the sinus (SA)
node, and transmitted to atriums and ventricles in a regular pattern; (b) Disordered electricity signal
in atrial fibrillation. The signal becomes disordered in the atria and adjacent parts of the pulmonary
veins, causing irregular heart rhythm. Image Source: [38].

Atrial fibrillation is a common case of heart rhythm disorder. For the normal cardiac

conduction system, the bioelectricity signal is initiated from the sinus (SA) node and

propagated throughout the atriums first (Fig. 5.1a). Then the signals are concentrated on the

atrioventricular (AV) node and spread to the ventricles. Under healthy condition, this electric
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signal should be transmitted in a regular pattern, governing the heart muscle to contract and

pump the blood. However, for atrial fibrillation, the signal would become disordered in the

atria or adjacent parts of the pulmonary veins (Fig. 5.1b), causing disordered heart rhythm.

Among a variety of treatments, cardiac EP is an effective interventional approach for

atrial fibrillation, which has drawn growing interests [108, 109]. In the procedure, a long

(∼1.5 m) and thin (∼�2.7 mm) catheter (Fig. 5.2a) is inserted from femoral vein to

heart chamber (Fig. 5.2c). The electrodes on the catheter tip then conduct radiofrequency

(RF) ablation on the target tissue (Fig. 5.2b). The destroyed tissue can block the irregular

electrophysiological signals that induce arrhythmias. Two key procedures are conducted

repeatedly during the EP procedure: electroanatomical mapping (EAM) and RF ablation.

Fig. 5.2: (a) Electrophysiology (EP) catheter with a diameter of ∼�2.7 mm and length of ∼1.5 m;
(b) Radiofrequency (RF) ablation conducted on the target tissue by the catheter tip; (c) Insertion
path of catheter to the heart chamber, passing through the femoral vein, inferior vena cava and right
atrium. Image Source: [39–41].

Electroanatomical mapping (EAM): Electrodes at the catheter tip are manipulated to

contact with atrial/ventricle tissues. Electrical activations can be collected at different phases

of cardiac cycle, together with the tracked location of catheter tip. The contact locations with

electrical signal information form the electroanatomical (EA) map, which is based on the

cardiac roadmap obtained by the pre-operative (pre-op) imaging (Fig. 5.3a). EP surgeons

will refer to the EA map for catheter positioning and further RF ablation (Fig. 5.3b).
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Radiofrequency (RF) ablation: In the ablation process, RF energy is delivered by the

catheter tip to destroy the tissues which are the origins of abnormal electrical signals

(Fig. 5.3b-c). The non-conductive scars created by ablation, usually on the ostia of the

pulmonary veins, can isolate abnormal EP signals to treat heart rhythm disorders [146].

The typical procedure is called pulmonary vein isolation (PVI). The ablation progress could

only be roughly estimated based on the tissue impedance decay, contact force, ablation

temperature, and intra-cardiac surface electrocardiograms (ECGs) under conventional

fluoroscopic guidance.

Fig. 5.3: (a) Electroanatomical mapping (EAM) of the left atrium (LA) during sinus rhythm. The
electrogram voltage became relative low in the red areas after ablation (red points); (b) EAM during
real-time MR–guided cardiovascular EP intervention conducted by Imricor Medical Systems. The
catheter could be localized by MR-based tracking within MR image coordinates, with ablation points
recorded. Image Source: [42, 43].

A safe and effective cardiac EP procedure depends on two crucial factors: i) the

capability of monitoring the ablation progress during intra-op imaging, as well as evaluating

lesions and their locations; ii) effective manipulation of EP catheters in heart chamber

for EAM and RF ablation [110–112]. However, for conventional EP procedure under
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X-Ray or ultrasound guidance (Fig. 5.4a-b), it is still challenging for surgeons to

manipulate the compliant EP catheter under the dynamic disturbance in heart chamber.

Apart from dexterous maneuvering of cardiac catheters to the target tissues, the ability to

intra-operatively assess lesion locations and their ablation progress is crucial to enhance the

safety and efficacy of the EP procedure. The arrhythmia recurrence chances would rise due

to the formation of edema instead of necrosis on the tissues, which were generally caused

by inaccurate or incomplete electrical-circuit isolation, or insufficient RF ablation on the

lesion [113]. On the contrary, excessive tissue ablation may cause perforation of the cardiac

wall.

Fig. 5.4: (a) Catheters under X-ray fluoroscopy; (b) Ultrasound image showing the trans-conduit
puncture. Image Source: [44, 45].

These difficulties have stimulated the study on tele-operated robotic systems for

dexterous catheter manipulation [122–124]. Several commercial platforms have been

developed, including Hansen Sensei® X, Amigo Remote Catheter System, and Stereotaxis

Niobe® system [125]. These robotics platforms have shown the great potential to improve

the catheter manipulation dexterity and accuracy for intra-cardiac EP intervention. However,

due to the lack of continuous and real-time updates on patient-specific cardiac EP roadmaps,

catheter navigation still remained complicated and inaccurate. The electrophysiologists

would be conservative to deliver a large amount of RF ablation, due to the probably large

misalignment (>5 mm) between the actual and reconstructed catheter tip positions shown

in the roadmap or EA map.

In light of these challenges, MRI can provide high-contrast imaging for

cardiovascular soft tissue visualization (Fig. 5.5a) and construction of cardiac roadmap in

three-dimensional (3D) [114, 115]. The edema [117] or scar tissue [116] can be promptly

visualized and distinguished under MRI (Fig. 5.5b), which results from inadequate or

successful RF ablation respectively. The ablation temperature and thermal dose can
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also be monitored by MR thermometry in real-time (Fig. 5.5c). In addition, with the

MRI-based real-time tracking techniques [36, 50, 186], the position of catheter tip can be

localized precisely, relative to the MR image/roadmap coordinates (Fig. 5.3b, Fig. 5.5d),

eliminating the potential misalignment occurred in conventional imaging modality (i.e.

X-ray). Numerous clinical trials have been conducted by research groups (e.g. [118–121]),

verifying the vital advantages of intra-op MRI for EP. Despite the benefits of robot-assisted

catheterization and intra-op MRI, there is no complete system which can be used for

MRI-guided EAM and RF ablation. To this end, an MR safe robotic manipulator is

developed to improve the accuracy and dexterity of catheter manipulation for cardiac EP

intervention.

Fig. 5.5: (a) Ablation progress visualized in MR images; (b) Post-ablation edema indicates progress
of ablation under MRI; (c) Ablation temperature monitored by MR thermometry; (d) Catheter tip
position localized by MRI-based real-time tracking coils, relative to the MR image coordinates.
Image Source: [1, 46–48].
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5.3 Robot design criteria towards effective MRI-guided

catheterization

The design of robotic catheter platform should comply with the following considerations

towards surgical requirements. The key robotics components are introduced in the following

sections with fulfillment of these requirements.

1. MR safety. The robot operation should not pose any hazard to the patient as well as

the MRI scanner, and not adversely affect the quality of MR images;

2. Manipulability. Necessary degrees of freedom (DoFs) should be involved to achieve

the cardiac catheter manipulation, including catheter advancement, rotation, and

catheter tip steering. Each DoF should also have sufficient motion range for effective

catheter manipulation.

3. Dexterity. The cardiac EP catheter will deliver ablation inside left atrium (LA).

Heartbeat, blood flow as well as the interaction with tissue would cause unexpected

motion of catheter tip. Therefore, the actuation of the robotic platform should feature

high accuracy, high dexterity and fast response, in order to facilitate effective and safe

catheter manipulation under the dynamic disturbance.

4. Size and weight. The robotic platform should be compact and lightweight, which

could be accommodated on the MRI operation table near or inside the scanner bore.

It should be sufficiently compact to be placed adjacent to patient’s leg, in order to

accommodate the catheter inserting location.
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Fig. 5.6: MR safe robot prototype incorporating three sets of hydraulic transmission actuation units, which can manipulate the standard EP catheter in 3 DoFs. Master-slave
motion transmission from control room and MRI room was conducted through 10-meter long hydraulic pipelines. The waveguide is EM-shielded and channels those three pairs
of pipelines, which is the only channel connecting the two rooms.
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5.4 Design of tele-operated robotic catheter system

The proposed MR safe robotic catheter system incorporated the high-performance hydraulic

motors (Chapter 3) to tele-manipulate a standard EP catheter. Master-slave hydraulic

actuation can be transmitted from control room to MRI room through a pair of 10-meter

long pipelines (Fig. 5.6), which could be channeled through the waveguide in-between the

two rooms. A full view of the robotic system is illustrated in Fig. 5.6, with the specification

summarized in Table 5.1. Detailed descriptions are introduced in the following sections.

Table 5.1: Specification of robotic catheter platform

Size 800×105×210 mm3

Weight 3.59 kg

Motion range of robotic platform
Bending −60°∼ 60°
Rotation Unlimited
Insertion 0 ∼ 340 mm
Catheter manipulation range
Cardiac catheter Thermocool® SmarttouchTM Bi-Directional

Catheter, Biosense Webster Inc.
Bending −180°∼ 180°
Rotation Unlimited
Insertion 0 ∼ 340 mm

Hydraulic transmission
Pipelines Length: 10 m;

Outer/Inner diameter: 6/4 mm
(Nylon: DG-5431101, Daoguan Inc.)

Transmission media Distill water
Pressure 0.1 Mpa
Rolling diaphragm Type A: 18-mm diameter, 35-mm stroke

Type B: 10-mm diameter, 20-mm stroke

Power source 24V DC motors

5.4.1 MR safe hydraulic actuation

The present catheter platform relies upon robotic actuation with MR safe hydraulic motors

(Chapter 3). The motors were fabricated with non-metallic materials and can be driven

by fluid-based power, e.g. hydraulic. The whole actuation unit is MR safe and has minimal

imaging interference in the MR environment, which can fulfill the criteria (1). The hydraulic

actuation unit contained pairs of hydraulic piston-actuators connected with long flexible

tubes (≈10 meters). As shown in Fig. 5.6, the master and slave parts of the robot were

separately placed in control room and MRI room. The slave part was placed inside or near

MRI bore, while the master part was being in the control room. The actuation units in master
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part were coupled with direct current (DC) motors. Each master actuation unit can drive

the corresponding slave one through 10-m pipelines, which passed through the waveguide

in-between the control room and the MRI room.

To enhance the hydraulic transmission performance and address the criteria (3), the

actuator’s cylinders were sealed by rolling diaphragm [140], as shown in Fig. 3.1. The

rolling diaphragm can act as flexible seals to separate the fluid inside pipelines from outside

air. Compared to O-ring seals which were generally used in conventional hydraulic systems,

rolling diaphragm can offer effective transnational motion with negligible friction between

the piston and the inner wall of the cylinder. This kind of elastomeric sealing is made of MR

safe, non-metallic material reinforced by fabric to withstand the high internal fluid pressure.

The hydraulic pipelines were filled with pressurized fluid to minimize the transmission

hysteresis. This can be achieved and maintained by an automatic circulation system, which

will be introduced in Section 5.4.4. Bubbles in the fluid can also be readily removed

to increase the hydraulic transmission stiffness, hence enhancing the robotic actuation

performance.

5.4.2 Robotic actuation in 3 DoFs

Three hydraulic actuation units were integrated in the robot to manipulate the cardiac

catheter in 3 DoFs, i.e., allowing translation, rolling and steering control over the catheter,

as illustrated in Fig. 5.6. The linear translational motion (insertion) can be driven by

a three-cylinder hydraulic motor (Section 3.3.2) to provide continuous and long-range

actuation. Not only can it enable the catheter advancement to the human body in a long

range of 340 mm, but it can also ensure high fidelity of pushing/pulling the catheter in short

range, which is crucial for delicate EP tasks, such as EAM and RF ablation. The rotational

output of the motor can be transmitted into linear motion through the main pulley and a

timing belt (Fig. 5.7a-b), which can then drive the robot moving along the two linear rails.

To tighten the belt and reduce hysteresis, two tension pulleys were installed in the basement

(Fig. 5.7b). Guide rollers with plastic bearings were incorporated to couple with the linear

rails, in order to reduce the friction in the translational motion (Fig. 5.7c).
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Fig. 5.7: (a) Belt-driven system for translational motion, which was actuated by a three-cylinder
actuation unit; (b) Inner structure of the belt-driven system. Two tension pulleys are installed to
tighten the belt, in order to maintain a tension for the belt and reduce hysteresis.

Fig. 5.8: (a) Three-cylinder actuation unit for rotation of the robotic platform. It can enable unlimited
motion range of catheter rotation; (b) Inner structure of the gearbox, which has a gear ratio of 2:1 to
gear-down the output of the actuation unit.
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The rolling motion (rotation) of the robot is also actuated by a three-cylinder hydraulic

motor (Fig. 5.8a). It can provide an unlimited rotational range for the catheter. Although

the catheter tip can be manipulated to cover the workspace with ±180° rotational range

ideally, surgeon may need a larger motion range to compensate the potential twist of the

long catheter body. Thus the unlimited rotational range could well fulfill the criteria (2)

for effective catheter manipulation. A gearbox was incorporated for the rotational output,

as shown in Fig. 5.8b, which had a gear ratio of 2:1. This gearbox with a gear-down ratio

can improve the performance by increasing the actuation accuracy and stiffness, as well as

reduce the hysteresis.

Fig. 5.9: (a) Schematic illustrating the steering mechanism of catheter distal shaft, which is driven
by two tendons inside catheter; (b) Catheter handle containing the knob for pulling tendons and the
screw for knob fixation; (c) Robotic platform incorporated with the catheter handle. Image source:
[49].

The steering (bending) of catheter distal section is driven by two tendons inside catheter

(Fig. 5.9a), which can be pulled by rotating the knob on catheter handle (Fig. 5.9b). A

screw on the handle can be tightened to fix the knob’s rotation, thus locking the catheter

bending shape. By incorporating the catheter with robot, the knob rotation can be actuated

by the two-cylinder hydraulic motor because of less motion range required (Section 3.3.1).

