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Abstract

The advent of Minimal Invasive Surgery (MIS), a relatively modern method for performing
surgeries, laid the grounds for robotic assistance in surgical procedures. Unlike conven-
tional or open surgery, MIS uses long and slender surgical tools passed into the human body
through small openings called incision points. The surgeons operate these tools from outside
of the patient’s body by viewing the video feedback of an endoscopic camera inserted into

the patient’s body.

The most evident benefits of the MIS are reduced blood loss, lessened postoperative mor-
bidity, shorter hospital stay, and slashed cost of healthcare. It is common to use MIS for
various surgical procedures such as Laparoscopy, Nephrectomy, Orthopedics, Cardiology
and Thoracic, and Neurosurgical procedures. In some procedures, such as Cholecystectomy,

laparoscopy is considered the gold standard.

The first robotic surgery was recorded more than three decades ago, and meanwhile, there
was tremendous growth in surgical robotics in general. Surprisingly, neurosurgical robots
developed at a slower pace. One reason behind this is the complex and delicate structure
of the brain compared to other anatomical regions of human body which demands more so-
phisticated and miniaturized robotic tools. However, research on neurosurgical robots has
gained pace during the last decade, and newly developed systems have started establishing
their versatility, stability, dexterity, and potential to provide haptic feedback. Current neu-
rosurgical robotic systems have contributed to enhancement of the quality of the surgery by
minimizing registration errors and to acquiring spatial information. Nevertheless, all this

advancement did not address the delicacy of neurosurgery in neonatal and infants.

This thesis addresses the research gap mentioned above by developing a new neurosurgical
robotic system for newborns and infants. Due to the absence of such a robotic system,
surgeons have to perform these complex, delicate and time- consuming procedures manually.
The challenges in performing these procedures include the requirement of multiple hands
(to perform the surgery) in a confined space, inefficient sleeve holder, and the need for fine

motor skills to perform delicate motions.



To address these challenges, we have developed a robotic system that can assist surgeons
in performing neonatal neurosurgeries. In this study, we presented a novel surgical robotic
platform to assist surgeons in neuroendoscopy in infants. The design requirements of the
robotic system were primarily obtained from observing the neuroendoscopic procedures.
Subsequently, the acquired requirements were discussed with the team of neurosurgeons.
Consequently, we agreed upon set of the requirements that the robotic system has to fulfil.
The requirements were; establishing the remote center of motion (RCM) at the point of inter-
vention and motorized manipulation (orientation, insertion, and inter-operative adjustment)
of the end effector. The ranges of design requirement parameters were calculated using the
real-life MRI of a baby. The MRI was later converted to a CAD model. The CAD model
helped us in deriving the kinematic structure of the robotic system. We have realized that
we needed a cartesian coordinate motion system to fix the RCM on a given point. How-
ever, a spherical motion system is required to cater to a (quasi) spherical workspace. We
have used servo motors for the actuation of the joints and to have the required accuracy and

repeatability.

The actuated six degrees of freedom (DOFs) of the system replaced multiple hands in the
workspace with a rigid support and a fine positioning system. The new robotic system can
orient, insert, and hold the surgical sleeve at any point assigned by the surgeon. The robotic
system has been designed to work seamlessly with intra-operative neuronavigation as re-
quired during the surgery. All system requirements have been tested through simulation and
physical experiments. Kinematic analysis was performed to ensure that the robotic system
meets the workspace and surgical tool’s reachability requirements. In addition, dynamic
analysis was carried out to ensure the remote center of motion (RCM), decoupling of all the
DOFs. These requirements were also validated through experiments with the new robotic

system.

After the developing of the robotic system, rigorous experiments were performed under the
guidelines for determining the accuracy and repeatability of numerically controlled axes.
The spherical motion system achieved the repeatability of 0.47°, 0.141°, and 405y for yaw,
pitch, and translation respectively.

In the future, the robotic system can be modified for haptic and force feedback. In addition,
new control strategies could be developed to calculate and simulate the tool trajectory using

the data from pre-operative MRI.
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Chapter 1

Introduction

Summary

The discussion in this chapter covers the introduction of neuroendoscopic procedures along
with the brief history and different methods of performing neuroendoscopy. Later sections
explains the motivation for the proposed research and the problems in the current neuroen-

doscopic procedures.

1.1 Background

Minimal Invasive Surgery (MIS) is a relatively modern method for performing surgeries.
Unlike conventional or open surgery, MIS uses long and slender tools passed into the human
body through small openings called incision points [17]. These openings could be natu-
ral orifices or the incisions made by surgeons. These surgical tools can be of numerous
types, from graspers to cutters to 3D cameras and aspirators. The most evident benefits of
the MIS are reduced blood loss, reduced postoperative morbidity, shorter hospital stay, and
overall cost benefits of the health care. Currently, surgeons are using MIS techniques for
various surgical procedures such as Laparoscopy [ 18], Nephrectomy [19], Orthopedics [20],
Cardiology, Thoracic [20][21], and Neurosurgical procedures [22]. MIS techniques greatly
enhance the quality of the health care. In some procedures, such as Cholecystectomy, la-

paroscopy is considered the gold standard [23].

1.2 Neuroendoscopy

Neuroendoscopy is a type of MIS. It uses specialized endoscopes to perform surgical pro-
cedures in deeper parts of the brain. Human brain is the most complex and delicate organ
in our bodies. Unlike the other organs, deep parts of the brain are difficult to access with
open surgery. The reason for this is the anatomy of the human brain. It consists of a cavity
enclosed in a solid skull. This cavity is filled mostly by the cerebral tissues. These tissues are
very sensitive to any retraction and/or displacement [24]. These reasons make open surgery
to deeper parts of the brain nearly impossible without the risk of damaging critical struc-

tures. Thus Neuroendoscopy is the most effective way to perform surgeries at those deep



Lesion Pitch

Cranium

Figure 1.1: A simple schematic of a neuroendoscopic procedure

anatomical landmarks.

Neuroendoscopy is a minimally invasive interventional technique for neurosurgical proce-
dures. It uses a long and narrow endoscope, which is passed through a small drilled hole on
the skull made by the surgeon. This small opening is also known as burr-hole. Normally,
the endoscope has a light source for illumination, a cutting or ablation tool, and an irrigation
channel to suck up the blood and saline solution. Before the invention of neuronavigation
systems based on Computerized Tomography (CT) scans or Magnetic Resonance Imagining
(MRI), neurosurgeons used stereotactic clamps and brain atlases to navigate the endoscope
inside the cranium. The navigation systems for neuroendoscopy will be discussed in later

sections. A simple schematic of neuroendoscopy is shown in figure 1.1.

1.2.1 Brief History

Evidence of neurosurgical procedures dates back to as far as 800 B.C., based on the ar-
chaeological discovery of an operated skull found in Iran during an excavation campaign
[25]. In modern world, the first recorded neuroendoscopy was performed by L’Espinass in

1910 [26, 27] at Northwestern University in Chicago. But this event went unnoticed. Later



in 1922, Walter Dandy tried an endoscopic choroid plexectomy but the procedure was not
successful [28]. He improved upon the procedure and reported the same procedure again
in 1932 but it was marginally successful as compared to the open surgery [29]. At that
time in history, neuroendoscopy was not gaining pace because of absence of the sophisti-
cated endoscopes, and navigation technology. It was not until mid 1960s, when Hopkins
invented a rigid endoscope with cold light and lens with smaller diameter and wide view an-
gles [30]. He laid the foundation for modern day endoscopes. After this invention, not only
neuroendoscopy but also other MIS techniques developed at a rapid pace. Over time, these
procedures improved significantly with the development of the sister technologies such as
enhanced endoscopes with a built-in camera, neuronavigation, computer tomography, and
real-time intraoperative MRI. These minimal invasive techniques helped the use of robots in

surgeries in the coming decades.

i Insesion Instrument
cranim / Semicircular ~ Needle Carriage

Arc

Reference
Frames

Ventricular Stereotactic
System Frame

Figure 1.2: a) Cartesian coordinate system related to the Third Ventricle of the Brain. b)
Stereotactic frame with inserting needle.

1.2.2 Different Methods of Neuroendoscopy

Frame based Stereotactic Neuroendoscopy

The surgical technique to access deeper parts of the brain is known as Stereotaxy. The word
stereotaxy is originated from two Greek words “stereos” means solid and “takse” means
touch. This terminology was used to “indicate the area of interest” in the neurology [31].
Such focused surgical intervention is called stereotactic surgery. Although animal trials

for the stereotactic surgery were started in the early 20th century, the first reported human
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(c) Arc Quadrant System (d) Phantom Arc System

Figure 1.3: Four basic types of stereotactic frames; (a) Simple orthogonal system, (b) Burr-
Hole mounted system (c) Arc type (d) Interlocking arc or phantom arc system

stereotactic procedure was in 1947 with the stereotactic frame invented by Horsley and Clark
[32] in London. Stereotactic neuroendoscopy is performed by inserting long slender tools
into the brain and localization is done using a stereotactic frame as shown in figure 1.2.

Compared to open surgery, stereotactic surgery causes minimal damage to brain tissues.

There are four basic types of stereotactic frames as shown in figure 1.3.

(a) The simple orthogonal system holds the probe/endoscope carrier perpendicular and has
two translational Degrees of Freedom (DOFs).

(b)The burr-hole mounted stereotactic frame has two angular, and a translational DOF. The
two angular DOFs are from the horizontal, and vertical planes respectively. The translational
DOF is for the depth adjustment.

(c)Arc-Quadrant systems are more accurate and simpler in operation. In these systems,
the probe is mounted on a circular carrier so that the probe is always directed towards the
center of the arc. In this manner, the probe can have angular motion about the horizontal

and vertical axes. In this configuration, the probe always passes through the center of the



Tool tracking through intra-operative neuronavigation

Figure 1.4: Surgeons performing neuroendoscopy using intra-operative neuronavigation

arc, providing a pivot point at the entry, which is also known as Remote Center of Motion
(RCM).

(d)In Phantom Arc Systems, an aiming bow is attached to the head ring, that is fixed on the
patient skull. The aiming bow simulate the position of the target in X, y, and z coordinates.
These coordinates are then transfered to the probe holder [33].