The axis of actuator output shaft is coincide with the knob rotation axis (Fig. 5.9c). The

hydraulic motor has a motion range of ±60°, which is corresponding to the steering of

±180° for the EP catheter (Thermocool® Bi-Directional Catheter, Biosense Webster Inc.).

The two-cylinder actuator can maintain a compact robot size while providing sufficient

motion range for catheter steering.
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To address criteria (3), the angular positions of the master gears can be precisely

controlled using the motors’ built-in proportional–integral–derivative (PID) controllers.

Since pipeline diameter and length also contribute to the fluid dynamics [175], stiff pipelines

made of nylon (Table 5.1) were employed to minimize the pipe deformation when subjected

to transmission force, thereby maintaining high precision output at the slave gears.

To minimize the EM interference to the MR images, all the components of the

slave part were made of exclusively non-metallic, non-conducting, and non-magnetic

materials, thus fulfilling the MR safe classification from American Society for Testing

and Materials (ASTM) standard F2503-13 [76]. The main structural components were

3D-printed using acrylic compounds (VeroWhitePlus/VeroClear, Stratasys, USA). The

key actuation components were made of MR safe materials, including gears of nylon,

a transmission belt of rubber, and auxiliary parts of polymers (e.g. Polyvinyl Chloride

(PVC), Polyetherimide (PET)). This master-slave system has been tested to withstand

rapid actuation (≤ 15 Hz) under high fluid pressure (≤ 0.3 MPa). Regarding sterilization,

this small-sized slave body can be enclosed by disposable surgical equipment drapes.

The insertion guide (Fig. 5.10a), which is made of low-cost acrylic compounds, is also

disposable and can be sterilized beforehand.

5.4.3 Quick plug-in catheter holder

The robotic catheter platform employs modularized catheter holders (Fig. 5.10a), which

can be tailor-made to accommodate various types of steerable EP catheters (e.g. Biosense

Webster Inc. or St. Jude Medical). In this way, the platform is switchable for catheterization

systems by replacing the detachable catheter holders. Furthermore, these catheter holders

can be 3D-printed to account for future upgrade of any new catheter handle design. A

“plug-in” design is also included to quickly attached or detached the catheter from the

robotic platform, even during the EP procedure. As illustrated in Fig. 5.10b, the catheter

can be installed into the upper passive holder and mounted on the robot. In EP procedure,

the catheter can be inserted firstly by surgeon into patient’s vein, and then be incorporated

on the robot for further navigation or targeting. The catheter together with the holder can

also be quickly detached from the robot, even during the operation. In this way, the robot

design can facilitate safe and flexible arrangements for EP procedure.
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Fig. 5.10: (a) Main components of the MR safe robotic manipulator (the slave system) which can
operate in the MRI room. A cardiac EP catheter can be tightly mounted on a tailor-made catheter
holder; (b) Robot deployment procedure including four steps: 1) detach the holder from the robot;
2) insert catheter through introducer; 3) install catheter handle into holder; 4) attach the holder with
catheter onto the robot.

5.4.4 Master console and automatic fluid circulation system

The console contains all the master actuation units to tele-operate the slave robot (Fig. 5.11)

through hydraulic transmission. DC motors, controller and corresponding circuits were

installed for actuation and control. As the console should be accommodated in control room,

it does not need to fulfill the MR safety requirement. The master console also contains

an automatic fluid circulation system to supports the high-performance operation of the

hydraulic system. The functions of the circulation system are summarized as following:
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1. Preloading of hydraulic transmission system. Except for the pipelines connecting the

master and slave units, additional pipes link them to a water reservoir to prevent entering

of air. Before the robotic operation, valves are opened and pressure (0.05-0.2 MPa) can

be introduced into the hydraulic system through a pressurized air source or an air pump.

Then the input/output positions of the master and slave units can be aligned. Upon the

motor actuation, the valves are closed to isolate the fluid in pipelines, thus enabling the

master-slave hydraulic actuation.

2. Automatic fluid circulation. The system can circulate the fluid within the hydraulic

system. The fluid circulation can drive the air bubbles out of the pipelines into water

container, where the compressible air would introduce significant reduction of transmission

stiffness and increase of hysteresis. Fig. 5.11 illustrates the schematic of circulation system.

An additional supply pipe is added together with the pipelines of actuation units. MR safe

single-way valves can be installed near the slave side to prevent the reverse flow through

the supply pipe. The pump can circulate the fluid to the water container, which can hence

drive air bubbles out of the pipelines.

Fig. 5.11: Schematics illustrating the components and pipeline connections of the hydraulic
actuation and circulation system.
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5.5 Human-robot control interface

We also developed a graphical control interface to provide effective tele-operated control for

cardiac EP catheters. The graphical interface can display the pre-operative or intra-operative

MR images in 2-D or 3-D space. This allows a physician to have visual guidance towards

the targets prior to and/or during the treatment (e.g. ablation). The graphical interface can

also display the 3D EAM, ECG and/or other physiological data related to the patient.

Multiple virtual 3D roadmaps of the patient anatomy obtained by MR imaging or other

imaging techniques can be overlaid on the graphical interface with or without the MR image

slices, as shown in Fig. 5.12. This 3D roadmap can be overlaid with virtual 3D models of

catheter to locate the measured catheter position inside or outside the patient body. The

positional information of catheter could be provided by one or multiple MR-based tracking

markers. The graphical display can also overlay the pre-planned ablation targets together

with the completed RF ablation lesion, which are illustrated in the endoscopic view and LA

roadmap as yellow and red targets in Fig. 5.12.

Fig. 5.12: Human-robot control interface for effective and precise catheterization. Cardiac roadmap
is indicated with circular lesion target in red. The virtual camera has the same point of view with
catheter tip.
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A viewpoint looking from the catheter tip towards its normal direction can be simulated.

As illustrated in Fig. 5.12, an endoscopic view (virtual camera view) is established based on

the catheter tip. It can provide the operator with intuitive visual coordination at the catheter

tip, which directly aims at the lesion targets, instead of merely the fixed viewpoint. Fig. 5.12

(bottom) illustrates an exemplary viewing perspective that displays the virtual catheter and

3D roadmap of cardiovascular tissue, as well as its ablated status. The targets in red depict

the completion of RF ablation obtained from the intra-operative MR images.

Fig. 5.12 (bottom-left) shows an endoscopic view (virtual camera view) virtually

rendered from the viewpoint of catheter distal tip (see dotted lines in Fig. 5.12). The figure

at the right-up corner of Fig. 5.12 illustrates the coordinates of virtual camera, which are

aligned with the catheter tip. The virtual endoscopic view can be particularly reliable when

the position of catheter tip is tracked by the MR-signal in the intra-op imaging coordinates,

where the 3D roadmap is also constructed [187]. In conventional imaging modalities,

registration was needed to fuse the positional tracking with the imaging system, where

misalignment usually exists. In the proposed approach, the MR-based catheter tracking

takes place in the same MR imaging coordinates, which can avoid the registration and

hence eliminate the misalignment. The robotic system can be operated by a motion input

device (e.g. joystick shown in Fig. 5.12) that can remotely control the actuation of the

robotic catheter. The robot operator can stay in the control room to tele-manipulate the robot

catheter with the visual interface. Other than master-slave tele-operation, the robotic system

could be automatically controlled by positional and curvature feedback to manipulate

catheters towards pre-defined targets, as introduced in Section 6.3.
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5.6 Experimental validation

The performance of the robotic catheter platform for cardiac EP catheterization has

been validated by three experiments: 1) signal-to-noise ratio (SNR) test to evaluate EM

interference of the robot to MR images; 2) long-range navigation test to validate the robot

performance during the navigation from the simulated femoral vein to LA; 3) short-range

navigation task simulating catheter tip targeting for PVI [188].

5.6.1 MRI compatibility test

An SNR test was conducted to evaluate the EM interference to MR images during operation

of the robotic catheter platform. In the test, the slave part of the robot was operated inside

a 1.5T MRI scanner (SIGNA, General Electric Company, USA) and was placed near a

commercial MRI phantom (J8931, J.M. Specialty Parts, USA) at the isocenter of the scanner

(Fig. 3.13). The T1-weighted fast field echo (FFE) and T2-weighted turbo spin echo (TSE)

sequences were adopted to acquire MR images of the MRI phantom, in order to evaluate

the potential EM interference generated by the slave robotic manipulator.

Fig. 5.13b shows the resultant MR images of the MRI phantom by T2-weighted TSE

under four different conditions: i) Phantom: only the MRI phantom was placed in the

scanner; ii) Static: robot was involved and remained power OFF; iii) Powered: robot was

kept still, but with the hydraulic and electric powered ON; iv) In motion: robot was in

operation. The SNR analysis followed the guidelines provided by ASTM F2119-07 [165],

with the control condition served as the baseline for evaluation. The MR images had a

maximum SNR loss less than 2% and no observable image artifact was found in the MR

images under the robot operation scenarios.
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Fig. 5.13: (a) Experimental setup of SNR test for the presented robot. Key components were connected between the MRI and the control rooms via the waveguide. The operator
can tele-manipulate the catheter using the catheter navigation interface. (b) MR images of an MRI phantom placed aside the robot indicate the negligible EM interference in four
different operating conditions.
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5.6.2 Long-range catheter navigation

The test of long-range catheter navigation has been designed and conducted to simulate

the catheter navigation, from the femoral vein to left atrium. Eleven rings (ID = �7 mm)

were placed serially along 310-mm distance with an average spacing of 31 mm (Fig. 5.14).

The detailed dimensions are stated in Table 5.2. A smooth curve linking the ring centers

in serial simulated a path along the vessel to heart chamber (Fig. 5.15). This task would be

found more difficult relative to the navigation in human vein (inner diameter ≈�9.4 mm)

and inferior vena cava (inner diameter ≈�20 mm) [189, 190].

Fig. 5.14: EP ablation catheter tele-manipulated to pass through a series of 11 rings. The 3-D position
of catheter tip was EM-tracked in real-time;

Table 5.2: Key parameters of the experimental setup and the catheterization performance indices

Experimental settings

No. of rings 11
Inner diameter of the rings (mm) 7.0
Dimension of the setup (L×W×H mm) 310×70×32
Avg. spacing of rings along x-axis (mm) 31.0

Robot performance

Total time (s) 96.0
Average time interval per ring (s) 9.6
Min./max. interval between two rings (s) 1.9/19.8
Average value of deviation (mm) 3.03

In the task, a standard catheter with an outer diameter of 8 Fr (≈�2.7 mm) was

manipulated by the robot, which was tele-controlled by a 3D motion input device (Novint

Falcon, NF1-L01-004). To record the real-time position and orientation (pose) of the

catheter, a 5-DoF EM positional sensor (NDI Medical Aurora) was attached near the

catheter tip (Fig. 5.14). A subject, who was familiar with the robot operation, was invited to

perform the task. The subject could look at the catheter tip to adjust the manipulation so as

to pass through all those eleven rings.
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Fig. 5.15: Actual footprint of the catheter tip compared with the reference curve along the series of rings of 1st–6th (Upper) and 7th–11th (Lower). More the catheter tip deviated
from the reference curve, warmer the color of its tip footprint. Large difference in the orientation of two adjacent rings, e.g. from the 8th to the 9th, made the navigation
challenging.



5.6. Experimental validation 139

The diagrams in Fig. 5.15 depict the catheter tip footprint along the series of 11 rings.

The deviation from catheter tip to the reference curve is indicated by the color gradient. A

mean value of deviation, 3.03 mm, was found throughout the entire trajectory. Most sections

of navigation are smooth and closed along with the reference curve. But several sections

of the tip footprint involve more deviations, particular when the orientation difference of

adjacent rings is relatively large. The subject may somehow feel challenging to drag the

catheter into the ring hole without graphic user interface (GUI)-aided navigation.

5.6.3 Short-range catheter tip targeting

A short-range navigation task was conducted to simulate catheter tip targeting for PVI. An

LA simulator was designed and constructed based on a patient-specific imaging data. It was

3D-printed with soft material (AgilusClear, Stratasys, USA) (Fig. 5.16). A semi-rigid sheath

was fixed near the end to ensure the location of the outlet was similar to the transseptal

puncture through atrial septum to the LA in PVI task.

Fig. 5.16: Catheter navigation test conducted in a soft left atrial (LA) simulator. EM tracking marker
was attached on the catheter tip. A standard EP ablation catheter was tele-manipulated to reach a
series of targets around the pulmonary vein ostium;

The same subject, as in the last navigation task, tele-manipulated the catheter through

the aid of a human-robot control interface (Section 5.5), by which a virtual endoscopic view

looking from the catheter tip’s viewpoint could be rendered and provided [187, 191]. This

endoscopic view on cardiac EP roadmap can be well constructed with accurate alignment, as

the MR imaging and tracking can be both acquired within the same MR coordinate system.

The MR-based tracking can offer fast and accurate feedback of catheter tip position [36].

MR-tracking tiny coils can be integrated close to the tip. Meanwhile, the fast MR images

can be acquired in the region around the catheter tip such that the RF ablated lesion can be
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registered/realigned on the EP roadmap [148, 192]. In this way, the relevant physiological

features can be updated in situ on the same roadmap for making the instant decision on the

next move of the catheter tip.

In the lab-based experiment, the endoscopic view was generated based on the tracked

catheter tip. A virtual LA model was registered to the actual simulator so as to align both

coordinates of tracking and model into a single coordinate frame. Six landmarks were

predefined on the support of LA simulator. The virtual endoscopic view can facilitate fine

placement of the catheter tip while approaching the “lesion” targets that has revealed on the

virtual LA model around the pulmonary vein ostium. Note that this virtual model acted as

an EP roadmap in our simulated task. By stepping on the foot pedal, the subject could create

“lesion” when the catheter tip contacts the virtual LA model surfaces.