Some major disadvantages of these frames are that they are bulky in size and cause dis-
comfort to the patients. They also obstruct the surgeon’s field of view and restrict access
to patient (e.g., for the anesthesiologist). Some studies have reported large accuracy errors,

because of their mechanical design [34].

Frameless Stereotactic Neuroendoscopy
Until 1980, stereotactic neuroendoscopy was the standard procedure for minimally invasive
neurosurgeries. The reason was the absence of reliable navigation technologies such as those

based on CT-scan and Magnetic Resonance Imagining (MRI) [35].

The concept behind frameless neuroendoscopy involves the localization of three points in
the pre-operative images, which are used as a reference to define a volume in a three di-
mensional space. Then, these points are projected on the patient using fiducials/markers or
anatomical landmark. Surgeons can then plan the probe trajectories using these points. Dur-

ing surgery, they can also track the probe insertion using an intra-operative electromagnetic



(EM) tracking systems, ultrasound, CT-scan, or MRI.

The process of localizing the target on the image scan and project it on to the patient is called
registration. Once this is completed, surgeons follow the surgical plan to prepare the incision
point, and perform the intracranial insertion of the probe. This process is performed under
navigation, shown in figure 1.4. For this, surgeons use intra-operative EM tracking, MRI, or

ultrasound, to track the probe’s tip position in real time.

1.2.3 Tools used in Neuroendoscopy

Neurosurgeons use variety of tools for the interventions, depending upon the nature of the
disease. Needles are mostly used for electrical stimulation and biopsies, while specialized

surgical sleeves and endoscopes are used for shunting, resection of tumor and piercing of

intraventricular membranes [36].

Trajectory Probe Patient Trajectory Planning and target localization

Figure 1.5: Surgical planning for neuroendoscopy

1.2.4 Types of Neuroendoscopy

Deep Brain Stimulation (DBS)

Deep Brain Stimulation (DBS) is a procedure to cure conditions such as essential tremor
(ET) and Parkinson Disease (PD). This is done by inserting high-frequency electrodes to
stimulate deep parts of the brain [37]. These areas are very difficult to reach by open surgery.
The first case of DBS was reported in 1874 [38].In recent years, DBS was greatly enhanced
by real-time neuronavigation. A schematic of DBS is shown in figure 1.6.

Neuro Biopsy Neuro biopsy is the resection of a sample of a brain tumor or a brain tissue
for analysis. It is a minimally invasive procedure and can take out samples even from the
deepest parts of the brain with minimal damage. During the insertion, surgeons also keep

track of the biopsy tool using intraoperative tracking [39].
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Figure 1.6: Deep Brain Stimulation (DBS)

Electroencephalography (EEG)

EEG based stimulation is a method to acquire encephalographic signals and send stimulus
to control seizures [40]. EEG is also used in neural data acquisition and stimulus reconstruc-
tion [41]. Stereoelectroencephalography (SEEG) was invented in the 1950s by J.Talairach
and J.Bancaud in France [47], and is currently considered as the most effective sensing tech-

nology to assist in the diagnosis and treatment of epilepsy [43].

Endoscopic Third Ventriculostomy (ETV)

ETV is performed by inserting an endoscope into the patient’s skull to reach the third ventri-
cle of the brain. It is a century-old neuro endoscopic procedure for the management of ob-
structive hydrocephalus. Surprisingly, the first ETV was performed by a urologist, William
Mixter in 1923. He used an urethroscope as an endoscope to perform the ETV on a child
with obstructive hydrocephalus [44]. The endoscope with special tools enables the creation
of a bypass to release cerebrospinal fluid (CSF) pressure. figure 1.7 shows the basic concept
of ETV.

Figure 1.7: Endoscopic Third Ventriculostomy (ETV)



1.3 Motivation

Hydrocephalus is the excess production of the cerebrospinal fluid than needed. So it starts
to accumulate in the third ventrical of the brain. It causes pain and abnormal growth of the
head. Over 70,000 surgeries are performed annually for treating Hydrocephalus in United
States. Four out of one thousand children are born with Hydrocephalus, and their treatment
costs around 100 million US dollar per year [45]. Apart from this, 40% of the patients
who suffered from Hydrocephalus had behavioral issues, while 20% of them suffered from
autism in later stages of life [46]. Also, in 45% of the cases, patients had to undergo repeti-
tive surgeries[47].

Pediatric neuroendoscopy is an optimal way to perform these surgeries. Surgeons perform
these procedures manually and in a very careful way, because of the fragility and small size
of the baby’s head (10-12 cm). There are various evident problems in performing these
procedures, including narrow workspace, delicate cerebral tissues, and long operating hours
[48]. This leads to ample chances of human errors caused by fatigue, tremors and difficul-
ties in maintaining the precision of surgical actions over extended periods of time. These
challenges take their toll on the quality of the surgery and overall patient’s well being and

quality of life.

The motivation for this research project is to mitigate these issues by developing a robotic
system dedicated for pediatric neuroendoscopy. This system should enable unprecedented
levels of precision and safety during neuroendoscopy, facilitating and enhancing these deli-

cate procedures by providing a highly precise and stable support for the surgical tools.

1.4 Problem Statement

We are living in an era of rapidly emerging robotic technologies. Robots are assisting sur-
geons all over the globe from Laparoscopy to Neurosurgery. Unfortunately there is no

robotic system which address the issue of neuroendoscopy in neonatal and infants.

Currently, the process of pediatric neuroendoscopy is completely manual. In many cases,
surgeons cannot use head clamps, stereotactic frames, nor facial landmarks. The main rea-
son for this is the partial calcification of baby’s head. The cranial fissures are not filled
completely. Thus, the usage of any fixture can cause damage or permanent deformations.

As a result, the patient’s head can not be completely immobilized.

The surgical procedure of pediatric neuroendoscopy, itself is very intricate and requires
higher level of dexterity with sub millimeter accuracy and precision. A slight tremor in

surgeon’s hand can cause life-long disabilities on the child.
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Figure 1.8: Team of surgeons performing manual neuroendoscopy using a mechanical tool
holder. Multiple hands are required in a very small space for very long period of time.

In addition, because the available mechanical supports for pediatric neuroendoscopy are
sub-optimal for this application, six hands are required to perform the procedures, which is
complicated by the fact that the surgical workspace is very small. Figure 1.8 highlights the

issues in manual neuroendoscopy.

1.5 Objectives

The objectives of this research are:
1. Study the utility of current robotic systems for pediatric neurosurgery.
2. Investigate potential robotic mechanisms for pediatric neuroendoscopy.
3. Design and develop a robotic system for pediatric neurosurgery.
4. Assess the robotic system performance experimentally.

5. Validate the new device through user trials.

1.6 Methodology

I started this research with a detailed literature review of neurosurgical robots. During this
review, | categorized existing robots in three categories according to their kinematic struc-
ture, i.e., serial, parallel, and spherical. The purpose of the review was to get a deeper
understanding of previous solutions proposed for this challenging problem. I also aimed to

identify an p available neurosurgical robot that could be potentially used for, or customized



to perform, pediatric neuroendoscopy.

After completing the literature review, we discussed possible scenarios with our clinical col-
laborators and arrived at the conclusion that there was a need to design a dedicated robotic
system tailored to address the needs of both the surgeons and the patients. We closely col-

laborated with pediatric neurosurgeons to define the system requirements.

After having a clear understanding of the challenges and requirements, we started the me-
chanical design process following an iterative co-design approach with the surgeons. The
first step was to convert the clinical requirements to engineering requirements for the robotic

system.

Afterwards, we started the mechanical design of full scale robotic system using Computer
Aided Design (CAD). The model of the robotic system was first verified through series of
mechanism and kinematic simulations. Then, a scale down proof-of-concept prototype was

created to verify the early design with the surgeons.

Based on the neurosurgeons feedback, the design was revised. Following the design revi-
sions, the robotic system was manufactured and assembled. The system was tested on a 3D
printed phantom head, using electro-magnetic tracking to access the system’s motions. Dur-
ing the testing, we experimentally verified the physical system, the reach of the end-effector,

and the robotic system accuracy. Figure 1.9 shows the methodology in detail.
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Figure 1.9: Methodology
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Chapter 2

Literature Review

Summary

In this chapter, we review the current robotic systems used for neurosurgical procedures. We
classify the robotic systems according to their kinematic structure. A basic introduction of
serial and parallel manipulators is also given to understand existing robotic systems better.
In the end, a table is presented in which summarizes the presented robotic systems according

to their chronological order.

2.1 Background

Robotic Surgery has seen its dawn with a neurological surgical procedure in 1985 [49].
Since then, surgical robotics has become a vast and rapidly growing field. Starting from
neurobiopsy, the surgical robots now assist surgeons in other areas such as orthopaedics,
laparoscopy, cardiology, neurology, and urology. It has been long since surgical robots
have been commercially developed and clinically deployed. Neurological surgical robots,
however, have seen a slow development compared to other types, possibly because of the
complex nature of the procedures. These robots started as a tool to enable access to deep
pathology and structures (such as the third ventricle) with less trauma and minimal inva-
siveness [50], since the robotic technology provides a steady and precise penetration of
surgical/biopsy tools to the most complex parts of the brain. Despite the slow start, the
development of neurological surgical robots gained pace towards the end of the 20th cen-
tury, demonstrating their versatility, stability, dexterity, and potential to provide haptic feed-
back.Robotic systems also demonstrated to contribute to minimize registration errors and to
acquire spatial information. This can be achieved by various means like fiducial markers,
and laser scanning. This information handling/retrieving property of robotic systems enables

the surgeon to concentrate on the surgical procedure.

There are numerous ways in which medical robots can be classified, such as surgical appli-
cations, level of autonomy, targeted anatomy, and targeted organ/part [9]. Considering the
wide spectrum of disciplines involved in the development of surgical robotics, it is difficult

to create a taxonomy for all kind of surgical robotics [51, 52]. Therefore, in this chapter we
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focus on neurosurgical robots. The proposed research is mainly focused on the mechanical
design and development of a robotic system. So that we aim to analyze both commercial
and research prototypes of robots for neurological procedures based on their mechanisms
and kinematic structure. It is important to study the current mechanism and designs be-
fore designing our robotic system. That’s why this study mainly focus on the design and

mechanism part of the literature.

2.2 C(lassification of Neurosurgical Robots

Neurosurgical robots can be segregated in two major kinematic structure groups: Serial and
Parallel robots. This classification has been used, for example, by Merlet et al. for the
analysis of surgical robots available in 2005 [53]. Here, we start the analysis with a brief

introduction to both serial and parallel mechanisms used in different neurosurgical robots.

2.3 Serial Robotic Manipulators

Serial robotic manipulators are the most widely used industrial manipulators. They consist
of rigid links that are joined together either through revolute or prismatic joints in series.
Usually, the first link of the manipulator is fixed and acts as the base. The distal end, or end
effector, carries some tool or an object to position and orient [54]. This configuration makes

an open-chain structure.

Most serial robots are anthropomorphic and have six degrees of freedom (DOF). These
characteristics enable them to achieve any arbitrary position and orientation in a three-
dimensional workspace [55]. The operator has to develop a common reference between
the base and the end-effector before assigning a task to the robot. In some cases, joint angles
of the manipulator are known, and the end-effector position has to be calculated. It is known
as forward kinematics, and it is straightforward for serial manipulators. On the contrary,
when the end effector’s position is given, and the user has to calculate the joint angles of the
manipulator, this is known as inverse kinematics. This is quite complex for serial manipula-
tors [56]. The reason behind is, for each position and orientation of end-effector, there could
be infinite number of joint motions. There are several methods to find these parameters, such

as the geometric method, Denavit-Hartenberg method, etc. [57].

It is also important to note that most of the commercial serial manipulators have only rev-
olute joints. This configuration provides a large and dexterous workspace and reduces the
cost. However, all the joints are coupled [58]. Compared to parallel robots, serial robots
are heavier in weight because the links need enough rigidity to be stable. Serial robotic

manipulators tend to have lower accuracy because the successive link has to support all the
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preceding links and the load (if the end effector is attached). They also need stiffer links,
which makes them heavier. Flexural deformation in the links can be a big problem, as the
robot’s internal sensors are often not able to detect them. This could also cause the error to
magnify from the proximal to the distal end [59]. Moreover, they also have very low payload
capacity as compared to their own loads. Nonetheless, the positive characteristics of serial

manipulators make them an excellent choice for industrial and medical use.

2.4 Parallel Manipulators

Parallel manipulators are different from the far more traditional serial manipulators in their
kinematic structure. Parallel manipulators employ multiple closed kinematic loops. Usually,
these comprise multiple kinematic chains connecting a moving platform to the base. This
type of configuration and the resulting kinematic structure enable a parallel manipulator to be
driven by actuators that are located on or near the base of the manipulator. On the contrary,
serial manipulators lack such a configuration of closed kinematic loops and are driven by
actuators positioned at each joint along the serial linkage. This kind of actuator positioning
causes a serial manipulator to experience heavy loading whereas the links in a parallel ma-
nipulator need not carry the actuator load. Consequently, the links in parallel manipulators

can be designed much lighter in weight when compared to links in serial manipulators.

The number of actuators in a parallel manipulator exceeds the degrees of freedom (DOF)
only when a repetitive DOF is required. Parallel robots strictly having an equal number of
kinematic chains to the number of DOF are called fully-parallel manipulators. One of the

first recorded usages of parallel robots was in the tire testing device known as the Gough-

‘4>/(‘
R Tip Frame
6§ v y.

v *

End-effector

Link 1

Figure 2.1: Serial manipulators: A class of robotic manipulator in which the successive link
is attached serially to its predecessor.
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Stewart platform [60]. Eventually, they found the use of the same mechanism in flight sim-
ulators which are also known as Stewart Platforms [61]. With the passing years, parallel
robots have found many applications, such as high-speed manipulation, machine tools, ma-
terial handling, and medical applications [60]. Usually, parallel manipulators have six DOFs
but recently parallel robots with fewer DOFs have found their applications in different in-
dustries [62]. Unlike serial manipulators, parallel manipulators have very straightforward
inverse kinematic, however, the forward kinematics can be complicated [63, 64, 65, 66].
There are several types of parallel robots according to their design topology and usage. The
most noticeable advantage of parallel manipulators is that they have higher stiffness than
serial manipulators. This makes parallel manipulators more accurate and enable them to
handle heavy payloads as compared to their own weight. This allows them to have higher
throughput movements and greater mechanical rigidity than serial manipulators. Parallel
robots also attain higher accuracy than the serial robots because the parallel mechanism av-
erage the errors rather than adding them cumulatively. The parallel robots can be classified
into symmetric, planar, spherical, and spatial categories. Industrial applications of parallel
robots are mostly in the form of Hexapods, which are used in high accuracy and high pay-
load applications and surgeries. Other applications include Delta Robots used in high-speed

manipulations and cable-driven robots used in cargo handling.

2.5 Neurological Surgical Robots using Serial Mechanism

2.5.1 ROSA

ROSA system primarily consists of a 6 DOF rigid robotic arm. This robotic arm uses serial
mechanism for the articulation and placement of the tool. The serial manipulator enables the
surgeon to have a workspace also for himself to carry out the procedure [67]. This robotic
manipulator is controlled by Rosana software which calculates the probe trajectory from
pre-operative MRI images [68, 1]. The robotic arm is fixed with the skull clamp during the
surgical procedure. It uses its laser system for indexing the patient head using MRI and CT

scan images.
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Figure 2.2: An example configuration of a parallel manipulator
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Table 2.1: Robotic manipulators and their properties
Type of manipulator

Serial Manipulator Parallel Manipulator
1 Kinematic Structure Open Loop Closed Loop
2 Actuators On the joints On the base
3 Workspace Relatively large Relatively small
4 Stiffness Low High
5 Dexterity High Low
6  Forward Kinematics Straightforward and Unique Difficult and Complex
7 Inverse Kinematics Difficult and Complex Straightforward
and Unique
8 Payload to Weight Ratio Low High
9  Application Material Handling, Inspection, Precise Pick & Place
Medical Machine tools, Medical

When using ROSA, surgeons can choose the frameless or frame-based approach. The frame-
less approach uses fiducial markers. The frame-based approach uses a surface scanner.
Frame-based registration has an accuracy of less than 1 mm, while frameless registration
has an accuracy of 1.22 mm [69]. During the procedure, surgeon can also opt for the in-
traoperative MRI to visualize the actual position of the tooltip. The major benefit of ROSA
are flexibility of use and the integration in the conventional workflow. Figure 2.3(a) shows

ROSA surgical system.

2.5.2 Cyber Knife

CyberKnife is a Stereotactic Radiosurgery System (SRS) developed for frameless stereo-
tactic procedures [70]. It is the combination of three neurological radioscopy techniques,
namely 1) Stereotaxy, 2) Three Dimensional Target Localization, and 3) Radiating the target
from multiple locations. CyberKnife is capable of delivering a high dose of radiation with
sub-millimeter precision, producing minimal damage to proximal tissues [71]. The most
recent version of CyberKnife uses a KUKA KR 240-2 robotic arm [72, 73]. This is a serial
manipulator with six DOF rotary axes. Each of the joints mounted with high power motors.
This configuration provides high payload with high precision. This robotic manipulator can
achieve any point in the three-dimensional workspace through multiple configurations of the

actuators[ 74]. Cyberknife radiation therapy is shown in figure 2.3.

2.5.3 Neuromate

Neuromate (Renishaw PLC) was developed on the basis of the works of Benabid et al. [75].
It is a stereotactic robotic system primarily developed at Grenoble University [76]. It was

developed in 1992 by transforming a universal industrial robot into the hand of a neurosur-

16



Figure 2.3: (a) Medtec ROSA robotic system [1] (b) Cyberknife radiation therapy system
[2].

geon. This a six DOF serial robotic arm. The angular joints were considered as shoulder,
arm, elbow, forearm, wrist, and hand. Each of the degrees of freedom is equipped with a
potentiometer as sensor to keep track of the angles. The data from these potentiometers
are used in the registration and retrieval of robot coordinates during the surgery [77]. This
was the first FDA approved and CE marked neurosurgical robots for the stereotactic neu-
rosurgical procedure. It was approved in 1997. This image-guided robot has a technical
positional accuracy of 0.7 mm and a precision of 0.15 mm [78]. It can also use conventional

stereotactic frames.

The rationale for using Neuromate robot includes its mechanical stiffness, good accuracy and
convenient workspace for cranial procedures [79]. While the robot was originally designed
for positioning and orientating surgical tools, researchers have also experimented with it as
a cooperatively controlled robot by attaching a six-DOF force sensor at the end-effector [2].

Neuromate stereotactic robotic system is shown figure 2.4.

2.5.4 Minerva

Minerva was one of the first neurosurgical robotic systems. It was developed in 1993 by
EPFL, Switzerland [80]. Minerva can perform all the procedures from skin incision to dura
perforation to probe manipulation by exchanging the tools. It was a custom-designed robot
specifically to address the neurosurgical procedures. This robot has seven degrees of free-
dom with the serial type kinematic mechanism. It has three linear motion axes and three

rotational axes completely independent from each other [3] shown in figure 2.5.

However, the end effector has only two degrees of freedom i.e rotation around its own axis
and translation inside the brain. This gives a cylindrical workspace for the end effector. This
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Figure 2.5: MINERVA robotic system [3, 4]

robotic system largely helps in reducing the operating time of the surgery to 30 minutes.
The global accuracy of the robotic system is 1.3 mm for the whole operation [81]. The
disadvantage of the Minerva system is the weight and the requirement to have a CT scanner

in the operation room [82].

2.5.5 NeuroArm

NeuroArm was developed by a team of researchers at the University of Calgary, Canada, in
2002. It was the first MR-compatible robot to merge the precision and accuracy of the robotic
systems with the intra-operative MR imaging [83, 84]. NeuroArm is capable of performing
all the tasks involved in the neurosurgical procedures. The basic design of NeuroArm is an
anthropomorphic seven DOF robotic arm that can hold a variety of surgical tools as an end-

effector, shown in figure 2.6(a). Material selection for the robotic arm was one of the key
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Figure 2.6: (a)NeuroArm robotic system [5] (b) Pathfinder robotic system [0]

design parameters as it has to be MRI compatible. NeuroArm used ultrasonic piezoelectric
actuators, which have self-braking capabilities in case of power failure. The major highlight
of the NeuroArm was custom-made Titanium MRI-compatible 6 axis torque/force sensors
to provide haptic feedback to the surgeons from the tool tip. The accuracy of the NeuroArm
system is 4.35+1.68 mm [85].