Fig. 5.17: (a) Catheter tip trajectory decoupled 3 axes against time (in 27 seconds). Fast reciprocating
motions could be observed from the x-axis displacement profile; (b) Front view showing the catheter
tip footprint, the 30 targeted ablation points – “lesions”, and also the desired lesion targets (yellow).
The footprint (red line) indicates the reciprocating motions towards the “lesions”.
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Fig. 5.17a illustrates the tip trajectory in x-, y- and z-coordinates, which was created

in one go during the aforementioned task in 27 seconds. Note that the catheter insertion

was aligned close to the x-axis. The reciprocating motions of catheter tip could be obvious

in x axis, with an average frequency of 1.1 Hz over the time range. It demonstrated our

robot capable of providing dexterous reciprocating motions for RF ablation and EAM

construction with delicate and precise tip-tissue contact. Fig. 5.17b and Fig. 5.18 show

different views of the virtual LA model, along with the circumferential lesion targeted

nearby the pulmonary vein ostia. The red dots, with a total number of 30, represent the

“lesion” points. The subject aimed to follow the circumferential ablation path with the

reciprocating catheter motion tele-operated by the robot. The deviation of catheter tip from

this path could be measured at the frequency of 40 Hz. Such deviation in average and

maximum were, respectively, 1.1 mm and 3.2 mm, as measured. It is worth noting that

the “lesions” were conducted clockwise from the view of Fig. 5.18, in which the catheter

tip footprint also reveals along the circumferential path.

Fig. 5.18: Side view showing the catheter footprint fully covers along the “lesions”.
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5.7 Towards realization of robot-assisted cardiac EP under

intra-operative MRI

Over the last decade, there have been many MRI-guided cardiac EP procedures conducted

in clinical settings, despite without any robot-assisted one. It is worth noting that the EP

operator needs many cardiac data references from multiple computer screens (> 4 usually)

throughout the procedure. Limited space in interventional MRI suite, or EM shielding of

multiple screens, still remain the obstacles to smoothen the surgical workflow. The operator

would have to access in and out MRI suite and control room frequently. The proposed MR

safe robotic catheter tele-manipulation will allow the operator to perform EAM and RF

ablation inside the control room, also given with sufficient references in screens.

In addition, real-time MR-based tracking of the catheter position is crucial to close the

robot control loop. MR-active tracking can enable precise, fast and continuous 3-D locations

of the catheter tip in the MR imaging coordinates. Wireless MR-based tracking markers can

be embedded with the catheter body or close to its tip. It is the state-of-the-art without having

to connect the coil units with MRI scanner receivers through any coaxial cables [193]. Such

coil units can resonate with Larmor frequencies (1.5T: 63.8 MHz or 3T: 123.5 MHz) by

means of wireless inductive coupling with the MRI system [180]. Such wireless setting can

avoid generating any RF interference to imaging, also any heating hazards along the cables.

5.8 Conclusion

The proposed MR safe robotic manipulator is the first of its kind that can offer sufficient

DoFs to tele-manipulate a cardiac catheter under intra-op MRI guidance [182]. The robot

fulfills the MR safe standard (ASTM F2503-13), as it solely comprises of non-conductive,

non-metallic and non-magnetic materials. Currently, there is no such commercial system

that is MR safe. The proposed manipulator incorporates the high-fidelity hydraulic

transmission using rolling-diaphragm seals (Chapter 3). We have emulated the catheter

navigation and PVI tasks to validate the robot performance of long-range advance and subtle

lesion targeting. These experiments have altogether demonstrated that the robot can offer

effective manipulation towards MRI-guided EP procedure with sufficient workspace and

dexterity, which is the first of its kind. Regarding the material cost of current prototype, the

disposable part (slave part) in MRI room is around US$ 1400, and the console (master part)
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in control room is about US$ 2000.

The major challenge of the MR safe robotic catheter system is the lack of

well-established clinical settings towards intra-op MRI-guided EP procedure, such as

MRI-based cardiac mapping system, 12-lead ECG acquisition device, defibrillator in MRI,

as well as RF ablation system. In our future work, pre-clinical animal trials will be

conducted on a live porcine prepared with arrhythmia. The proposed robotic system will

be integrated with commercial MR conditional systems of 12-lead ECG acquisition and RF

ablation (ClearTraceTM, MRI Interventions, Inc. or Imricor Medical System). The necrosis

created by RF ablation, and its efficacy, will also be examined with the post-mortem

histology.

For commercialization of the robotic catheter system, numerous studies need to be

carried out. Pre-clinical animal trials will be conducted to evaluate the robot overall

performance. Modifications on the robotic system will be made based on the surgeons’

feedback. In prior to market approval from relevant agency (e.g. Food and Drug

Administration (FDA)), the system will go through clinical studies to verify the safety

and effectiveness in surgical routine. The major challenge towards commercialization is the

synergic use of multiple MR conditional systems provided by several parties (e.g. Imricor

Medical System Inc., MRI Interventions, Inc.), including MRI-based cardiac mapping

system, 12-lead ECG acquisition device, and RF ablation system.

In summary, the advent of the proposed MRI-guided robotic catheter system will

increase surgeon’s confidence to perform effective RF ablation, while improving the

catheter navigation safety. As a result, it may reduce nerve damage, esophageal fistula

creation, pulmonary vein stenosis and stroke, as well as the chance of post-procedural

disease recurrence (currently 30% in atrial fibrillation and 50% in ventricular tachycardia).

This will contribute to justifying the use of MRI, while reducing the overall healthcare

expenditure of the treatments.



Chapter 6

High-performance Control Interfaces

for Robotic Catheter System

6.1 Introduction

Cardiac electrophysiology (EP) is an effective treatment for arrhythmias, in which a long

and flexible catheter is delivered to the heart chamber for radiofrequency (RF) ablation. In

Chapter 5, an MR safe robotic platform is present, which is capable of manipulating the

standard cardiac EP catheter under intra-operative (intra-op) magnetic resonance imaging

(MRI) guidance. However, it is still challenging to realize effective catheter control due to

the disorientation in tele-manipulation. To improve the control effectiveness towards the

cardiac catheter, kinematics modeling methods have been investigated in Section 6.2, with

model-free and model-based control approaches implemented on the robotic platform for

quantitative comparison and evaluation.

A shape tracking system is also present in Section 6.3 for the standard cardiac catheter,

integrating the tracking coils and a multi-core optical fiber with fiber Bragg gratings (FBGs).

Both shape and positional tracking of the catheter bendable section could be achieved.

A learning-based modeling method is developed for cardiac catheters, which can utilize

FBG-reconstructed three-dimensional (3D) curvatures to characterize the model parameter

and update the motion mapping. The proposed shape tracking and modeling methods have

been implemented on an MRI-guided robotic platform, which can achieve feedback control

of a cardiac catheter. Their overall performance was demonstrated by a simulated pulmonary

vein isolation (PVI) task with ex-vivo tissue ablation.

144
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6.2 Kinematics modeling for robotic catheter

In this section, kinematics modeling for robotic catheter with model-free control method is

introduced. Compared to model-based approaches, model-free control method can avoid

the complicated procedures of system identification by estimating the robot kinematics

online. It can benefit in particular to the modeling of cardiac EP catheters, which consist

of composite materials with unknown properties. A control mapping for hand-to-eye

coordination was implemented based on the virtual endoscopic view. The model-based

controller was designed based on the constant curvature kinematics model [155, 156].

The model-free controller can utilize positional feedback to update the kinematic Jacobian

[194]. Experimental evaluations were carried out using a standard cardiac catheter, which

was tele-manipulated via an MR safe robotic manipulator (Fig. 5.6) under a virtual

endoscopic guidance (Fig. 6.1). The major contributions include: 1) Control mapping for

hand-to-eye coordination based on the virtual endoscopic view utilizing model-based and

model-free control methods; 2) Experimental validation of model-based and model-free

control approaches for the robotic catheter platform.

6.2.1 Generation of endoscopic view

As illustrated in Fig. 6.1a, an endoscopic view (virtual camera view) is established based

on the catheter tip, where the z-axis matches the tip axial direction. The 6-dimension (6-D)

endoscopic pose can be determined by the MRI tracking system. In this work, user’s input

motion can be correlated to the catheter tip motion in the endoscopic view. Firstly, the

catheter tip position is derived for the transformation from the Cartesian space to the X-Y

frames inside the 2D endoscopic view. The incremental movement of the virtual camera at

the catheter tip with respect to (w.r.t.) the coordinate frame of endoscopic view {C} and the

world coordinate frame (Cartesian space) {W} can be denoted respectively as:

∆pc =
[

∆xc ∆yc ∆zc

]T
(6.1)

∆pw =
[

∆xw ∆yw ∆zw

]T
(6.2)

where the unit vector ∆zc is set to follow the forward direction of catheter tip.

The rolling of the camera along the z-axis is fixed during the movement, which is to

guarantee the consistency of the catheter steering direction. A unit vector zc ∈ R3 denotes
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the axial direction of rolling. Hence the horizontal/vertical axes in the plane of camera

view
[

∆xc ∆yc

]T
are equivalent to the x- and y-axis of the camera’s coordinate frame.

The rotation matrix of R3×3 from the world to camera coordinate frame can be formed as
C
W R =

[
xc yc zc

]T
. By omitting the zc in the last row, the 2-dimension (R2×3) matrix

C
W R̂=

[
xc yc

]T
can represent the transformation of tip displacement, relative to its image

plane coordinate, i.e. ∆pc =
C
W R(∆pw).

Fig. 6.1: (a) Virtual lesion targets pre-defined in EP roadmap, with ablated sections in yellow and
incomplete regions in red. The orientation of endoscopic view is set to follow the axial direction of
catheter tip; (b) Diagram illustrating the catheter tip displacement between the step k and (k+1).

6.2.2 Model-based control

In prior to implementation of control algorithm to the robot, the kinematics/dynamics model

of the flexible catheter needs to be established. Various modeling approaches for continuum

robots have been investigated by previous works, including constant curvature model [155,

156], beam model [157], n-rigid links model [158]. For standard cardiac catheter, it can

be steered into two directions within the same plane by pulling tendons. The kinematics

modeling has been deduced in [155] based on Denavit–Hartenberg (D-H) parameters. Two

assumptions are taken: constant bending curvature and zero torsion along the catheter body.

Fig. 6.2 illustrates the equivalent model.

Three degrees of freedom (DoFs) exist in the catheter distal bending section, as

illustrated in Fig. 6.2a. Relevant parameters include the axial translation di, the rotation

angle θr, and the bending angle θb. The catheter tip motion can be driven by the

manipulation from the catheter handle, which is illustrated in Fig. 6.2b. The twisting angle

of the knob, insertion distance, and rotation angle of the handle are denoted by φ , d, and α

respectively.
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Fig. 6.2: Schematics illustrating the manipulation mechanism of a typical catheter. (a) Catheter distal
bending section represented by constant curvature geometry; (b) Three-degree-of-freedom (3-DoF)
manipulation of the catheter handle, including twisting angle φ , insertion distance d, and rotating
angle α .

The insertion distance d of the catheter handle can be approximately regarded as the

axial translation of the catheter tip di, such that d ≈ di. The rotation at the tip θr is calculated

by multiplying a torsional transmission coefficient K to the rotating angle of handle α

as θr = Kα . In the experiment, a value of 1 was taken, because of the negligible friction

between the catheter body and Polytetrafluoroethylene (PTFE) pipeline. According to the

assumption of constant curvature, the bending of catheter tip section can be described based

on the knob angle φ with the relation:

(π−2θt)∆R = (1+ k)rcamφ , θt +θb = π/2 (6.3)

where rcam is the cam radius of the catheter knob, ∆R is the difference of bendable section

radius between the outer and inner arc. In the equation, a backlash factor k is included to

address the cable displacement due to tension [156]. It has a value of 1 with the assumption

that both pulling wires are in tension during operation.

The position of the catheter tip can be deduced as following based on d, φ , and α within

the coordinate system in Fig. 6.2:

p =


(

dts(2Mφ)+ L
Mφ

s2 (Mφ)
)

c(Kα)(
dts(2Mφ)+ L

Mφ
s2 (Mφ)

)
s(Kα)

dtc(2Mφ)+ L
2Mφ

s(2Mφ)+d

 , M =
rcam (1+ k)

∆R
(6.4)

where L is the total length of catheter bendable section, dt represents the total length of
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the tip rigid section. The symbols c(·) and s(·) respectively represent the full expression of

cos(·) and sin(·) . The added and initial lengths of bending arc are respectively denoted by

∆L and Lb. Here, ∆L can be ignored because of the relatively small value compared to Lb:

L = ∆L+Lb = 2rcamθt +Lb ≈ Lb (6.5)

The relation can then be described from the actuator inputs q =
[

φ α d
]T

to the

catheter tip position pc =
[

xc yc zc

]T
by referring to the frame of camera view {C}. Its

differential function can be denoted as

ṗc = Jq̇ (6.6)

where J ∈ R3×3 is the Jacobian matrix. It can be obtained by differentiating pw w.r.t. q,

where pc =
C
W R ·pw.

After the calculation of Jacobian matrix for forward kinematics, the function for inverse

kinematics can be derived as q̇ = J−1ṗc, which has the discretized form as

∆q = J−1
∆pc (6.7)

Since the overall aim is to synchronize the input motion with the catheter tip movement, the

input value from the 3D motion input device can be assigned as ∆pc, and then the inverse

Jacobian matrix J−1 could be derived based on the values in the last time step. Then the

actuator variables ∆q can be calculated based on the two variables.

6.2.3 Model-free control

Other than the control method based on the pre-defined model, the model-free control

method has also been investigated. The algorithm is from the optimal control approach

in [194], but without the consideration of force. Continuous update of Jacobian matrix

can be conducted during the operation based on real-time data. A simple initialization of

the Jacobian matrix is needed at the beginning. Then the robot can be controlled with an

updating mapping scheme. The following content describes the control flow.