2.5.6 Pathfinder

The Pathfinder Robot (by Prosurgics, UK) was developed to miniaturize the size of the
surgical device and to surpass the skills of most experienced surgeons. It was mounted on
a mobile platform that can be attached to the surgical bed and could detach easily [86]. It
was a 6 DOF serial robotic arm with a tool holder on the distal end and a mobile platform
at the proximal end [6]. In this system, fiducial markers were traced by the robotic arm in
real-time. Pathfinder eliminated the problem of line of sight by triangulating the fiducial
markers [87]. The reported accuracy of Pathfinder was 0.48 mm, which is considered better
than most Image-Guided Surgery (IGS) systems [88]. The project was terminated in 2009
due to lack of funding and certification issues [9]. The manufacturing company of Pathfinder
was acquired by FreeHand 2010 Ltd.[89]. The Pathfinder robotic system is shown in figure
2.6(b).

2.5.7 NeuRobot

NeuRobot was developed by Shinshu University, Japan in 2009. This robot actually consists

of a micromanipulator which is mounted on a fully uncoupled six degrees of freedom serial
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manipulator [90], shown in figure 2.7. This serial manipulator is used to achieve the desired
angle and position of the tooltip. However, the micromanipulator (the end-effector) has
additional three degrees of freedom. It also has three surgical tools, which are inserted into
the brain to perform the surgical actions. The motion of the surgical tools are independent of
the serial manipulator [7]. The reported accuracy of the micromanipulator of the NeuRobot
is 0.02 mm. However, the accuracy of the robotic arm, on which the micromanipulator is

mounted, is 0.1 mm [91, 92].

2.5.8 MKM

Multi Coordinate Manipulator (Mehrkoordinaten Manipulator) or MKM is a neuronaviga-
tion system with a microscope and a tool holder for neurosurgical tools. It is a serial robotic
manipulator with six degrees of freedom [&], as shown in figure 2.8. This robot achieve any
point in a cartesian coordinate system. The claimed accuracy of this system was 20 um by
the manufacturer (Carl Zeiss). However, the studies indicated accuracies between 0.23 mm
[93] and 0.36 mm [94]. MKM can carry out neuroendoscopic procedures with or without

stereotactic frames, but higher accuracies were achieved with the stereotactic frame [95].

2.6 Neurological Surgical Robots using Parallel Mechanism

2.6.1 Renaissance

The Renaissance robotic system is comprised of MARS (Mazor Robotics Ltd. Israel) par-
allel robot with a commercial laser scanning system, a PC, a custom robotic base and target
guiding/registration jig. MARS was actually developed for spine surgery. Due to its small
size, it can be directly mounted over the patient at desired point. Later on, it was found

useful also for minimally invasive neuroscopic procedures [96].

The Renaissance uses a parallel mechanism robot with six DOF and an accuracy of 1mm

[97]. The major advantages of this system are reported as smaller size and better cost-
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Figure 2.7: (a) Complete NeuRobot with master and slave manipulators. (b) Slave side:
Closer view of micromanipulator with surgical tools [7]
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Figure 2.8: MKM system at Department of Neurosurgery in University of Vienna Medical
School [8]

Figure 2.9: MARS robot used in Renaissance system [9]

effectiveness than other neurosurgical robotic systems. The Renaissance is a frameless and

markerless system. Due to this characteristic, mobilization of head is not needed.

2.6.2 Robocast (ACTIVE)

The Robocast system was developed as a robotic system for minimally invasive surgical pro-
cedures. This robotic system is equipped with an Opto-electromagnetic system for tracking,
the Pathfinder robotic system for coarse positioning and MARS for fine positioning. It is
a multi kinematic chain robot comprised of both parallel and serial chains [10]. Robocast
was further developed as the ACTIVE robot, which features two robotic manipulators. This
solution proposed the integrated redundancy of 20 DOF in a single robotic platform. The
accuracy of the ACTIVE robotic system is 0.3mm. [98].
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Figure 2.10: ROBOCAST: Serial and parallel manipulators. [10]

2.6.3 Evolution I

Evolution I was designed and developed by Universal Robot Systems, Germany in 2001.
It is parallel hexapod robot with six degrees of freedom. There has been an alteration in
design to make it work for the surgery. An additional seventh degree of freedom was added
to hold the surgical instrument [11]. This additional degree of freedom is used to insert an
endoscope through the sphenoidal bone. The intrinsic accuracy of the hexapod robot was
20um with the minimum resolution of 10um [99].

2.6.4 NeuRobot*

NeuRobot is basically a neuroendoscopic simulator to train the surgeons for robot-assisted
neuroendoscopy. It was developed by the ROBOSCOPE consortium [12]. NeuRobot uses
double-parallelogram mechanism to achieve a remote center of motion (RCM). The robot
has four degrees of freedom at the incision point (pitch, yaw, roll, and translation) which are

the fundamental requirements for any minimal invasive surgery [100].

*Note: This NeuRobot should not be confused with the NeuRobot developed by Shinshu
University [7].
2.6.5 SurgiScope

SurgiScope (Intelligent Surgical Instruments and Systems, ISIS) is one of the first commer-
cially developed robots for neurosurgical procedures. The development of this robotic sys-
tem started in 1989 with the collaboration between University of Grenoble and AID [101].
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Figure 2.11: Evolution-I operating robot [11]

Figure 2.12: NeuRobot by ROBOSCOPE[ 12]

This robotic system is one the first robotic manipulators designed using parallel delta mecha-
nism. It has seven degrees of freedom and the whole robotic system is mounted on the ceiling
of the operating room [102]. Because of this, it has a large footprint (although mounted on
the ceiling). This robotic system can hold a microscope and align its field of view with the
surgical target [103]. In addition, a tool holder can also be attached to perform intracranial

procedures. The reported accuracy of SurgiScope robotic system was 1.6 + 0.3mm [104].

2.7 Conclusion

It is evident that surgical robotics can tremendously improve the healthcare scenario. It ex-

pands from neurology to obstetrics to orthopedics. But even after years of development,
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Figure 2.13: ISIS SurgiScope robotic system[7]

there is still large space for improvements. Apart from facilitating and enhancing the quality
of the surgery, surgical robots also have to satisfy other associated requirements to be clin-
ically applicable and usable. This includes the robotic system size. The key parameter that

determines the size of a surgical robot is the type of primary mechanism it uses.

A review of existing systems shows that most neurosurgical robots are based on serial mech-
anisms. The reason behind this is the basic properties of the serial robots. They have a
higher level of decoupled motions, are easier to program, and provide a large workspace
volume with very high dexterity. However, since the end-effector accumulates all errors of
the previous links, their accuracy is limited. In addition, their payload capacity is typically
low. However, in the case of surgical robotics, payload capacity is not much of a concern.
With all the above mentioned benefits, a trade-off to be faced when designing serial robotic

mechanisms for surgical applications regards the size and the weight of the robotic system.

Surgical robots based on parallel mechanisms provide better stability and higher stiffness at
the end-effector. This factor leads to better accuracy and precision. Due to their configura-
tion, they are smaller in size with a higher payload to weight ratio. Existing neurosurgical
robots based on parallel mechanisms are mostly portable and don’t occupy much space in the
operation room. The inverse kinematics of parallel manipulators are easy to calculate. But

the drawback of such mechanisms is their smaller workspace and low dexterity. It is also
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difficult to design uncoupled motions in the manipulator. All the reviewed neurosurgical

robotic systems are tabulated in table 2.2.

Therefore, we can conclude that a single mechanism type cannot address all problems faced
in neurosurgical applications. A combination of mechanisms has to be used, or one has to
find satisfactory compromises in performance. Collaboration between engineers and doctors

is required to tackle these challenges.
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Table 2.2: Summary of the surgical robots reviewed in chronological order

Name Year Company DOF  Primary Precision/ FDA Approval  Target Patients Ref.
Mechanism Accuracy (mm) Approval Year
1. SurgiScope 1989  Uni. of Grenoble 7 Parallel Delta 1.6+0.3 Yes Adults [99, ]
2 MKM 1990s  Carl Ziess 6 Serial 0.23+0.14 No [94]
. . . . Adults and

3.  CyberKnife 1994  Stanford University 6 Serial - Yes 1999 Childern> 4y [105, ]

4. Neuromate 1992 Uni. of Grenoble 6 Serial 0.7 Yes 1997 Ad}llts and [107, ]
Childern >7y

5. MINERVA 1993  EPFL 7 Serial 1.3 - - - [82]

6.  Evolution I 2001 Universal Robot 6 Parallel 0.02 No [99]

Systems, Germany

7.  NeuRobot 2002  Fokker Control Systems 4 Parallel/Planer - No [91]

8.  Pathfinder 2003  Prosurgics, UK 6 Serial 0.48 Yes 2004 - [88]

9. ROSA Adults 2006 Med Tech, France 6 Serial 1 Yes Adults and [69]
Childern>11y

10. NeuRobot 2006  Shinshu University, Japan = 6+3 Serial 0.1 No [8]

11. NeuroArm 2007  University of Calgary 7+1 Serial 4.35 Yes* 2015 Adults [5]

12. Renaissance 2007 Mazor Robotics Ltd. 6 Parallel 1 Yes 2012 Ad}llts, [10, 1,
Childern >13y

13. Robocast 2010  Politecnico di Milano 20 Serial and Parallel 0.3 No [98]




Chapter 3

Mechanical Design of the Robotic System

Summary

As concluded in chapter 2, there are no existing dedicated robotic systems for pediatric neu-
rosurgery. We started this project by deriving the requirements and specifications for the
developing of a dedicated robotic system for paediatric neurosurgery. This chapter explains
the mechanical design of the system by segregating it into three sub-components. A compre-
hensive literature review was done before designing a sub-component, and the pros and cons
of each type of mechanism are discussed in detail. The chapter concludes with the assembly

of all sub-components into the complete robotic system.

3.1 Requirement and Specifications

It is important to lay down the requirements and specifications of any engineering design
regardless of their size and complexity. A design requirement and specification document
helps in all the stages of a project, i.e., from proof-of-concept (PoC) to finished product.
A detailed document is also helpful in quantifying the project goals and objectives. It is
essential if the project is inter-disciplinary, as is the case for this pediatric neurosurgery

robot project.

3.1.1 Derivation of Requirements

The derivation of correct requirements is a critical foothold in any project. It saves time,
effort, and budget assigned to the project. It should be derived with the mutual understanding
of all the stake holders: creators and end-users.

In this research, we started this process by getting a high level understanding of brain
anatomy, and of the steps involved in neuroendoscopy. The next step was to observe real
surgeries in an operating room (OR). Our collaborators from Istituto Giannia Gaslini in
Genoa, Italy allowed us to observe the neuroendoscopies in their OR. These procedures start
with a pre-surgical MRI scan of the patient’s head, usually twenty four hours before the
surgery. Surgeons identify the problematic site using an MRI scan and plan the intracra-

nial intervention. On the day of the surgery, surgeons register the pre-operative MRI to
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Figure 3.1: Set of neuroendoscopy tools. Courtesy of KARL STORZ. Gmbh

intra-operative neuronavigation and mark the incision point on the patient’s skull. While
selecting the incision point, the surgeon also projects the trajectory of the endoscope using
pre-operative MRI, and intra-operative neuronavigation. Then, they remove the scalp and
drill a small hole (burr-hole) of around 10 mm into the skull. This procedure can be catego-

rized as a pre-surgical setup.

Continuing the procedure, the surgeon inserts a concentric endoscopic sleeve (as shown in
figure 3.1) into the dura matter of the brain until it reaches the surgical site, while constantly
monitoring the trajectory using the intra-operative neuronavigation. This is a very delicate
procedure and requires high degrees of precision and steadiness. Once the sleeve reaches the
target, the surgical assistant mounts a mechanical support arm to hold the sleeve in position
(see figure 3.2). Then, the surgeon inserts a specialized endoscope through the surgical
sleeve to carry out the desired procedure. Finally, once the intracranial procedure is finished,
the surgeon carefully retracts the endoscope and the surgical sleeve, fills the burr-hole with

bone dust and sews up the scalp.
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Figure 3.2: Mechanical tool holder for neuroendoscopic surgery

It was observed that even slight changes to the orientation of the endoscope during the in-
tracranial procedure requires unlocking and manipulating the mechanical holder. These ad-
justments are inevitable but risky, especially due to the holder characteristics. This device
becomes completely loose when unlocked, requiring the surgeon to support the entire system
with both hands while the assistant unlocks and re-locks the holder. Observing the proce-
dures, it also came to our attention that six hands are consistently required to execute these
long surgical procedures.

It was evident from the observations and discussions with the surgeons that the most critical
part of the surgery was the orientation, insertion, and intra-operative manipulation of the sur-
gical sleeve. Hence, we decided to address these challenges with the design of a new robotic
system. The goal of the new robot is to replace the currently used passive mechanical holder,
providing a highly precise, stable and safe platform specifically designed for operations on

neonates and infants.

3.1.2 Design Requirements

For defining the robotic system requirements, the first question to be answered was about the
workspace and required range of motion. To calculate this, we used the MRI scan of a baby’s
head. This MRI was in the form of Digital Imaging and Communications in Medicine (DI-
COM) image. It was then converted to CAD readable curves. Then, the data was imported
into a CAD platform (Creo Parametric) and converted to an actual size skull as shown in
figure 3.3.

Another system requirement was the incision point on the skull. It was evident from our
discussions with the surgeons that this point is patient-specific and depends on the type
and location of the lesion to be treated. Therefore, the robotic system must be capable of

inserting the endoscope from any orientation in space as shown in figure 3.4.

29



Segmented Curves 7 N
from DICOM images '

)

solid Model

MRI Scan

Surface Model

Figure 3.3: Conversion of MRI to solid CAD model

It became clear that the workspace should be spherical, with its remote center of motion
(RCM) located at the incision point. The RCM is the term also used in surgical robotics to
describe the pivot point for the surgical tool. The RCM restrict the tool to move linearly,
though it can rotate around it. Once the RCM is established, three DOFs are required for
anterior-posterior, lateral-medial and transcranial insertion. Figure 3.5 shows the medical

terminologies of respective movements.

Figure 3.4: Estimated incision points

Since the RCM has to be moveable to cater for a variety of insertion points, a mechanism is
required to achieve this. In this case, we opted to perform cartesian motions, which adds an
additonal three DOFs to the system.

In some cases, surgeons are required to minutely change the position of the endoscope af-
ter the transcranial insertion. These adjustments requires the joints to be decoupled. The

decoupled joints facilitate the motion control and the safety of the system.

The compactness of the robotic system is another key requirement. Currently, most of the
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Table 3.1: Design requirement for the robotic system

Name Requirement
Three for the pre-surgical adjustments
DOFs Two for the orientation of the surgical tool
One for the insertion of the surgical tool
Remote Center Yes
of Motion

Entry port/position Multiple
Robot Placement ~ Anchored on Surgical Table
Core Material Non Magnetic

commercially available robotic systems are large in size. They often occupy a huge space
in an already crowded OR, hindering the work flow of the support staff. Therefore, a major
requirement is to reduce the size of the robotic system. Ideally, the system will be mounted
on the surgical bed. This will allow seamless integration with the OR environment and foster

the adoption of the new system by the surgeon.

Finally, given the need for using electromagnetic navigation and localization during proce-
dures, the robotic system must be carefully designed to minimize electromagnetic interfer-

ence in the OR. Table 3.1 summarizes the design requirements for the robotic system.

3.1.3 Design Specifications

After careful consideration of the requirements, we were able to conclude the specifications
of the system, including size, DOFs, range of motions, safety, precision, and required mate-

rial properties.
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Table 3.2: Desired specifications of the robotic system

Required Parameters Value

Max. Robot Size 1000 x 500 x 200 mm
AP =-55° to 55°
LM =-60° to 60°

Motions Depth = 130 mm
AX >150 mm, AY >70 mm
AZ >100 mm

Accuracy 400 pm

Arbitrary RCM Yes

It is imperative to minimize the size of the robotic system, so we decided to utilize the
space under the surgical bed. In this manner, the robotic system will not affect the surgical

workflow. The volume of the whole system will kept under 1000 x 500 x 100 mm.

As above, the basic DOFs are designed to be two rotational degrees, pitch and yaw, for
anterior-posterior and lateral-medial, respectively. An additional DOF is needed for the

insertion of the endoscope.

Other design specifications include the use of non-magnetic materials for the construction
of the robotic system to avoid errors in intra-operative neuronavigation. The accuracy of
the robotic system was set at 200 um, as a benchmark, which was defined heuristically
considering the limited accuracy surgeons are able to achieve today with their bare hands.
Finally, the specified range of motion for each DOF was obtained using the MRI scan of a

baby’s head. The complete set of specifications can also be seen in Table 3.2.

3.2 Design of the Robotic System

3.2.1 Conceptual Design

Since the required workspace is spherical, it was decided to use a circular track motion
system that includes a translation mechanism mounted on a carriage platform. This whole
mechanism must be stable, as the surgeon will apply forces directly on the carriage block
while performing the procedure. Therefore, the whole motion must be stabilized by support-

ing the circular track (arc) from both ends.

A dedicated 3-DOF translation motion system was then designed to position the circular
track and carriage platform in space. The design provides the required rigidity to the circular
track and also enables the placement of the RCM at any point in the workspace, maximizing
the surgical potential of the system. Therefore, this motion stage must allow motions in X, y,

and z axes, i.e., superior-inferior, lateral-medial, and anterior-posterior, respectively. A free
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Figure 3.6: Free body diagram of the robotic system

body diagram (FBD) of the proposed robotic system is shown in figure 3.6.

Most commercially available robotic systems for neurosurgery use serial manipulators, whose
safety are dependent on each actuator, because each successive link is dependent on the pre-
ceding link. Since safety is a critical aspect of the proposed robotic system, we have selected
mechanisms that are stable, so that the safety of the system will be dependent on the least
amount of components as possible. The safety of each mechanism is discussed in detail in

their respective sections.

It is an essential design practice to develop a minimalistic proof-of-concept before designing
the actual system. This approach helps to rectify major design problems at the initial design
stages. The proof-of-concept also gives a physical prototype of the product, which helps to

communicate the design to the non-technical stakeholders such as surgeons.

The proof-of-concept was completed at the beginning of this project by developing a scaled-
down skeleton structure of the robotic system. The already selected mechanisms were incor-
porated (discussed in section 3.2.2.1 and 3.2.2.2) with the minimum details possible. These
parts were designed and modeled such that they could fabricated on in-house 3D printers.
Some off-the-shelf parts helped to achieve the minimum functionality needed. Later on, all
these parts were assembled into a proof-of-concept, which can be seen in figure 3.7.

The proof-of-concept prototype proved very helpful in demonstrations to the surgeons. It
also allowed them to give clear feedback about the system design, which guided the subse-
quent refinements. This prototype was also very useful from an engineering design perspec-
tive. The prototype verified the functionality, constraints, redundancies, relative motions,
workspace, and structural stability. And a life size baby manikin was used to have better

visualization of the appropriateness of the system design.
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Figure 3.7: Scaled down model of the robotic system

For surgical bed's rail

Figure 3.8: Anchoring system

3.2.2 Design of system sub-components

The design of the robotic system can be explained based on its sub-components and their

primary functions.

Anchoring

The robot was designed to be anchored to the rails of the surgical bed. This is done by
sliding the anchoring blocks onto the rails. This setup operation is done manually. Once the
robot is at its designated position, the anchoring blocks are locked in place using fasteners.
These fasteners constrain the motion in both the longitudinal and lateral directions. So the
position of the robot is locked with respect to the surgical bed. The anchoring blocks provide
a solid and stable support for the robot. This part can be designated as the grounded part of

the robot. The anchoring blocks can be seen in figure 3.8.
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3.2.2.1 Cartesian Motion System

Initially, a Cartesian motion system was designed to place the RCM at a specific point. The

basic requirements of the Cartesian motion system are:
1. The system will support the circular track from both ends.
2. All the motion axes will be decoupled from each other.
3. It will cover the required workspace.
4. Preferably the motion axes will be locked naturally while at rest.