(1) Initialization of Jacobian matrix: The initialization is conducted by sequentially

actuating the three DoFs of the robot with a discrete value ∆qi (i = 1,2,3), and recording
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the resultant positional movements at the tip ∆pci. Thus the Jacobian matrix J could be

initialized:

J =
[

J1 J2 J3

]
, (6.8)

where Ji could be obtained as Ji = ∆pci/∆qi. With introduce of a weighting matrix W =

diag(‖J1‖ ,‖J2‖ ,‖J3‖), the kinematics described in Eq. 6.6 could be denoted as:

ṗc = ĴWq̇, Ĵ = JW−1 (6.9)

which has a discrete form as

∆pc =
_

JW∆q (6.10)

(2) Updating of Jacobian matrix: The online update of Jacobian matrix is based on the

continuous deduction of quadratic programming process below:

minimize abs
(

∆Ĵ (k)
)

subject to Ĵ (k+1) = Ĵ (k)+∆Ĵ (k) , ∆pc (k) = Ĵ (k+1)W∆q(k)
(6.11)

where Jacobian matrices Ĵ(k) and Ĵ (k+1) are obtained at the step k and k+1 respectively,

∆Ĵ (k) is the optimization variable. The displacements are denoted by ∆pc (k) in camera

view and ∆q(k) in actuator output for the single step from k to k+1. The Frobenius norm

(L2-norm) of ∆Ĵ (k) is minimized to achieve a smooth transition of the Jacobian’s column

vectors. After deducing the newest Jacobian, the actuation command can be derived as

∆q(k+1) =
(

Ĵ (k+1)W
)−1

∆pc
∗ (k+1) (6.12)

where ∆pc
∗ (k+1) represents the target movement shown in the camera view. At each step,

the new Jacobian matrix Ĵ (k+1) is obtained by finding the difference between the actual

tip motion and the predicted tip motion calculated from Ĵ (k). As the updating scheme is

to compensate the error existing in the current Jacobian Ĵ (k), the mapping error will be

reduced rather than accumulated in the Jacobian updating process (Eq. 6.12).
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6.2.4 Experimental validation

6.2.4.1 Experimental setup

MR-safe Robotic Catheter Platform: The above-mentioned control algorithms were

implemented on an MR safe catheter robot (Chapter 5) [182, 195]. This robot features

a master-slave hydraulic transmission that can manipulate a standard cardiac catheter in 3

DoFs. Each master unit was actuated by an electric direct current (DC) motor located in

the control room. The fluid power was delivered to the slave unit via the long hydraulic

transmission pipelines (≈ 10 meters). The master-slave actuation design can separate

the components with ferromagnetic materials from the MRI scanner, ensuring negligible

electromagnetic (EM) interference to the MR images. The robot can provide sufficient

workspace to perform RF ablation for pulmonary vein isolation, as shown in [195].

Left Atrial Model: The 3D anatomical model of left atrium (LA) (Fig. 6.3a) was

obtained from MRI scanning and 3D-printed with soft material (AgliusClear, Stratasys

Inc.). The shore hardness of the material is A30-35 and the polymerized density is 1.14-1.15

g/cm3. To conduct RF ablation inside LA, EP catheter is inserted at femoral vein, through

the inferior vena cava to the right atrium. After puncturing the atrial septum, it will reach LA

for RF ablation [196]. In our experiment, a tube (Polytetrafluoroethylene (PTFE)) was used

to form the pathway, guiding catheter towards the LA model with similar entering direction

and position compared to EP procedure.

Fig. 6.3: (a) Experimental setup including an EP ablation catheter and a left atrial (LA) model;
(b) Human-robot control interface including rendered cardiac roadmap in three perspectives. The
operator can use a motion input device to tele-operate the robot through the interface.

Position Tracking System: To record the position and orientation of the catheter tip,

an EM tracking system (Aurora V3, Northern Digital Inc.) (Fig. 6.3a) was adopted.

In MRI setting, MR-based tracking coils [36] can replace the EM tracking system for
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catheter localization with comparable performance. Active coil wired to the receiver system

could realize a tracking resolution as high as 0.6× 0.6× 0.6 mm3 [36]. Although the

positional tracking may not be linear due to MRI distortion, the tracking accuracy can

be still maintained within the MR imaging coordinate, where the distortion would take

place for both tracking and imaging. The use of 1D-projection pulse-sequence [180] allows

acquisition of the marker’s 3D positional signal along each axis, enabling fast localization

up to 30 Hz. With an MRI real-time control interface, RTHawk (Heartvista™), the raw

scanning data can also be streamed out at low latency (<20 ms).

Robot control interface: Before the experiment, registration of the LA simulator to the

coordinates in Unity 3D were performed to align the spacial frames. The LA simulator made

of soft material was anchored on a rigid pedestal. Six points were pre-defined on the pedestal

for registration between the virtual environment and EM coordinate. Upon establishment

of the reference points’ transformation, the 3D-printed LA simulator could be registered

with the virtual LA model in the interface. As described in “Position tracking system”

paragraph, a 6-DoF EM tracker (Aurora #610029, Northern Digital Inc.) was attached to

the distal end of the catheter, to capture the position and orientation. Hence, the relative

geometric configuration between LA model and catheter could be measured in real time

for visualization and evaluation. The robot control interface included three virtual views, as

shown in Fig. 6.3b, including top, side and endoscopic views. Subjects can look at these

sub-views during the subject test. A 3D haptic device (Novint Falcon haptics controller)

was used to control the catheter tip movement. Assisted by the endoscopic view and the 3D

input, the operator can readily recognize the spatial position and manipulate the catheter tip.

Thus a consistent hand-to-eye coordination can be achieved.

6.2.4.2 Simulated ablation task

A 3D roadmap of “lesion” targets (red) were shown in the navigation interface (Fig. 6.4).

It was formed by 121 sections located on the virtual LA model around the pulmonary

vein ostium. Registration was performed for the lesion targets and the 3D-printed LA

simulator, which was discussed in the previous section. The lesion targets were consistently

aligned with the virtual LA model, since the highly compliant catheter only imposed limited

deformation (≤ 2 mm) on the LA simulator and even less on the “lesion” targets. This

deformation caused by the catheter tip was insignificant to the resultant accuracy evaluation.

When valid ablation (ablation duration and tip-to-target distance were satisfied) performed
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on the lesion targets, the color of target would turn yellow gradually, representing the

corresponding section was successfully ablated. Experimental data were stored at 20 Hz

for offline analysis, including (1) time, (2) catheter tip position, (3) deviations from the tip

to the lesion targets, (4) ablation status in ON/OFF, and (5) ablation process for each lesion

target.

Fig. 6.4: Two major performance indices, namely accuracy and efficiency defined based on (a)
proximity distance measured from tip to lesion target around the pulmonary vein ostia and (b) total
length of incomplete lesion segments (red).

The experiment involved 10 subjects (age between 20 and 30, 3 women and 7 men).

The subjects conducted the tasks by the two control methods in a random order. In this

way, the variance induced by individual differences could be minimized, since the subjects

act as their individual standard for comparison [197]. All the subjects had no experience in

EP procedures. They were briefly introduced about the robot manipulation task before the

operation. For each subject, a time limit was set as 3 minutes to conduct the simulated RF

ablation.

6.2.4.3 Results and discussion

Accuracy and efficiency are of upmost importance to the surgical practice, which were

hence defined for assessment in the task (Fig. 6.4). The accuracy could be assessed in terms

of: i) the proximity distance measured from catheter tip to lesion target during the ablation;

ii) number of times that ablation had been turned on; iii) average ablation duration. The

efficiency could be evaluated by: i) the missed proportion of lesion target segments; ii) the

maximum number of continuously missed lesion targets; iii) the total travel distance of the

catheter tip (Fig. 6.5).
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Fig. 6.5: Actual footprint of the catheter tip recorded by the EM tracking system. The LA model is
overlaid under the same coordinate.

Table 6.1 shows the performance evaluation result of the subject test, where

model-based and model-free control methods in robotic catheterization are compared

for each index. Here, the improvement percentage was calculated by the increment of

model-free method referring to the model-based method.

Accuracy: The average distance between catheter tip to the closest lesion target during

ablation was 19.1% for the model-free control method, which was shorter than the

model-based one, indicating the advantage of model-free control to approach static target.

Compared to model-free method, the model-based method has lower accuracy, as it was

analyzed by the inherent kinematic properties without considering interactions between

catheter and atrium model. But the EP procedure would be inevitable on complicated

interaction with endocardial environment. In comparison, the model-free control can adapt

to the interaction by updating the inverse Jacobian, particularly under the circumstance of

soft contact with the LA simulator.

Efficiency: The model-free control method demonstrated a remarkable reduction in

the missed lesion targets (35.8%) and the maximum number of continuous missed lesion

target spheres (46.2%). Both of them corresponded to a low p-value (≤ 0.05). For the total

travel distance of the catheter tip in the task, the model-free method demonstrated a slight

disadvantage (−7.65%). It shows that the model-free method has the ability to provide a

more sensitive and faster response to the operator’s input.
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Table 6.1: Measured performance indices averaged across 10 subjects in performing the robotic
catheterization

Conclusion: The proposed experimental validation platform, comprising an MR safe

robotic manipulator and a human-robot interface, could realize both model-based and

model-free methods for catheter control. Subject test that emulated an ablation task was

conducted to quantitatively evaluate the performance of both control methods. Accuracy

indices (e.g. mean of the closest distance between catheter tip and the closest target

during ablation) and efficiency indices (e.g. proportion of missed lesion target) were

adopted. Compared to model-based control method, model-free method achieved higher

accuracy, with 19.1% improvement in the tip-to-target ablation distance. In terms of

efficiency, model-free method had 35.8% reduction in the missed-target proportion and

46.2% reduction in the number of continuous missed targets.
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6.3 Shape tracking and feedback control of cardiac catheter

6.3.1 Clinical motivation for shape sensing of continuum manipulator

Cardiac EP procedure is an effective treatment for atrial fibrillation. Electroanatomic

mapping (EAM) and RF ablation are two key procedures repeated in EP. The procedures

require precise maneuvering of thin (∼ �2.7 mm), long (∼1.5 m) and flexible catheters

inside the heart chamber to measure electrical signals and deliver ablation energy. MRI

is a powerful imaging modality that has gained traction for guiding EP procedures [108],

accredited to its superior high-contrast images of cardiovascular soft tissue and absence

of harmful ionizing radiation. It can be used to form a detailed 3D cardiac roadmap,

to visualize physiological changes of cardiac tissues and also to assess the ablation

lesion formation intra-operatively [50, 121]. MR-based tracking [183, 186] could provide

instrument localization under the same coordinate frame as imaging, avoid any image

registration that would pose spatial error. Commercial MRI-guided catheterization systems

(e.g. Imricor, ClearTrace, St. Jude Medical) have adopted active tracking coils for the

positional feedback of catheter tip [48,50,198]. However, the sole use of discrete positional

tracking coils (Fig. 6.6a) could not provide precise information of the catheter morphology

for either visualization or motion control. Although the catheter shape could be visualized

by MRI [199] (Fig. 6.6b), the prolonged time for image reconstruction would cause

significant tracking delay. Accurate intra-op shape tracking of catheters under MRI remains

challenging.

Fig. 6.6: (a) Catheters shape reconstructed by discrete MR tracking coils; (b) Catheter shape shown
in MR image. Image Source: [50, 51].
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Optical fiber-based sensors using FBGs (Fig. 6.7) have attracted interest for their ability

to measure morphological deformation of flexible surgical instruments. It can achieve

real-time shape estimation with high sampling rates (>100 Hz) with thin, sub-millimeter

diameters footprints. FBGs have excellent multiplexing capabilities, where many sensing

points can be employed along a fiber without increasing its size [200]. The use of multi-core

fibers with FBGs can further increase the sensor density and enable shape estimation of

the fiber itself [201]. The flexibility of optic fiber also has minimal effect on structural

stiffness of the instrument, allowing it to be integrated with delicate devices, such as

needles and catheters. These distinctive advantages have prompted the use of FBG shape

sensing in many applications, including navigation of medical instruments [202, 203],

shape estimation and control of steerable interventional needles [204, 205], as well as

force sensing of instruments [206]. Additionally, because of the inherent electromagnetic

immunity optical fibers possess [207], FBG fibers are entirely compatible with MRI and

have been incorporated with MR safe/conditional instruments [208, 209].

Fig. 6.7: Working principle of the optical fiber-based sensor using fiber Bragg gratings (FBGs).
Gratings on the optic fiber can reflect light with specific wavelength. The reflected wavelength would
vary under diverse local bending behaviors. Image Source: [52].

Despite the increasing use of FBGs for shape sensing, few studies have applied it to

enhance the closed-loop control performance of surgical continuum manipulators [210,

211]. In the cardiac EP procedure, complicated and repeated tasks introduce difficulties

to manual operation of catheters, even for experienced operators. It is expected that fast and



6.3. Shape tracking and feedback control of cardiac catheter 157

accurate robot-assisted catheter positioning could significantly reduce operation times and

difficulty when compared to manual operation [212]. Previous studies have investigated

various modeling/control methods to improve the accuracy and effectiveness of robotic

catheter systems [213, 213, 214]. However, most of these catheters were custom-made with

their known or deterministic structural parameters that facilitate precise modeling. For

a standard cardiac catheter consisting of composite materials, its mechanical properties

remain unknown, which induces difficulty in modeling and control. It creates strong

incentive for utilizing shape sensing in robotic catheter control to achieve dexterous and

precise manipulation, particularly under MRI guidance.

In this section, we aim to develop a shape tracking method to provide both positional

and morphological sensing of flexible cardiac catheter. To achieve accurate and effective

feedback control, shape information obtained from the FBGs are used for characterization

of catheter kinematics as well as real-time autonomous control. The contributions are

summarized below:

1. Design and implementation of a shape tracking system integrating a multi-core FBG

fiber and tracking coils with a standard cardiac catheter. Both shape and positional

tracking of the bendable section could be achieved;

2. Development of a learning-based modeling method for cardiac catheters, which uses

FBG-reconstructed 3D curvatures to initialize the model and update the motion

mapping. The proposed modeling method was implemented on an MRI-guided

robotic platform to achieve feedback control of a cardiac catheter;

3. Experimental validations of the shape tracking system and control algorithm. The

overall robot control performance was demonstrated by targeting and path following

tasks. An autonomous PVI task was conducted with ex-vivo tissue ablation inside an

LA simulator.
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6.3.2 Shape tracking with FBG sensors

6.3.2.1 Shape sensing with multi-core FBG fiber

FBGs are sensors inscribed directly into optical fibers for measuring local and 1D strain.

Multiple FBGs can be inscribed along a single fiber to obtain strain sensing points without

additional input or output connections. In the previous work [215], a sensor was designed

capable of reconstructing its surface shape by embedding a single-core FBG fiber in a

flexible substrate. However, for flexible and thin surgical instruments that are designed to

access deep regions in the body, such as biopsy needles and cardiac catheters, a fiber with

only a single core of FBGs is insufficient for reconstructing its 3D curvature. Alternatively,

multiple single-core fibers could be grouped [216] for co-located strain measurements.

However, this would come at the cost of sensor size and fabrication complexity. A more

reliable approach was to adopt a fiber fabricated with multiple optical cores (multi-core

fiber) and FBGs [201]. It can allow shape sensing of the fiber geometry itself while

maintaining a thin cross-sectional size.

A continuous-grating multi-core fiber (FBGS International) with optical frequency

domain reflectometry (OFDR) interrogation (RTS125+, Sensuron) was used for shape

sensing of the cardiac catheter. The fiber was 12-m long with a diameter of �0.2 mm.

As illustrated in Fig. 6.8b, seven cores run along the length of fiber, with one core centered

around by other 6 cores equally spaced at 60° intervals. Shape sensing can be conducted

by measuring off-axis strain from the FBGs sensors located within the fiber cross-section.

Strain measurements can be obtained at the distal 1-m tip of the fiber with a spatial

resolution of 3.17 mm. Note that the adopted multi-core fiber features with a high-density

grating fiber structure; therefore, continuous strain measurement can be conducted. By

contrast, the typical wavelength division multiplexing (WDM)-based fiber systems have

discretely placed FBGs that are divided by bare fiber segments. A comparison between the

fiber systems using WDM and OFDR techniques are summarized in Table 6.2.

Table 6.2: Comparison of WDM and OFDR optic fiber systems
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Fig. 6.8: Diagram showing the architecture of shape sensing for robotic catheter system. (a) Catheter distal bending section integrating a multi-core FBG fiber (12 m long) and
the tracking marker for shape tracking; (b) Inner structure of distal bending section, with multi-core FBG fiber put throughout the water channel; (c) Handle of cardiac catheter,
where the FBG fiber was fixed at the water channel entrance; (d) Real-time shape reconstruction can be achieved by continuously acquiring the strain data from FBGs. The 3D
curvature of the catheter bending section can then be fed back to the robotic catheter platform for autonomous control.
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There are two common approaches towards multi-core fiber shape reconstruction from

strain data: i) Adopting the piecewise constant curvature (PCC) model with the assumption

of circular bending shape for each FBG segment. The overall fiber shape can be constructed

by accumulating the sum of discrete curvatures and corresponding bending directions,

which are measured and calculated from a set of sensors at a particular cross-section of

the fiber [217]; ii) Utilizing the Frenet-Serret formulas to describe 3D curves, which can

take account of the torsion effect [218].

To optimize the reconstruction speed and sensing performance, the PCC-based approach

was used in accredit to its faster convergence w.r.t. sensing segment length and superior

noise handling ability [219]. For 3D curvature reconstruction, at least three cores are needed

to estimate the 2-DoF section bending along the fiber cross-section. More fiber cores could

be employed to improve reconstruction accuracy and reduce overall sensing noise.

6.3.2.2 Fusing and calibration of shape and positional feedback

For shorter and more rigid instruments like biopsy needles, MR-based positional tracking

markers can be located at a fixed base of the instrument to provide a reliable reference frame.

However, this approach is not suitable for long (∼1.5 m) and flexible cardiac catheters, since

its handle would be placed far from the MR imaging volume. In order to monitor the 3D

curvature of a standard cardiac catheter, as well as its tip pose, the coordinate frame of

the fiber’s reconstructed curvature has to be co-registered with MR images. Note that the

3D curvature reconstruction error can also be accumulated much along with the increasing

sensing length.

To this end, we incorporated only distal section of a multi-core fiber to cover and

feedback the bending of 63.4-mm long catheter tip. Three cores were used, each containing

21 FBGs for strain measurement. In our preliminary test, the FBG fiber was put throughout

the water channel of EP catheter (Thermocool® Bi-Directional Catheter, Biosense Webster

Inc.) (Fig. 6.8b-c). The water irrigation function would not be affected as the fiber diameter

(�0.2 mm) is negligible, relative to that of the water channel (�1 mm). Alternatively, the

fiber could be integrated into the wire channel (Fig. 6.8b) of the catheter in the future

manufacture. To minimize the noise induced by fiber tip contact, the fiber was offset

approximately 2 mm from the distal end and fixed at the water channel entrance to prevent

sliding (Fig. 6.8c).
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Fig. 6.9: Diagram illustrating the shape tracking method by fusing the 3D curvature from FBGs and
the positional sensing from the tracking coil.

Although the fiber can be used to reconstruct its 3D curvature, the origin and orientation

of reconstructed shape are not defined within the robot or MRI coordinate system. In

addition, as the fiber was fixed at the catheter handle, the catheter rolling could not be

measured by the shape reconstruction. Therefore, we propose the use of real-time MR-based

positional tracking coils that could be integrated into the catheter to provide this information

(Fig. 6.9). Three coils located closely before the active bending section are expected to

provide 6-DoF information in the MR imaging coordinate, and also map it to the catheter

model. In our lab-based experimental validations, EM tracking coils and field generator

(NDI Aurora) could be used as a comparable proxy for the MR-based tracking system.

Preliminary validation of the MR tracking coils distributed along a catheter has been

conducted and introduced in Section 6.3.2.3.

Sensor calibration can be performed with the catheter bendable section placed in

free space. The catheter was actuated to steer in opposite bending directions, while the

FBG-reconstructed positions along the catheter bendable section were being collected. The

bending plane was generated by fitting through least squares of the normal distances, which

we defined as Pm. Similarly, the bending plane generated by FBG-reconstructed points

can be obtained as Pw. The transformation to align Pw to Pm can then be calculated by

point-by-point optimization. In this way, the FBG-reconstructed shape can be registered

with the MR tracking coordinates, thereby in the same domain as the imaging model, e.g.

EAM.
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6.3.2.3 Towards shape tracking in MRI

MR tracking markers [220] can be used for 3D localization of catheters under MRI. MR

active coil wired to the receiver system could realize a tracking resolution as high as

0.6×0.6×0.6 mm3 [179]. MR-guided active tracking for cardiac EP has been demonstrated

by human trials, where active markers enabled real-time tracking and overlay of EP

catheters on MR images [199]. Additionally, wireless multilayer markers [176, 193, 221]

have potential to further simplify the integration with catheters. Fabricated with amplifying

circuits, MR tracking markers can provide high-contrast MR signal against anatomical

surroundings, thus allowing positional localization in the MR image coordinate (Fig. 6.10a).

Fig. 6.10: (a) MR image revealing the MR tracking markers and the reconstructed 3D positions
from the 1D projection pulse-sequence; (b) 1D projection of the three tracking markers along the
orthogonal axes. Three RF signal peaks can be found in each projection.
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The adoption of 1D-projection pulse-sequence [180] can enable acquisition of the

marker’s positional signal along each axis, facilitating fast localization up to 30 Hz. The

raw scanning data can also be streamed out at low latency (<20 ms) with the MRI

real-time control interface, RTHawk (Heartvista™). The 1D-projection signals of three

markers attached longitudinally and at diverse separations along a catheter body can be

seen in Fig. 6.10b. The peaks along each coordinate could be readily detected, and further

back-projected to 3D marker positions by matching the geometry constraints, e.g. distances

between each marker pairs. An arc was fitted to pass through the three markers and

approximate the 3D catheter shape (Fig. 6.10a). Benefiting from the small size and high

accuracy (∼0.48 mm), three markers could be mounted on the catheter in three separated

circumferential directions in the future integration. The catheter orientation and rotation

could be obtained by calculating the pose of cross-sectional triangle formed by the markers.

6.3.3 Modeling and control of cardiac catheter

6.3.3.1 Modeling of catheters

We implemented the FBG shape tracking system on our previously developed MR safe

catheter robot [195] (Chapter 5), which is capable of tele-operating the catheter under

intra-op MRI. The robot was designed to accommodate standard cardiac EP catheters.

Detailed design and configurations of this robotic platform are introduced in Chapter 5.

The steerable catheter can be regarded as a typical robotic continuum manipulator after

integrated into the actuation platform. To achieve accurate and effective autonomous control

of catheters, particularly commercial ones, a reliable model is needed to provide precise

motion mapping from the robotic actuator to the catheter tip.

Regarding modeling of the continuum manipulator, a common approach was to consider

each of its bending sections as a constant-curvature arc [155]. The forward and inverse

kinematics models can then be derived [191]. There are other more complex modeling

approaches using beam theory [157] or Cosserat rod theory [222], mimicking a more

accurate deflection but requiring longer computation time. However, for commercial cardiac

catheters consisting of composite materials, its mechanical properties remain unknown,

which induces difficulty in modeling and control. It is also time-consuming and impractical

to characterize the parameters of each cardiac catheter before use.
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In view of this, we developed a modeling approach based on the assumption of PCC.

The bendable distal shaft is modeled as a combination of n piecewise circular arcs, with

curvatures represented by κi, i = 1,2, · · · ,n. The distal section is assumed to deform in a

plane determined by the two tendons. Regarding the base of bendable section as the origin,

we define the arc length, s, from the origin to a point on the bendable section, the angle

between axis Z and tangent to the curve at that point as θ (s) (Fig. 6.11). The arc length

of each segment is li, i = 1,2, · · · ,n. Without considering the rotation DoF, the catheter

would bend in a fixed plane (x-z plane as in Fig. 6.11) w.r.t. the robot coordinate. According

to [213], the position of each point along the bendable section can be determined by x(s) =
∫ s

0 sinθ (ζ )dζ

z(s) =
∫ s

0 cosθ (ζ )dζ

(6.13)

where the angle θi (s) on the ith segment is

θi (s) = κis+
i−1

∑
j=1

l j (κ j−κi) (6.14)

where κ0=0 at the origin. The position (xp,zp) of bendable section end on the bending plane

without rotation can be calculated based on Eq. 6.13 as
xp =

n
∑

i=1

∫ bi
ai

sinθi (ζ )dζ

zp =
n
∑

i=1

∫ bi
ai

cosθi (ζ )dζ

(6.15)

where the lower and upper limits of integration are respectively

ai =
i−1

∑
j=0

l j and bi =
i

∑
j=0

lj, i = 1,2, . . . ,n (6.16)

Substituting Eq. 6.14 into Eq. 6.15 and defining l0 = 0, the final expression of position

(xp,zp) can be obtained.

The constant length of distal straight tip is defined as d0, and the insertion distance and

rotation angle of end-effector as d and α , respectively. Thus the spatial position p = (x,y,z)

of catheter end-effector in a coordinate as in Fig. 6.11 could be represented as
x = (xp +d0 sinθn)cosα

y = (xp +d0 sinθn)sinα

z = zp +d0 cosθn +d

(6.17)
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Fig. 6.11: Configuration of the catheter approximated by several curve segments. The curvature of ith

segment can be represented by κi. A straight section is added at the distal end on top of the piecewise
constant curvature (PCC) segments, which represents the rigid tip of catheter.

The catheter deformation is determined by the relative position of two tendons. Here we

represent the distance between two tendons as ∆R. The tendons are pulled and pushed by

the knob on the catheter handle, whose radius is represented by rcam and steering angle by

φ (i.e., the rotation angle of steering knob [156]). A relationship based on the representation

of tip bending angle θn can be obtained as

θn =
n

∑
i=1

κili =
2 · rcam sinφ

∆R
(6.18)

The axial displacement difference between two tendons is

∆L = 2 · rcam sinφ (6.19)

In this end, the mapping between configuration and task spaces is derived [151], i.e.

the relationship between catheter tip position and bending curvatures κi, i = 1,2, · · · ,n.

However, for the bending DoF of robotic catheter, the mapping between actuation space

and configuration space is still unknown, that is, the relationship between knob rotation φ

and bending curvatures κi, i = 1,2, · · · ,n. We aim to find the mapping from φ to each κi,

as well as to resolve the un-modeled characteristics by a learning-based method. Therefore,

the kinematics between actuation and task spaces could be established.
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6.3.3.2 System characterization with learning-based method

As described in Section 6.3.3.1, the forward model would be established only in the

condition that all the segment curvatures or their ratios are available. We define the curvature

ratio as

kc =
[

kc1 kc2 · · · kcn

]T
,

n

∑
i=1

kci = 1 (6.20)

In the PCC model, ∆L from Eq. 6.19 could also be divided into n elements and represented

as a vector in the following form

∆l =
[

∆l1 ∆l2 · · · ∆ln
]T

, ∆L =
n

∑
i=1

∆li (6.21)

where ∆l is proportional to the curvature ratio kc. A learning-based method is adopted to

obtain the curvature ratio among all the segments.