5. It will not provide motion in steps such as gears and belts to allow automatic control

with high accuracy and precision.

6. It will be relatively straight-forward in construction (for ease of assembly and disas-

sembly).

The numerous mechanisms will provide all requirements, such as Cartesian parallel mecha-
nisms, cable-driven mechanisms, and off-the-shelf precision linear actuators. Before design-
ing the mechanism, The state-of-the-art validation of the candidacy of the above mentioned

mechanisms has been carried out, and these will now be discussed in the following sections.

Cable Driven parallel mechanisms

Cable driven parallel mechanisms (CDPMs) are widely used for manipulation. The basic
principle is to use motor driven tendons attached to a static base on one end, while the other
end is attached to the end-effector. The relative motion of the tendons move the end-effector
to the desired position and orientation [ 1 10]. CDPMs find their applications in various fields
such as the movement of high payload in a large workspace [111], large radio telescopes
[112], and material handling [113]. Medical applications of CDPMs are mostly in prosthe-
sis [114] and rehabilitation equipment [115].

CDPMs are also used for Cartesian coordinate motions. A related study by Behzadipour et
al. presented a design that satisfies the requirements of our application [13]. The system they
describe is constructed using a hybrid of rigid links (connected prismatically) and a cable
loop. It also features a special arrangements of cable routing to move the end-effector in a
Cartesian motion. Cable and pulley arrangement can be seen in figure 3.9. However, this
mechanism cannot be directly applied to our problem because it cannot support the circular
track from both sides. Such an the arrangement will not allow motion in the Y-axis. In

addition, the the motions of different axes are coupled in their mechanism [13].
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Other types of CDPMs for Cartesian motion have been proposed by Metillon [116] and Tho
[14]. The major limitations of these systems are related to their construction. The design in
[14, ] are not feasible for the surgical operation being considered in this research. These
mechanism cannot support the circular track from both sides. Even the modifications in
[14, ] cannot support the mechanism shown in figure 3.6.

Another interesting type of cable-driven mechanism is the Large Cable Delta Robot (LCDR),
which can provide Cartesian motions [ 17]. It has the same construction as a common delta
robot but instead of rigid links, the end-effector is controlled by cables. Each cable link is
supported with a winch and actuator. The motion is produced by varying the length of the
cable. This mechanism has some limitations regarding our neurosurgery application. The
motions of the end-effector are coupled and it is not optimal to mount the circular track on

the end-effector.

Rigid Link Parallel Mechanisms

Rigid Link parallel mechanism address some of the short comings of cable driven/delta
robots, such as coupled motions, limited workspace and complex kinematics. Kim et al.
[118] presented a rigid link manipulator with 3-DOF Cartesian motion. This manipulator
consists of a fixed base with 3 PRRR (one parallel and three rotational) links. It can provide
completely decoupled motion and a large workspace. There are multiple variants of such
Cartesian manipulators presented in other studies[ 15, 16]. These systems are shown in figure
3.10.

These mechanism seems to be the ideal choice but it is not possible to use them on an "as is"
basis. The major problem is compensating for the motion along the Y-axis on both sides to

keep the Z-axis in the center. However rigid link manipulators did provide a design idea for

Figure 3.9: (a) Hybrid cable-driven cartesian mechanism [13] (b) Cable-driven parallel
mechanism [14].

36



Specified workspace

y (a) (b)

Figure 3.10: (a) Cartesian parallel manipulator [15] (b) 4-DOF Cartesian parallel manipula-
tor [16]

Figure 3.11: Cartesian positioning stage (Courtesy of Sisikiyo Co.)

further development of a custom mechanism.

Positioning Stages

There are several types of commercial precision Cartesian manipulators available in the form
of positioning stages and linear actuators as shown in figure 3.8. They are available in various
forms and configurations, but tend to be expensive and their use for our purposes would
required significant customization. Moreover, they also are limited because they cannot

constrain the Y-axis, which is required to support the circular track.

Design of a Cartesian Motion System

For simplicity, we divide the design into the three motion axes, i.e. X (Superior-Inferior),
Y (Lateral-Medial), and Z (Anterior-Posterior). The motion of the X-axis is the backbone
of the whole structure of the robotic system. For this axis, a commercial electric rodless
actuator (SMC E-MY2B16-300WTPL-Q) was selected. This actuator has a stroke length of
270 mm with a nominal precision of 0.01mm. This actuator is rigidly attached to the fixed
base of the robotic system with pre-stressed trusses. These supports are connected to the
base through slotted holes. The slotted holes are used to adjust the straightness of the linear

actuator and avoid parallelism errors during the assembly. This structure is shown in figure

37



Connecting Plate s

Figure 3.12: X-Axis

Figure 3.13: X-Axis during assembly

3.13 and 3.12.

The linear actuator’s carriage supports the mechanisms for the Y and Z axes. It is also
stabilized by two additional linear guides on either side and a plate connecting them. The
mechanism for this motion can be seen in figure 3.9. The X-axis’s movement is parallel to

the ground. It is safe even in case of mechanical or electrical failure.

The actuator of the Z-axis (Stepper motor ST5909) is mounted on the carriage of the X-axis
linear actuator as shown in figure 3.9. The Z-axis actuator provides motion using a lead
screw, which passes through the top linear guide and is fixed (in translation) on the carriage
of the bottom linear guide. A bearing supports the distal end of the lead screw to allow the

rotation of the lead screw. The lead nut is fixed on the mid linear guide.

To clarify how the mechanism works, consider a rectangular frame A (A1, A2, A3, and A4)
shown in red in the figure 3.14 and 3.15. Frame A slides in Frame B (B1, B2, B3, and B4),
shown in orange under the action of the lead screw powered by the Z-axis actuator. Frame
A has two open ends on top where we mount the circular track system (discussed in later

sections). The Z-axis has a stroke length of 150 mm.

The mechanism for motion in Y-axis is relatively complex. The Y-axis actuator (as shown in
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Figure 3.15: (a) Motion in Z-axis (b) Motion in Y-axis

the figure 3.15) moves frame B (in orange) normal to Z-axis by using the nut of the Y-axis
lead screw (Y-axis Motor Model). As a result, the upper part of frame B (B3 & B4) will slide
over the top guide, while the bottom guide slide relative to its carriage keeping the carriage
in the center. Since frame A is already inserted in frame B, it also moves in the y-direction.
The lower part of frame A (Al & A2) slides over the carriages of the middle guide to it
compensates for the relative motion in the y-direction. Motion in both Z-axis and Y-axis are
shown in 3.11. The advantages of this cartesian mechanism are decoupled motions on each
axis, structural integrity because of rigid links, straight-forward kinematics, and support for

the circular track above it. From the safety perspective, the motion is dependent on the lead
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Figure 3.16: (a) Required kinematic workspace (b) Real MRI of a baby’s head converted to
a CAD model.

screws, so it is inherently safe in the case of any failure.

3.2.2.2 Circular Motion System

It was observed in the surgeries, that one fixed entry point into the skull was used, through
which a rigid surgical endoscope is inserted. The endoscope orientation is established before
entry, based on a pre-operative plan and using intraoperative electromagnetic navigation.
The references are Anterior-Posterior and Lateral-Medial angles. This is also shown in figure
3.16.

The endoscope is inserted by a very slow translation motion, which is constantly checked
using the navigation system (see section 3.1.1). When the treatment area is reached, the
endoscope is locked in place and the surgeon operates through the endoscope working chan-
nels. In this section, the focus is on studying and designing a new mechanism to enable
precise orientation and delicate translational insertion of the endoscope towards the surgi-
cal area, while also providing a rigid and stable support for the subsequent manual surgical

actions.

From the descriptions above, it is clear that achieving proper endoscope orientation and
insertion actions require at least three DOFs to enable two rotations and one translation.
Based on the system requirements and specifications, the robotic system should allow -55°
to 55° in AP, -60° to 60° in LM and at least 130 mm of depth motion. In addition, also in

this case it is required to avoid interference with the neuro-navigation system.
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State-of-the-art

In the past three decades, numerous mechanisms were devised for robotic neuroendoscopic
procedures. Among them, serial mechanisms are the most popular. Several commercially
available neurosurgical robots use serial manipulators such as Medtech ROSA [1] and Ren-
ishaw Neuromate [79] . Although serial manipulators offer various advantages such as sim-
ple construction and large workspace, but summed up inertia at the end-effector due to the
consecutive links makes them bulky. These manipulators tend to block the vision window

of the surgeon. Their massive size also disrupts the workflow in the surgical room.

Spherical mechanisms are also widely used in neurosurgical applications. These seem as a
logical choice, as a spherical workspace is required with a RCM at the incision point. Es-
somba et al. [119] developed a spherical mechanism for the neuroendoscopy. They used
a modified 5-bar linkage mechanism with RCM. Previously they also developed another
mechanism with a spherical link mechanism [120]. Another study [121] proposed a two
DOF spherical mechanism with RCM. This study mainly addresses the brain biopsy so that
the actuated insertion was not required. Another interesting study was presented by Afshar
et al. [122], where they presented a retractable spherical mechanism with four stages of
unfolding. There are several advantages of spherical mechanisms in neurosurgery. They
have an intrinsic spherical workspace with a mechanical RCM. Moreover, they also provide
RCM in two DOFs. They can be easily decoupled for the simplification of control. They
provide continuous motion, and large precision and accuracy can be achieved through the
selection of appropriate actuators. However, the spherical mechanisms have relatively com-
plex architecture. Multiple link mechanisms could have coupled motions that are difficult
to control and complicate the system’s entire kinematics. In the case of pediatric neuroen-
doscopy, such structures can also be counter-intuitive for the surgeons. Another favorable
type of mechanism is the circular tracking arc. It is the structurally simplest way to have
inherited RCM [123]. The basic principle of this mechanism is to move a block along the
curvature of the circular track. It provides 1-DOF RCM at the center of the circular track.
Another RCM can be achieved by pivoting the circular track with a revolute joint at the base.
Probot [124] and UT-NEU [125] used this mechanism for their robotic system. Though this
mechanism is very simple in structure, maneuvering the block along a curvilinear track is
challenging. However, several mechanisms have been proposed for this actuation such as
belt and pulley mechanisms. The MARS robotic system [ 126] utilizes the same mechanism,
and the block was actuated with a gear pinion mechanism. It was as an open-ended circu-
lar guide structure. Both the backlash of the gear mechanism and the bending in the arc
compromise the system’s accuracy. Later on they developed a calibration method to cater
to these problems[127]. Another study proposed by Yip et al.[128] using a circular track by

guiding the block with a coupled belt actuated mechanism. They used a closed-loop circu-
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Figure 3.17: Yaw and pitch motion of circular motion system

lar track system. But their major focus is to keep the RCM out of the body as required in

gynecological procedures such as uterus positioning.

Design of circular motion mechanism

This section presents the design and development of a mechanism for circular motion using
a cable pulley mechanism. It provides RCM in two DOFs i.e. pitch and yaw. It is designed
specifically for pediatric neuroendoscopy, but it has potential to be used also in other medical

and industrial applications.

Fundamentally the mechanism comprises a circular track with a carriage block mounted on
it, as shown in figure 3.17. A commercial made-to-order circular guide rail (HCR 15A-
60-150R) with a carriage of a radius of 150 mm was selected for our robot. The carriage
mounted on the circular guide moves along the curvature (¢). Since the motion is curvilinear,
a cable-pulley mechanism is used. The carriage block is equipped with a C-Shape block
closed by a plate on the other side of the track. The plate bears an L-shape cable guide
bracket with two holes to tie both ends of the cable. Two double groove idle pulleys are

mounted on the backside along the curvature of the circular track.

The actuator’s motion axis is parallel with the center axis of the circular guide and normal
to pitch motion actuator. One end of the cable is tied to the cable guide bracket, and then
it is routed towards the capstan of the actuator at the bottom of the track, passing through
one groove of the pulley. The cable makes one loop around the capstan and then is routed
back to the pulley at the other end, through the second groove. On its way back towards the

carriage, the second end of the cable is tied to the second hole on the cable guide bracket.

When the actuator rotates the capstan, friction force from the loop pulls the cable, and as a
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Figure 3.18: Cable routing for circular motion

result, it moves the carriage block. When the carriage block passes through an idle pulley, the
cable is disengaged from the pulley because of the cable bracket. Once it has passed through
the idle pulley, the cable engages it again because of the tension provided by the actuator. We
have used a ST4118M0404 stepper motor with built-in optical encoder to drive the capstan.

The stepper is fixed on a custom build block which is also supporting the circular track.

The second DOF of the proposed mechanism was achieved by rotating the circular track
around the axis (1) located at the base shown in figure 3.17. A custom built block was
designed to support the circular track on both ends. A high torque brushless DC motor with
gearbox is attached to one end of the block, while a braking system is attached to the other
end. The motion axis is perpendicular to the axis of the circular track, as shown in figure
3.17.

For our surgical application, the whole mechanism is mounted on the custom built Cartesian
coordinate motion system, which supports the system from both ends. Therefore, up to this
point, are 5 degrees of freedom to position and orient the endoscope. The final DOF to
perform the insertion and retraction of the endoscope into the brain will be described later

in this chapter.

The designed carriage is modular and can support a variety of mechanisms mounted on it.
For the neurosurgical applications, an endoscope insertion mechanism was designed and
mounted on the carriage. That mechanism has a motorized platform to insert the endoscope

inside the brain through the burr hole.
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Figure 3.19: (a) CAD Model of circular motion system (b) Actual circular motion mecha-
nism

Table 3.3: Comparison of different mechanism for neuroendoscopy

Required Parameters Serial Spherical Cir. Track

Mechanical RCM No Yes Yes
Continuous Motion  Yes No Yes
Decoupled Motion No Yes Yes
Inherited Spherical

workspace No Yes Yes

3.2.3 Cable Length

For a cable-driven mechanism, the cable length invariance property is a preferable feature as
it can lead to convenience in control, improvement of reliability, and simplicity in actuation
[129]. The functionality of the mechanism dictates that the length of the cable has to be
constant across the whole motion so the calculation of the cable length is essential. Since
the cable is routed in closed loop and passes through the motion axis of the pulley twice, it

is not possible to do this calculation using CAD.

Modeling the cable length results in equation 3.1. All the parameters in the equation are

constant, so it shows that the cable length will be constant [13].

Cablelength = 11 + 4mry + R +27R — Iy 3.1
cosQp

where
¢ =tan 1 (=) (3.2)
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End effector Workspace CAD Model

Figure 3.20: Simulation of the robotic system workspace considering the RCM positioned
at the incision point.

l1 is the distance between capstan and the consecutive pulley, r; is radius of the capstan, ¢
is the angle between the diameter of the capstan and edge of the consecutive pulley, h is the
length of the cable between capstan and edge of the pulley, R is the radius of the circular

track, and 5 is the distance between two ends of cable guide.

Remote Center of Motion Remote center of motion (RCM) is achieved mechanically in
two DOFs i.e. pitch and yaw. The mechanism was designed so that the RCM is located
at the intersection of the center point of the circular track and the axis of motion of angle
n. Since this is a property of mechanical engineering, the RCM is achieved without any
control system effort. RCMs such as this are considered safer for surgical applications.
Depending on the application, the RCM is required inside or outside of the body. The
proposed mechanism enables this flexibility. The space under the circular track is free, so

the RCM can be placed inside, outside, or on the skin of the patient.

3.2.4 Workspace of the end effector

It was mentioned in the section 3.1.2 that a real MRI of a baby was converted into CAD
surface model as shown in figure 3.20. Later, this model was used to make a hollow 3D
model with the exact dimensions to verify the workspace and reach of the end effector.
Figure 3.15 indicates that the end effector has a workspace appropriate for the application.

It also shows the designed system is also applicable to transnasal procedures.

3.2.4.1 Translation (Insertion)

The final DOF is the insertion of the endoscopic sleeve into the brain. As described in the

previous sections, the translation mechanism for the sleeve must be mounted on the carriage
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of the circular track. Several candidate mechanism to perform this motion were considered.
The most straight forward one is to use off-the-shelf linear actuators. But there are several
challenges in doing this. First of all, it may occupy too much space under or over the circular
track. In general, the size of commercial linear actuators is proportional to their stroke. For
our application, the available combinations of the stroke length and the motor size was not
optimal. Another issue in using a commercial device would be the likely to the need to
customize it.Therefore, It decided to design a custom mechanism to translate the endoscopic

sleeve.

The proposed new mechanism is mounted on a C-Block as shown in figure 3.21. The en-
doscopic sleeve mounts on a Z-shaped strip with a quick-release mechanism (see section
3.2.4.2). The strip is connected to the nut of the lead screw at one end, while the other end
is connected to a linear guide. The linear guide constrains the rotation of the strip (under
the action of lead screw) and facilitates the translation motion. The lead screw with a small
servo motor is rigidly attach to the carriage block through the C-Block as shown in figure
3.21. The Lead screw is also supported from the other end with the help of light weight but

rigid carriage.

The proposed mechanism is compact and will not block the surgeons view. Since we are

using lead screw mechanism, it is intrinsically safe in case of power failure.

Surgical Sleeve

Quick Release
Mechanism
C-Block

Stepper Motor w/
Lead screw

T T sy

Carriage

@

Figure 3.21: Translation mechanism (a) CAD model (b) Actual mechanism
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& Dummy Tool -

Figure 3.22: (a) CAD model (b) Exploded assembly of quick release mechanism (c) Actual
mechanism

3.2.4.2 Quick Release Mechanism

Quick release mechanism is a safety feature widely used in surgical robotics. It is used
in case of emergency retrieval of the surgical tool from the body. Here, we designed a
spring loaded slot cam mechanism which can hold the endoscopic sleeve and can be released
quickly in case of emergency. The slot is designed in shape of cam profile so that it can

accommodate any tool of diameter 4 to 7 mm. Figure 3.22 shows the mechanism in detail.

3.3 Summation into Complete Robot Design

The complete robotic system is comprised of three major mechanism, as discussed in detail
in the previous sections. On combining those mechanism we have a complete robotic system
as shown in figure 3.23. The robotic system has six DOF designed to perform several types
of surgeries on neo-natal and infants. The robotic system is designed to be directly mounted
on surgical bed so that it will not hinder the surgical workflow. The robotic system was
designed to save space in OR so it utilize unused space under the operating table. The
additional benefit of keeping most of the electrical parts under the bed is that it would not
cause interference to the intra-operative neuronavigation. Since it is a safety critical system,
four DOFs is designed in a way that it is neutrally stable and doesn’t require additional safety
feature in case of the failure. The other two DOFs have safety brakes in case of mechanical
or electrical failure. A quick release mechanism has also been introduced for the quick

retrieval of the surgical tool. A photo realistic rendered image is shown in figure 3.23.
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Figure 3.23: Photo realistic image of complete robotic system
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Figure 3.24: Un assembled parts of the robot

72 |

Figure 3.25: Robotic system assembled
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Chapter 4

Analysis and Verification

Summary

In this chapter, the robotic system is rigorously modelled, simulated, and analyzed using
CAE packages. This process started with the kinematic analysis, which verifies that the
robotic manipulator was able to achieve the required workspace. Then, the remote center
of motion was verified using CAD. Subsequent sections are related to the finite element
analysis (FEA) of critical robot components, and analytical and computational verification

of required torques.

4.1 Kinematic Analysis

In this section, we carry out the kinematic analysis of our six DOF robotic system to ver-
ify and ensure the required workspace is achieved. As described in previous chapters, our
robotic manipulator has four prismatic and two revolute joints. Its kinematic analysis starts
with assigning a reference frame to each link of the kinematic chain using the Denavit-

Hartenberg convention, as shown in figure 4.1.

A Denavit-Hartenberg table defined using the reference frame (4.1) is shown in table 4.1.
Link 1, 2, and 3 are joined prismatically and are orthogonal to the preceding link. However,
link 4 and 5 are joined through a revolute joint. Link 6 is joined prismatically and moves

according to link 4 and 5. Joints parameters are also given in table 4.2.