Aforementioned in Section 6.3.2.1, the multi-core FBG fiber can reconstruct the

curves by approximately consecutive points. The 3D positions and the radii between

adjacent points can both be obtained, represented by ps
j ∈ R3×3 ( j = 1,2, . . . ,M) and rs

j

( j = 1,2, . . . ,M − 1), respectively, where M is the total number of effective points in

the reconstruction. Positions and radii at time step k are ps
j (k) and rs

j (k), respectively.

Corresponding to the segmentation in PCC model, each segment’s curvature κi (k), i =

1,2, . . . ,n (Section 6.3.3.1) can be obtained as the reciprocal of the average radius. The

knob steering angle at time step k is φ (k), which drives the catheter tendon displacement.

The curvatures from FBG shape reconstruction can be regarded as ground truth, and used

to train the mapping between the steering angle φ (k) and the curvature ratio kc.

Besides the multi-segment curvatures, we also consider the hysteresis resulting from

friction and/or tendon looseness. The backlash would appear particularly when changing

bending direction (i.e. steering direction of the knob). Differences between the analytical

model and actual bending performance can be compensated by imposing additional input lc

to the ∆L during the robot manipulation.

Therefore, the actual relative position after the learning-based compensation can be

calculated by

∆l = kc · (∆L+ lc) (6.22)

The parameters to be trained are kc (Eq. 6.20) and lc, corresponding to the specific knob

steering angle φ .
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Training of motion mapping: In the pre-training procedure, the radii rs
j, j =

1,2, . . . ,M− 1 at each time step has to be collected, as well as the motor’s position q(t)

that is correlated to the knob steering angle φ (t). To cover the whole bending workspace,

the knob is rotated with a predefined actuation sequence

Q =
[

q(1) q(2) · · · q(N)
]

(6.23)

where N is the sampling number. A value s(t) is introduced to represent the actuation

direction change between current and previous steps, which can be derived as:

s(t)= sign(q(t)−q(t−1)) , t = 1,2, . . . ,N (6.24)

where the function sign(·) is to differentiate positive and negative values. The sequence of

curvatures could be obtained as:

C =
[

c(1) c(2) · · · c(N)
]

(6.25)

where c(t) =
[

c1 (t) c2 (t) · · · cn (t)
]T

and ci (t) is the curvature of the ith segment

in accord with Section 6.3.3.1. The curvature ratio in Eq. 6.20 could be obtained by

normalizing c(t).

The parameter lc could be derived based on the tip bending angle θn, which is

independent of δ l and could be calculated from δL. For each actuation input, the actual

tip bending angle θA can be obtained from the FBGs. The predicted tip bending angle θP

can be calculated from the forward PCC model. Thus, a compensation-related parameter fc

is available for training:

fc = exp(∆R · (θA−θp)) (6.26)

The input of training data is

U =
[

u(1) u(2) · · · u(N)
]

(6.27)

where

u(t) =
[

q(t) s(t)
]T

, t = 1,2, . . . ,N (6.28)

The output of training data is

O =
[

o(1) o(2) · · · o(N)
]

(6.29)
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where

o(t) =
[

kc(t)
T fc (t)

]T
, t = 1,2, . . . ,N (6.30)

Using the feedforward neural network in the deep learning toolbox of MATLAB®, with

U as input and O as output, we can train a mapping as

o(t) = f (u(t)) , t = 1,2, . . . ,N (6.31)

Prediction of motion mapping: During robot motion, the curvature ratio kc (k) among

different segments and the compensation-related lc (k) at the kth step can be calculated by

[kc (k) , fc (k)] = f (q(k) , s(k)) , k = 1,2, . . . (6.32)

The enhanced estimation of relative positions between two tendons δ l can be calculated by

Eq. 6.21, where lc (k) can be derived as

lc (k) = ln( fc (k)) (6.33)

The predicted kc and lc would link up φ and κi, i = 1,2, . . . ,n, completing the mapping

between actuation and configuration spaces of bending DoF. Combined with Eq. 6.17, the

complete forward kinematics are available for robotic control

ṗ = J
[

α̇ φ̇ ḋ
]T

(6.34)

where J is the Jacobian matrix.

6.3.3.3 Autonomous motion control and ablation

For the autonomous ablation task, targets in the model coordinates {C} are predefined

around the pulmonary vein ostium in the LA simulator. The real-time tip position pw could

be provided by the shape tracking system in the world coordinates {W}. pc and pw are

transformed using the rotation matrix Rc
w and translation vector calculated by registration

approach.

In each targeting cycle, the target could be appointed either automatically in sequence

or selected by the operator. The error between current tip position pc and desired position

p∗ can be calculated and normalized with constant step size as ∆pc. The robot actuation
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is derived by multiplying inverse Jacobian matrix and ∆pc. A tolerance distance from the

catheter tip would be set for each target. The ablation process would be automatically

triggered by simultaneously satisfying the two conditions: i) tissue contact is detected with

an appropriate impedance for ablation (e.g. < 200 Ω [223]); ii) targeting error is within the

tolerance distance. During the ablation process, the robot would keep still for RF ablation

on the tissue. The control block diagram in Fig. 6.12 shows the key processing components

including the kinematic control and autonomous ablation.

Fig. 6.12: Control architecture of the autonomous ablation procedure. Parameters of the PCC model
can be automatically tuned by a learning-based algorithm, which can enable accurate positional
control of the catheter end-effector. The 3D curvature of catheter can be obtained in real-time from
the FBG feedback. RF ablation can be triggered when the catheter tip reaches the target and contacts
tissue.
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6.3.4 Experimental setup

6.3.4.1 MR safe robotic catheter platform

The proposed shape sensing method and control algorithms were implemented, then

evaluated on the MR-safe robotic catheter system [182, 195] (Fig. 5.6), which is capable of

tele-operating the catheter under intra-op MRI. The robot features a master-slave hydraulic

transmission system in order to provide high-accuracy and low-latency actuation. The

master units were driven by electric motors located in the control room. Actuation from

master units could be transmitted to the slave units through 10-meter long hydraulic

pipelines. The robot could manipulate a standard EP catheter (Thermocool® Bi-Directional

Catheter, Biosense Webster Inc.) in 3 DoFs, namely bending, insertion and rotation. The

robotic system is upgraded from the previous prototype [195], incorporating our previously

designed three-cylinder actuation units [175] (Section 3.3.2) for rotation and insertion

DoFs of the catheter. It can enable a large motion range for catheter advancement (340

mm) and rotation (±360°), as well as high-fidelity catheter manipulation. Such improved

robotic actuation performance would enable feedback control implementation for effective

autonomous catheter manipulation, thereby delicate cardiac EP tasks, such as EAM and RF

ablation.

6.3.4.2 Left atrial simulator

To perform the simulated PVI task, an LA anatomical model was designed based on

patient-specific imaging data (Fig. 6.13a). The simulator was molded by silicone [224] in an

attempt to mimic the LA tissues consisting of myocardium and endocardium. A semi-rigid

sheath was fixed at the puncture on the simulator’s wall, simulating a path along the femoral

vein, inferior vena cava, right atrium to left atrium. Pulsatile liquid flow can be generated by

a water pump through pipelines to the LA simulator. The flow direction is indicated by the

arrows in Fig. 6.13a, which follows the direction of LA blood flow from pulmonary veins to

left ventricle. The LA pressure and resultant motion during EP procedure could be simulated

by controlling the magnitude and frequency of pulsatile flow, which could be gated with

the patient-specific electrocardiogram (ECG) signal. Fig. 6.13b shows the simulated liquid

pressure compared to the human ECG and LA pressure [225, 226]. Fig. 6.13c shows the

simulated pressure curves at fast and slow pulsatile rates. The rates could be adjusted within

the range, covering the common patient heartbeat rate during EP procedure.
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To conduct the ex-vivo tissue ablation, a slice of swine tissue with 3-mm thickness was

attached on the LA simulator’s inner surface around pulmonary veins. In EP procedure, a

neutral electrode is usually attached on patient’s body to form a close electric circuit with

catheter and RF generator, in order to monitor tissue resistance and conduct RF ablation.

In this setup with LA simulator, the ex vivo tissue was linked to a neutral electrode through

electrical wires, which was connected to an RF generator (Biosense Webster Stockert 70).

The control program was gated with the generator to automatically trigger the RF ablation

when the catheter tip reached the target range and contacted with the tissue.

Fig. 6.13: (a) LA simulator filled with liquid, of which the pulsatile flow was generated by a
hydraulic pump. A slice of swine tissue was attached on the inner surface at target ablation area;
(b) Simulated liquid pressure compared to the human electrocardiogram (ECG) and LA pressure;
(c) Simulated pressures with fast and slow rates. The simulated pulsatile rate could be adjusted
within the range.
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6.3.5 Experimental validation

6.3.5.1 Shape sensing performance of the multi-core FBG fiber

To validate the FBG shape sensing performance when integrated with the cardiac catheter,

a fixed curvature test was conducted on the two symmetric bending curvature templates,

as shown in Fig. 6.14a. The templates were 3D-printed with fixed curvature grooves of

2.7-mm width, which is approximately equal to the outer diameter of EP catheter. The

bending angles of the curved section were from 0° to 105° on each side. The length of the

constant-curvature arc section was 55 mm. The integration of FBG fiber and cardiac catheter

followed the method in Section 6.3.2.1. The shape of 63.4-mm distal catheter section was

reconstructed by three cores in the fiber, with each core containing 21 FBG segments. The

catheter was placed into the template grooves for measuring its 3D curvature. For each

measurement, the location of first FBG segment was aligned to the start position of the

constant-curvature arcs. The reconstructed 3D curvature was obtained by taking average of

100 consecutive data captures for the entire sensing section.

The reconstructed catheter shapes are plotted in Fig. 6.14b, with the position of

first FBG section set as the origin (0,0). Curves for the ground truths are also plotted,

following the same shape of corresponding grooves. The overall average angular error of

all FBG sensors was 2.33°. And the average tip bending angle was 2.35° for all curvatures.

Fig. 6.14c illustrates the average errors of the tip bending angle among the fifteen groups of

predefined bending angle. Other than the sensor error of FBGs, the misalignment between

the reconstructed shape and ground truth could be partially attributed to the large gap

between the FBG fiber (�0.2 mm) and the water channel (�1 mm). In future manufacture,

the fiber could be put through a sheath with slightly larger diameter to minimize such

interspace, thus to improve the overall sensing accuracy. The sheath could also be integrated

into the wire channel of catheter to free up the water channel for irrigation function.
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Fig. 6.14: (a) Bending curvature templates used to evaluate the shape sensing performance of the
multi-core FBG fiber. Eight curvatures are included at each bending direction, with an absolute value
from 0° to 105°; (b) Reconstruction catheter shapes compared with the ground truth curves. The
starting positions are all aligned at (0,0); (c) Bending angle errors along the shape sensing section.
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6.3.5.2 Shape tracking under active bending

The shape tracking performance was further evaluated with active catheter manipulation.

The integration method of FBG fiber with the catheter remained the same as in

Section 6.3.5.1. A 6-DoF EM positional sensor (�0.8×9 mm, NDI Medical Aurora)

was attached to the catheter at the location of first FBG sensor. Before data collection,

the coordinate frames of the reconstructed shape and EM tracking system were aligned

following the procedure in Section 6.3.2.2. In the test, the cardiac catheter was actuated

by the robotic platform for bending in two directions. The shape and positional data of the

catheter were recorded under seven knob steering angles, which are summarized in the table

in Fig. 6.15a. For each input angle, the 3D curvature for ground truth was represented by 25

evenly distributed points, which were captured along the catheter by an EM tracking probe

(NDI Medical Aurora).

Fig. 6.15: (a) Top and side views of catheter shapes obtained from FBG shape sensing (red), EM
tracking system (black), as well as model prediction (green). The catheter was actuated by the
robotic platform with seven knob steering angles, which were also used for model input; (b) Spatial
differences along the shape sensing section by comparing curves from FBGs and the EM tracking
system.
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The diagrams in Fig. 6.15a depict the shape of catheter bending section under the seven

knob steering angles. To obtain the catheter tip position, a 14 mm straight section was added

to the tip of reconstructed 3D curvature based on the orientation of last FBG segment.

Simulated shapes deduced by the learning-based model in Section 6.3.3.2 are also overlaid

in the diagram, predicting similar shapes and positions to the measured results. The side

view of the shape tracking curves is plotted in Fig. 6.15a, indicating that the catheter used

for the experiment had a nearly planar bending behavior. The reconstructed shapes from

FBG fiber were consistent with the actual shape, implying there was no significant twist

between the FBG fiber and the catheter. The spatial positional errors of shape tracking for

the bending section are shown in Fig. 6.15b. The average positional error of 21 FBG sensing

segments was 0.63 mm, and 1.64 mm at the tip. The largest tip error was 2.46 mm for A7,

which is within the tolerance of targeting error (∼5 mm [227]) in EP procedure.

6.3.5.3 Learning-based PCC vs CC

The proposed learning-based PCC model was compared to the conventional CC model by

simulation. The structure-related parameters of the two models (e.g. length, diameter) were

set to be identical. In the PCC model, we divided the bendable section into three segments

(i.e. n = 3 in Section 6.3.3.1). The knob steering angles φ in a range of -20° to 20° were

input to both models. For the proposed learning-based PCC model, the actuation direction

s(t) is also considered as an input, as introduced in Eq. 6.24.

Fig. 6.16a illustrates the simulated catheter planar curves with five inputs of knob

steering angle, A1-A5. For the learning-based PCC model, each knob angle could generate

two curves in two actuation directions, namely positive (+) and negative (–). The variation

trends of curvature and tip bending angle are depicted in Fig. 6.16b-c respectively, w.r.t. the

knob steering angles. The CC model exhibits a linear increase with a larger magnitude in

both cases. Regarding the learning-based PCC model, a nonlinear relation between the knob

input and curvatures of three segments could be predicted, as well as the tip bending angle.

These predictions conform with the observed bending behavior of commercial cardiac

catheters, which could be attributed to the tendon-sheath friction, manufacturing tolerance

and non-ideal material conditions.
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Fig. 6.16: (a) Simulated catheter bending curves by the CC model and the learning-based PCC model
with five knob steering angles (I1-I5); (b)-(c) Diagrams showing the curvature and tip bending angle
variation trends for CC model and learning-based PCC model. The learning-based PCC model can
predict the actuation hysteresis by considering the actuation direction.
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The learning-based PCC model could also reveal the bending hysteresis of catheter by

involving the actuation directions. As illustrated in Fig. 6.16c, the tip bending angle would

follow the solid (/dashed) curve when the knob steering angle is increasing (/decreasing),

corresponding to the + (/–) actuation direction. The transition between the two curves

occurs when the actuation direction changes, which are at ±20° in this case. The tip

angle would remain unchanged while the input angle increasing/decreasing, which could

represent the bending hysteresis of catheter. The hysteresis could be predicted for every

knob input within the actuation range, leading to a more accurate mapping between the

catheter task space and actuation space.

6.3.5.4 Autonomous targeting

An autonomous targeting experiment was carried out by implementing the proposed shape

tracking and learning-based modeling on the robotic platform. Five targets (T1 to T5 in

Fig. 6.17a), which were in a volume of 78.4×75.7×46.3 mm3, were chosen within the

workspace of catheter tip. The EP catheter passed through a Polytetrafluoroethylene (PTFE)

pipeline with 0.8-m length and 4-mm inner diameter, which started at the robotic platform

and ended before the catheter bendable section. The catheter’s bending section could move

freely in the workspace. The PTFE pipeline simulated a path along the vessel to heart

chamber. In the task, the catheter was automatically manipulated by the robotic platform

to reach the targets in a sequence from T1 to T5. The tip position and catheter shape were

recorded and fed back by the proposed shape tracking method. The pre-trained catheter

model introduced in Section 6.3.5.3 was used to control the robot.

The footprint of catheter tip during autonomous targeting is shown in Fig. 6.17a,

with the trajectories represented by different colors. The red curves with dots indicate the

reconstructed catheter shape and position when its tip reached the targets. The deviations

from the tip to targeting points in the five stages are illustrated in Fig. 6.17b. The average

duration towards each target was 16.9 s, with the maximum duration of 25.8 s (T3). The

longer duration towards T3 could be attributed to the larger targeting distance (85.8 mm),

as the tip maximum speed was limited in the control algorithm to ensure a safe catheter

manipulation. The results indicated a fast and efficient autonomous targeting performance

of the robotic system incorporating with the shape tracking and control systems.
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Fig. 6.17: (a) Diagrams showing the catheter tip trajectory towards the five targets during the
autonomous targeting. The reconstructed catheter shape and position are plotted for the instances
when the tip reached the targets; (b) Deviation from the tip to the targets in the five stages.

6.3.5.5 Path following

To further investigate the overall feedback control performance of the robotic catheter

system, a path following task was conducted. The static reference path was pre-defined

in the shape of a sideways figure eight (“∞”), which has a dimension of 60×30 mm.

The learning-based PCC model was implemented on the robot. The catheter tip was

autonomously controlled to trace the reference path periodically, with the duration of each

loop set to 60 seconds.
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Fig. 6.18: (a) Catheter tip footprint in 5 cycles under autonomous path following using the learning-based PCC model. Larger the catheter tip deviation from the reference curve,
warmer the color of its tip footprint. The reconstructed catheter shapes and positions were obtained from the proposed shape tracking approach; (b) Deviation from the tip to
the reference curve in 5 cycles. The catheter was controlled to quickly trace the path during the approaching stage; (c) Top view showing the catheter bending shapes at the five
instances.
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The diagram in Fig. 6.18a depicts the tip footprint recorded by the shape tracking

system over 5 cycles. The deviation from the tip to the reference curve is indicated by the

warm color gradient. Fig. 6.18b illustrates the corresponding tip deviation over the 5 tracing

cycles. A mean value of deviation, 0.62 mm, could be found throughout the trajectory after

the approaching stage. Most segments of the trajectory tracking are smooth and closed along

with the reference curve. Several sections of the tip footprint have larger deviations (max.

2.34 mm), which is mainly due to the backlash and nonlinearity of the catheter manipulation

and robotic actuation. The reconstructed curves of the catheter are also overlaid on the

diagrams as red curves with dots, representing the instantaneous shape and position of the

bending section at 12s, 24s, 36s, 48s and 50s in the 1st cycle. A close tracing between the

tip footprint and reference curve could be clearly observed in Fig. 6.18c, together with the

reconstructed catheter shapes in various bending curvatures.

Fig. 6.19: (a) Catheter tip footprint under autonomous control with the CC model. Large deviation
can be found at segments with red color; (b) Tip deviation from the reference curve. Slow and
delayed retracement can be observed at several segments due to the inaccurate estimation of
kinematic mapping done by the CC model.



6.3. Shape tracking and feedback control of cardiac catheter 181

As a comparison, the CC model was implemented on the robot for a path flowing

task as well. All the initial parameters of the CC model and controller remained the same

as the proposed model, with the only difference in the modeling method and absence of

training process. The footprint recorded by shape tracking system over 5 cycles is shown

in Fig. 6.19a. The deviation from tip to reference curve is illustrated in Fig. 6.19b, which

had an average value of 1.23 mm and a maximum value of 4.02 mm. It can be seen that

the path controlled by CC model had a larger deviation, which could be attributed to

the overestimation of bending by the model. In contrast, the learning-based PCC model

could reflect the catheter configuration characteristics more precisely, thus offering a more

accurate mapping between the robotic actuation and the tip motion.

6.3.5.6 Ex vivo tissue ablation with simulated pulsatile flow

A simulated PVI task with ex-vivo tissue ablation was conducted to assess the overall

performance of the shape tracking and controller. The experiment was performed inside

the LA model with simulated pulsatile liquid flow. In the task, the catheter was manipulated

by the robot to reach the predefined ablation targets (Fig. 6.20a). A 2-mm tolerance was

set for each target. The ablation process was automatically triggered by an RF generator

(Biosense Webster Stockert 70) when the catheter tip reached the target region and had

tissue contact with impedance <200 Ω, as introduced in Section 6.3.3.3. After conducting

ablation at each target point, the robot was reset to the initial position for another targeting

process. This reset aimed to separate the catheter tip with the ablated tissue, as well as to

avoid the collision with the LA simulator’s wall during the next targeting.

As shown in Fig. 6.20a, the red spheres represent the predefined ablation targets, which

have a total number of 15 and are in a volume of 20.9×23.0×11.1 mm3. These targets form

a yellow line corresponding to the circumferential lesion targeted path nearby the pulmonary

vein ostia. The footprint (blue line) indicates the targeting motions towards the lesions. 12

out of the 15 (80.0%) lesion targets were successfully reached by the catheter tip to conduct

RF ablation. For the unsuccessful cases, the catheter was blocked by the tissue on the

targeting path. Fig. 6.20b shows the actual lesion points on the ex-vivo tissue. The average

time taken to complete the targeting process was 7.76 s, with the average traveling distance

of 43.4 mm. The results demonstrate stable and accurate control achieved by the proposed

feedback control methods, even under dynamic disturbance with simulated pulsatile liquid

flow. In Fig. 6.20a, the red curves with dots indicate the reconstructed catheter shape and
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position when the tip reached three of the targets. Other than providing feedback control for

the robotic system, the catheter shape tracking can also offer informative visual feedback of

the current catheter shape and tip targeting orientation. This additional information could

help surgeons keep track of the targeting progress and evaluate the ablation result, thus

improving the treatment safety and effectiveness.

Fig. 6.20: Results of the pulmonary vein isolation (PVI) task conducted in the LA simulator. A
standard EP catheter was autonomously controlled to reach a series of targets around the pulmonary
vein ostium. (a) Front view showing the catheter tip footprint, the targeted ablation points, and the
desired lesion path (yellow). The footprint (blue line) indicates the selective tip trajectories towards
the targets; (b) Tissue with ablated points (yellow circle).
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6.4 Conclusion

To improve the tele-operated control effectiveness of cardiac catheters, kinematics modeling

methods have been investigated with model-based and model-free modeling approaches,

which were implemented on the MR safe robotic catheter platform. Subject test was

conducted to evaluate the performance of both control methods quantitatively. Compared to

the model-based control method, it could be seen that model-free method achieved higher

accuracy (19.1% improvement in the tip-to-target ablation distance) and higher efficiency

(35.8% reduction in the missed-target proportion and 46.2% reduction in the number of

continuously missed targets).

Shape tracking and feedback control methods are also proposed for standard cardiac

catheters. Sensing information from multi-core FBG fiber and positional tracking coils

was integrated to enable catheter shape estimation under MRI, which was subsequently

incorporated with an MR safe robotic catheter system. A learning-based modeling method

is proposed for the cardiac catheter, with the FBG shape tracking used for system

characterization. Comparing with conventional CC models for continuum robots, the

proposed modeling method can resolve the modeling uncertainties from heuristic parameter

tuning and tendon backlash. The shape sensing using multi-core FBG fiber could achieve

2.33° average error for each sensing segment, and 1.52 mm positional accuracy for the

catheter tip. Autonomous targeting of five points within the robot workspace showed

effective convergence rates (average 16.9 s). Performance of the proposed learning-based

PCC and conventional CC models were compared in a path following task, where the

average deviations were 0.62 mm (max. deviation 2.34 mm) and 1.23 mm (max. deviation

4.02 mm), respectively. A simulated PVI task with ex-vivo tissue ablation has also been

conducted to demonstrate the overall performance of the shape tracking and controller.



Chapter 7

Conclusion

7.1 Summary of thesis achievements

This thesis presents several research attempts aiming to solve the unmet technical challenges

of tele-operated robotic systems, which are applied for intra-operative (intra-op) magnetic

resonance imaging (MRI)-guided interventions. High-performance magnetic resonance

(MR) safe hydraulic actuator has been developed, serving as the essential component for

robotic tele-operation. With incorporation of the hydraulic motors, the needle placement

robots and the robotic catheter system are developed, offering accurate and dexterous

manipulation of instrument. Real-time shape tracking and motion control methods are also

proposed with the robotic catheter platform. These concepts and techniques involved in

the works can be further applied to other types of interventions demanding intra-op MRI

guidance, such as breast and prostate biopsy. It is expected the successful integration of

high-performance tele-operated robotic system would present a significant improvement in

accuracy, efficiency and safety for MRI-guided interventions. The major achievements are

summarized as follows:

1. High-performance MR safe hydraulic actuation: MR safe hydraulic motors are

developed with incorporation of rolling-diaphragm-sealed cylinders for high-fidelity

tele-operation. The configurable MR safe motor is capable of providing continuous

bidirectional rotation with unlimited range. It also features fast response (rise time

<40 ms), accurate open-loop positional control (average error of 0.64°) with high

output torque (0.49 N-m), even through 10-meter long hydraulic pipelines. Both

kinematics and dynamics models of the hydraulic motor have been studied to identify

184
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the key design parameters that affect the system performance. Their design tradeoff

is presented in an analytical study. The proposed hydraulic motors, particularly the

three-cylinder configuration, would offer many opportunities to facilitate the MR

safe/conditional robot development. The motors could be implemented into robotic

systems for interventions demanding intra-op MRI guidance. MRI-guided catheter

robot for cardiac electrophysiology (EP) (Chapter 5) and robotic manipulator for

stereotactic neurosurgery (Chapter 4) are two examples.

2. Compact robotic manipulator for bilateral stereotactic neurosurgery: The

intra-operative MRI-guided robot can perform bilateral needle targeting towards both

subthalamic nucleus (STNs) simultaneously. The compact robot structure (110.6×

206.8×33.2 mm3) can enable its operation within the limited space of an MRI head

coil. The high-fidelity hydraulic motors were integrated for robotic actuation, which

can achieve a maximum stiffness of 24.35 N/mm. The needle targeting accuracy was

verified by a simulated deep brain stimulation (DBS) task, demonstrating sufficient

targeting accuracy compared to the regular requirement. A pre-clinical trial under

MRI guidance has been conducted to verify the surgical workflow assisted by the

proposed robotic system. It is expected that the robotic system can greatly reduce

the operation time from the repeated instrument placement/adjustment, as well as

the image alignment with head frame. The overall healthcare expenditure could be

significantly reduced, also compensating the high cost of using MRI.

3. Interactive needle placement robot for percutaneous intervention: The proposed

robot can offer semi-automated instrument positioning under MRI guidance. The

instrument manipulation can be interactively conducted, with coarse initial placement

operated by the surgeon and fine adjustment actuated by the robotic system. The

compact and lightweight robot design allows not only the direct mounting onto

the patient body, but also needle targeting at multiple locations with several robots

alongside the loop coils. Granular jamming was also implemented to lock the needle

position in place once after the fine automated adjustments have been made. The

entire system is expected to improve ablation probe access to lesions and reduce

recurrence rate of tumor ablation.

4. Robotic catheter platform for MRI-guided cardiac catheterization: The proposed

MR safe robotic manipulator can offer sufficient degrees of freedom (DoFs)

to tele-manipulate a cardiac catheter under intra-op MRI guidance. High-fidelity
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hydraulic motors using rolling-diaphragm seals have been incorporated. We have

simulated the navigation and pulmonary vein isolation (PVI) tasks to validate the

robot performance in terms of long-range catheter advancement and subtle lesion

targeting. These experiments have demonstrated that the robot can provide functional

manipulation towards MRI-guided EP with sufficient workspace and dexterity. The

advent of the proposed MRI-guided robotic catheter system can increase effectiveness

to perform radiofrequency (RF) ablation, while improving the navigation safety. As a

result, the system may reduce nerve damage, esophageal fistula creation, pulmonary

vein stenosis and stroke, as well as the chance of post-procedural disease recurrence,

which is currently 30% in atrial fibrillation and 50% in ventricular tachycardia. This

will also contribute to justifying the use of MRI, while reducing the overall healthcare

expenditure of the treatments.

5. Experimental validation of control interface for tele-operation of the robotic

catheter platform: To improve the effectiveness of tele-operated control for cardiac

catheters, kinematics modeling methods have been investigated, with model-based

and model-free approaches implemented on the MR safe robotic catheter platform.

Subject test, which emulated an ablation task, was conducted to evaluate the

performance of both control methods quantitatively. Compared to the model-based

control method, it could be seen that model-free method achieved higher accuracy,

with 19.1% improvement in the tip-to-target ablation distance. Model-free method

also achieved a higher efficiency, with 35.8% reduction in the missed-target

proportion and 46.2% reduction in the number of continuously missed targets.

6. Shape tracking and feedback control of cardiac catheter: Shape tracking and feedback

control methods are developed for standard cardiac catheters in MRI-guided EP

procedures. The shape tracking of cardiac catheter can be achieved by integrating

the multi-core optical fiber with fiber Bragg gratings (FBGs) and positional tracking

coils, which was subsequently incorporated with an MR safe robotic catheter

system. A learning-based modeling method is proposed for the cardiac catheter,

with the FBG-based shape tracking used for characterizing modeling parameters.

Experiments have been conducted to evaluate the shape tracking and feedback control

performance. A simulated PVI task with ex-vivo tissue ablation was carried out to

demonstrate the overall performance of the robotic system.
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7.2 Future work

Despite the achievements presented in the thesis, there are few directions deserving further

investigations. As the essential components of tele-operated robotic system for MRI-guided

interventions, the high-performance hydraulic actuator presented in Chapter 3, particularly

the three-cylinder design, could be further implemented on other MRI-guided interventions.

We also foresee that MRI-guided high-intensity focused ultrasound (HIFU) thermal

therapy is another emerging intervention that could benefit from the present motor. The

high-payload, continuous actuation would facilitate accurate repositioning of the large array

of ultrasound transducers, hence enlarging the ablation workspace, and also smoothening

the interventional workflow without having to going in-and-out the MRI room for manual

repositioning.

For the robotic needle manipulators presented in Chapter 4, cadaveric trials will be

the upcoming aims to validate their benefits and workflow. Many practical considerations

need to be further investigated, such as the setup in MRI, integration with MR scanning

coils, and the maintenance of the hydraulic transmission system. In addition, to improve the

manipulation accuracy, MR safe optical encoders could be incorporated, with development

of controller to “fuse” the sensing data with MR real-time tracking of the needle guide

to obtain the pose of the tracked needle tip in the image coordinates, instead of solely

by calculation from the robot kinematics. Although robotic assistance alone is a large

direction for researchers aiming to improve needle-based procedures, we will have a

focus on integrating other technologies that can complement the automation and precision

offered by robotics. Notable examples include haptics for tele-operative needle insertion

and augmented reality for guiding needle placement and insertion paths.

For the robotic catheter platform introduced in Chapter 5, pre-clinical animal trials

will be conducted to validate the robotic catheter system for MRI-guided EP procedure. RF

ablation will be carried out on a live porcine or ovine model with arrhythmia. The proposed

shape tracking and controller (Chapter 6) will be adapted to commercial MR-conditional

systems equipped with RF ablation system (e.g. ClearTrace™, MRI Interventions, Inc.

or Imricor Medical System). The efficacy of RF ablation will also be examined with

post-mortem histology. It is anticipated that the robotic catheter system would simplify the

surgical workflow of MRI-guided EP procedures. The proposed catheter shape tracking

method is expected to provide sufficient feedback for visualization and robotic control

under MRI, potentially reducing workload of the surgeon as well as post-procedural disease
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recurrence.

In addition, the proposed FBG-based shape tracking method (Chapter 6) could be

implemented on other MR safe/conditional continuum manipulators for interventional

procedures, such as urologic surgery, ophthalmic surgery and neurosurgery. The direct

measurement and reconstruction of shape and position for continuum manipulators would

reduce the computational cost of MRI, enabling high-performance feedback control and

interactive instrument manipulation. It is believed that both safety and overall operational

efficiency would be enhanced, with accurately and intra-operatively updated morphological

information of interventional instruments.
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and O. Tervonen, “MR-guided interventional procedures: a review,” Acta

Radiologica, vol. 46, pp. 576–586, oct 2005.

[72] M. Schulder, D. Liang, and P. W. Carmel, “Cranial surgery navigation aided by

a compact intraoperative magnetic resonance imager,” Journal of neurosurgery,

vol. 94, no. 6, pp. 936–945, 2001.

[73] G. R. Sutherland, T. Kaibara, D. Louw, D. I. Hoult, B. Tomanek, and J. Saunders,

“A mobile high-field magnetic resonance system for neurosurgery,” Journal of

neurosurgery, vol. 91, no. 5, pp. 804–813, 1999.

[74] D. I. Hoult, J. K. Saunders, G. R. Sutherland, J. Sharp, M. Gervin, H. G. Kolansky,

D. L. Kripiakevich, A. Procca, R. A. Sebastian, A. Dombay, et al., “The engineering

of an interventional mri with a movable 1.5 tesla magnet,” Journal of Magnetic

Resonance Imaging, vol. 13, no. 1, pp. 78–86, 2001.

[75] T. Kaibara, J. K. Saunders, and G. R. Sutherland, “Utility of a moveable 1.5

tesla intraoperative mr imaging system,” Canadian journal of neurological sciences,

vol. 26, no. 4, pp. 313–316, 1999.

[76] ASTM, “Standard practice for marking medical devices and other items for safety in

the magnetic resonance environment,” ASTM F2503-13, 2013.

[77] R. A. Beasley, “Medical robots: current systems and research directions,” Journal of

Robotics, vol. 2012, 2012.

[78] D. B. Camarillo, T. M. Krummel, and J. K. Salisbury Jr, “Robotic technology in

surgery: past, present, and future,” The American Journal of Surgery, vol. 188, no. 4,

pp. 2–15, 2004.



REFERENCES 197

[79] Y. Wang, S. E. Butner, and A. Darzi, “The developing market for medical robotics,”

Proceedings of the IEEE, vol. 94, no. 9, pp. 1763–1771, 2006.

[80] M. Hoeckelmann, I. J. Rudas, P. Fiorini, F. Kirchner, and T. Haidegger, “Current

capabilities and development potential in surgical robotics,” International Journal of

Advanced Robotic Systems, vol. 12, no. 5, p. 61, 2015.

[81] T. S. Lendvay, J. Rosen, and B. Hannaford, “44 telerobotics: Its future in clinical

application,” Pediatric Robotic and Reconstructive Urology, p. 314, 2012.

[82] R.-M. deSouza, E. Moro, A. E. Lang, and A. H. Schapira, “Timing of deep brain

stimulation in parkinson disease: a need for reappraisal?,” Annals of neurology,

vol. 73, no. 5, pp. 565–575, 2013.

[83] R. A. Vega, K. L. Holloway, and P. S. Larson, “Image-guided deep brain stimulation,”

Neurosurgery Clinics, vol. 25, no. 1, pp. 159–172, 2014.

[84] C. Nimsky, O. Ganslandt, P. Hastreiter, and R. Fahlbusch, “Intraoperative

compensation for brain shift,” Surgical neurology, vol. 56, no. 6, pp. 357–364, 2001.

[85] C. Sidiropoulos, R. Rammo, B. Merker, A. Mahajan, P. LeWitt, P. Kaminski,

M. Womble, A. Zec, D. Taylor, J. Wall, et al., “Intraoperative mri for deep

brain stimulation lead placement in parkinson’s disease: 1 year motor and

neuropsychological outcomes,” Journal of neurology, vol. 263, no. 6, pp. 1226–1231,

2016.

[86] G. R. Sutherland, Y. Maddahi, L. S. Gan, S. Lama, and K. Zareinia, “Robotics in

the neurosurgical treatment of glioma,” Surgical neurology international, vol. 6,

no. Suppl 1, p. S1, 2015.

[87] A. H. Hawasli, S. Bagade, J. S. Shimony, M. Miller-Thomas, and E. C. Leuthardt,

“Magnetic resonance imaging-guided focused laser interstitial thermal therapy

for intracranial lesions: single-institution series,” Neurosurgery, vol. 73, no. 6,

pp. 1007–1017, 2013.

[88] G. Li, H. Su, G. A. Cole, W. Shang, K. Harrington, A. Camilo, J. G. Pilitsis, and

G. S. Fischer, “Robotic system for mri-guided stereotactic neurosurgery,” IEEE

transactions on biomedical engineering, vol. 62, no. 4, pp. 1077–1088, 2014.

[89] F. W. Petraglia III, S. H. Farber, J. L. Han, T. Verla, J. Gallis, Y. Lokhnygina,

B. Parente, P. Hickey, D. A. Turner, and S. P. Lad, “Comparison of bilateral vs. staged



198 REFERENCES

unilateral deep brain stimulation (dbs) in p arkinson’s disease in patients under 70

years of age,” Neuromodulation: Technology at the Neural Interface, vol. 19, no. 1,

pp. 31–37, 2016.

[90] G. Widmann, “Image-guided surgery and medical robotics in the cranial area,”

Biomedical imaging and intervention journal, vol. 3, no. 1, 2007.

[91] S. McGuire, “World cancer report 2014. geneva, switzerland: World health

organization, international agency for research on cancer, who press, 2015,” 2016.

[92] L. S. Poulou, E. Botsa, I. Thanou, P. D. Ziakas, and L. Thanos, “Percutaneous

microwave ablation vs radiofrequency ablation in the treatment of hepatocellular

carcinoma,” World journal of hepatology, vol. 7, no. 8, p. 1054, 2015.

[93] J. Wong, K.-F. Lee, S. C.-H. Yu, P. S.-F. Lee, Y.-S. Cheung, C.-N. Chong, P. C.-T.

Ip, and P. Bo-San Lai, “Percutaneous radiofrequency ablation versus surgical

radiofrequency ablation for malignant liver tumours: the long-term results,” HPB,

vol. 15, no. 8, pp. 595–601, 2013.

[94] G. G. Di Costanzo, G. Francica, and C. M. Pacella, “Laser ablation for small

hepatocellular carcinoma: state of the art and future perspectives,” World journal

of hepatology, vol. 6, no. 10, p. 704, 2014.

[95] K. A. Simo, S. E. Sereika, K. N. Newton, and D. A. Gerber, “Laparoscopic-assisted

microwave ablation for hepatocellular carcinoma: Safety and efficacy in comparison

with radiofrequency ablation,” Journal of surgical oncology, vol. 104, no. 7,

pp. 822–829, 2011.

[96] H. Fukuda, R. Ito, M. Ohto, A. Sakamoto, E. Karasawa, T. Yamaguchi, N. Shinozuka,

H. Zhu, and Z.-B. Wanga, “Treatment of small hepatocellular carcinomas with

us-guided high-intensity focused ultrasound,” Ultrasound in medicine & biology,

vol. 37, no. 8, pp. 1222–1229, 2011.

[97] A. H. Mahnken, A. Buecker, E. Spuentrup, G. A. Krombach, D. Henzler, R. W.

Günther, and J. Tacke, “Mr-guided radiofrequency ablation of hepatic malignancies

at 1.5 t: initial results,” Journal of Magnetic Resonance Imaging: An Official Journal

of the International Society for Magnetic Resonance in Medicine, vol. 19, no. 3,

pp. 342–348, 2004.



REFERENCES 199

[98] G. G. Di Costanzo, R. Tortora, G. D’Adamo, M. De Luca, F. Lampasi,

L. Addario, A. Galeota Lanza, F. P. Picciotto, M. T. Tartaglione, G. Cordone,

et al., “Radiofrequency ablation versus laser ablation for the treatment of

small hepatocellular carcinoma in cirrhosis: a randomized trial,” Journal of

gastroenterology and hepatology, vol. 30, no. 3, pp. 559–565, 2015.

[99] C. M. Pacella, G. Bizzarri, G. Francica, A. Bianchini, S. De Nuntis, S. Pacella,

A. Crescenzi, S. Taccogna, G. Forlini, Z. Rossi, et al., “Percutaneous laser ablation

in the treatment of hepatocellular carcinoma with small tumors: analysis of factors

affecting the achievement of tumor necrosis,” Journal of vascular and interventional

radiology, vol. 16, no. 11, pp. 1447–1457, 2005.

[100] M. W. Kroes, W. M. Busser, J. J. Fütterer, M. J. Arntz, C. M. Janssen, Y. L.
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[174] L. H. Blumenschein and Y. Mcngüç, “Generalized delta mechanisms from soft

actuators,” in 2019 2nd IEEE International Conference on Soft Robotics (RoboSoft),

pp. 249–256, IEEE, 2019.

[175] Z. Dong, Z. Guo, K.-H. Lee, G. Fang, W. L. Tang, H.-C. Chang, D. T. M. Chan, and

K.-W. Kwok, “High-performance continuous hydraulic motor for mr safe robotic

teleoperation,” IEEE Robotics and Automation Letters, vol. 4, no. 2, pp. 1964–1971,

2019.

[176] Z. Guo, Z. Dong, K.-H. Lee, C. L. Cheung, H.-C. Fu, J. D. Ho, H. He, W.-S. Poon,

D. T.-M. Chan, and K.-W. Kwok, “Compact design of a hydraulic driving robot



208 REFERENCES

for intraoperative mri-guided bilateral stereotactic neurosurgery,” IEEE Robotics and

Automation Letters, vol. 3, no. 3, pp. 2515–2522, 2018.
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