The transformation matrix T gives us the workspace of the end-effector as shown in figure
4.2. The caption of the figure is self explanatory in justifying the required workspace of the

system. The workspace has also been verified using the CAD as shown in figure 4.3.

sin(65) 0 cos(6s) ds + dg - cos(05)
—cos(0y —7/2) —cos(0y) cos(0y —mw/2) sin(f5) da+ dg - sin(fy) - sin(65)
cos(fy) - cos(f5) —sin(6y) —cos(0y) - sin(f5) dy — dg - cos(0y4) - sin(fy)
0 0 0 1
4.1)
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Table 4.1: D-H parameters.
link [0 | d|a| o |

1o |di|o]|—n/2
2 /2 | da | O | —7/2
3 10 |ds|o]|—n/2
4 o, |00l x/2
5 16 |00 —n/2
6 0 de | O 0

Table 4.2: Joints’ range of motion.

Joint ‘ Range [mm] Joint ‘ Range [rad]

d [0,250] 0, | [—n/3.7/3]
dy [0,70] 05 | [27/18,87/9]
ds [0,150]

dg [0,130]

160

140

7z [mm)]

150 60

40
X [mm] 200 o 20

y [mm]

Figure 4.1: Kinematic chain of the robot. A reference frame is attached to each link accord-
ing to the Denavit-Hartenberg convention. The axes are represented in red (x), green (y), and
blue (z). The joints configuration depicted is q=[75 35 125 0 pi/2 20]; the joint variables,
prismatic and revolute, are expressed in mm and radians, respectively.
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Figure 4.2: Workspace of the robot. (a) x — y plane (b) x — z plane (c) y — 2z plane The red
dots represent the end effector reachability obtained by spanning the three prismatic joints
(dy, da,d3) within their range. Conversely, the blue region is obtained by setting the three
prismatic joints (d,d2,d3) constant and consequently exploring the working range of the
last three joints (64, 05,dg). Clearly, it is possible to translate the same motion within the
workspace acting on the three prismatic joints (dy,d2,d3).

Figure 4.3: Workspace using CAD

4.2 Verification of Remote Center of Motion

The Remote center of motion (RCM) is a critical component in most surgical robots. In this
research, the RCM of this new robotic system was verified using CAD. This was achieved
by assigning data points along the center axis of the surgical sleeve in a regular interval. The
points start from the tip of the sleeve and goes all the way to the end. Then the motion of
surgical sleeve was simulated in pitch and yaw to the full extents and trace the motion of
those points. The drawn curves are shown in the figure 4.4. It is clear from the figure 4.3

that motion of the surgical sleeve become narrower towards the center which shows that it

has no movement at the RCM.
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Figure 4.4: Surface and curves for the assigned data points

4.3 Verification of Decoupled Motions

Verifying that the individual constituent part of the overall control system are de-coupled is
major design characteristic of the overall critical system design. In this section, this verifica-
tion was carried out using dynamic simulation, performed using Creo Mechanism Dynamic
Option. This started with the preparation of the CAD model by applying all mass properties,
defining connections, applying motors to the connections, static and dynamic friction, and

gravity parameters to make the simulation as close to the real life scenario as possible.

The most straight forward method, was the simulation the motion of one axis, measure the
generated displacement of the said axis, and measure the induced motion in other axes. This
demonstrated the decoupling of the Cartesian coordinate motion system. A force motor
with a varying nominal torque was applied to move the X-axis so that the complete frame
moved along with it. The effect of this motion on the Y-axis and Z-axis were then measured
respectively. The motion of the X-axis is shown in figure 4.5. However, the effect of this
motion was also measured as shown in figure 4.6. It is evident the mean motion generated
in Y-axis is less than 1.5 microns. This is not the actual motion. The reason behind is
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that the lead screw connection of the Y-axis was modeled as slider connection and the minor
perturbations caused the model to move in the simulation. It also happened in case of relative
motion of Z-Axis as shown in figure 4.7. In this case, the simulation also takes the effect
of gravity on Z-Axis. The relative motion of all the cartesian coordinate axes are plotted in

figure 4.8. It is clear from the plot that there is virtually no effect of the moving axis on the

stationary axes.

Motion in x-axis
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Figure 4.5: Plot of the stroke of X-Axis actuation under the nominal force

4.4 Finite Element Analysis of critical parts

After the assembly of the robot, it came to our attention that the application of a force at the
circular track, could cause significant bending of the whole frame. This was deemed critical
because this situation can happen when the surgeon manipulates the endoscope, producing
forces on the circular track. This phenomenon is shown in figure 4.9. It was noticed that this
deflection in the structure was caused by the torsion in the clip (shown in 4.9 and 4.10). The
clip is the critical part in the robotic system as it bears the load of the whole frame from both

sides. The clip is fixed on the top rail and fixation point act as pivot. Therefore, forces at the

distal end of the frame magnify the torsion.
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We prepare the clip for a finite element analysis as shown in figure 4.10. The clip is fixed

with the screws on one end while the uniform load is been applied to the top surface. A
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Figure 4.6: Effect of motion of X-Axis in Y-axis
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Figure 4.7: Effect of motion of X-axis in Y-axis
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bending moment is then applied to right face of the clip to calculate the torsional effects on

the clip.

As a result of this analysis, it was observed that the clip was still in the elastic region ac-
cording to the Von mises failure criteria. But the displacement at the end of the clip was
significant, as shown in figure ??. It can be noticed that the stress concentration was around
the slot machined into the clip. Therefore, we ran the same analysis after making the clip
slotless. However, this didn’t show any significant improvement in the displacement as

shown in figure 4.12.

The next solution tested was to increase the thickness of the clip. This thickness could not go
beyond a certain limit as there was space constraint in the design at that point. Nonetheless,
the issue was tackled using two ribs along the longitude of the clip. A new analysis showed
that this new design was successfully able to reduce the undesired displacements by more
than 95%, as shown in figure 4.13.

Decoupling of Motion
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Figure 4.8: Decoupling in cartesian coordinate motion
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Figure 4.9: Bending moment created due to the applied force.
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Figure 4.10: Loading conditions applied on the clip to perform the FE analysis
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— ~Tvon Vines Towes) 49607 7 | Diplcement [ Megnce [+ sy 19735

(Pa) 450000 || (mrm) 180000
Loadset LoadSet1 : CLIP_ORIGINAL 40000.0 || Max Disp 1.9736E+00 160000
| 350000 || Loadset LoadSet1 : CLIP_ORIGINAL | 140000

30000.0 1.20000
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Figure 4.11: (a) Finite element analysis using von mises failure criteria. It is noticeable that
the clip is still in the elastic region. (b) Displacement generated due the torsion on the clip.

Displacement T Magniwse [ ics) v
(mm) 1.36005
Max Disp 15112E+00 120893
Loadset LoadSet! : CLIP_WO_SLOT 105782
090670
0.75558
060447
045335
030223
015112
000000

Figure 4.12: FE Analysis of the Clip after the removal of the slot
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Displacement !V[ Magnitude EV} (WCS) 008477
0.07630
0.06782
0.05934
0.05086
0.04239
0.03391
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0.01695
0.00848
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{rmy}
Max Disp 84773E-02
Loadset LoadSet1 . CLIP_RIBBED

Figure 4.13: FE Analysis of the clip after the addition of the ribs

Figure 4.14: (a) Original Clip with a slot and lesser thickness. (b) Modified Clip with ribs
and increased thickness
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Chapter 5

Experimental Verification

Summary
Experimental verification of any engineering system is crucial to validate the usability of the
system. It became even more important in the design of medical systems. In this section, we

proposed the experimental verification of the complete robotic system.

5.1 Design of Experiment

We determined unidirectional repeatabiltiy, bidirectional repeatability, and Accuracy of our
robotic system using International Standard ISO 230-2 (International Organization for Stan-
dardization). It was used by other researchers to verify the medical system [132]. It was
recommended to take eight target positions for linear axes less than 2000mm and rotational
axes more than 90°. However, three target positions are recommended for rotational axis
with less than 90°of the rotation. We selected eight target positions (F;) for linear axes (X,
Y, Z, and Translation/Insertion) and rotational axis (Yaw). However, three target positions
were selected for the rotation axis (Pitch). The target positions (F;) was repeated five times

for complete cycle as shown in figure 5.1.

5.1.1 Experimental Setup

We used an optical tracking device (Polaris Vega VT) to obtain the spatial data. The opti-
cal tracker calculate the position of the marker relative to the previously designated global
marker. It is important that the global and local marker should always be in the line of sight
of the optical tracker. We chose the top part of the dummy surgical tool to place the marker
so that it will be visible in all the motion ranges of all axes. The global marker was placed
on the wooden base, simulated as the surgical bed. The experimental setup for the robotic

system is shown in figure 5.2

5.1.2 Terminology

Since the ISO standard was followed through out the experimentation, it is important to have

the understanding about the terminology used in the test results.
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Figure 5.1: Test cycle to carry out the experiment. It indicated the target position and number
of cycles.

Target Position (F;)

Target position P; is the predetermined position assigned by the user to the actuator to
achieve.

Actual Position (F;;)

It is the position achieved by the axis and measured by an independent system.

Positional Deviation (z;;)

It is the difference between the target position assigned by the user and the actual position.()

xij = Pij — Pz (51)

Mean Unidirectional Positional Deviation (z; 1 or z; | )

It is the arithmetic mean of all the positional deviations in one direction.
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Figure 5.2: Experimental setup for the surgical robotic system

1 n
Tt= ) vyt (5.2)
7j=1
1 n
Ti b=~ ; i ) (5.3)

Mean bi-directional Positional Deviation (z;)

It is the arithmetic mean of the unidirectional means.

T; = i T 4wl (5.4)
2
Reversal value at a position (B3;)
Reversal value is difference of two unidirectional means at a specific target position P;.
Bi=z 1 -z | (-5)

62



Reversal value at an axis (B)

B =maz || B, | (5.6)

Mean reversal value of an axis (B)

_ 1 X
B= %; (5.7)

Estimator for the unidirectional axis repeatability of positioning at a position ((s; 1

Jor(s;i) 1)
1 n
si 1= — ; (i T =7 1)° (5.8)
si |= n—1§§$”¢ ~7i | (5.9)

Unidirectional repeatability of positioning at a position (R; 1 or R; |)

Ri t=4s; 1 (5.10)

R; |=4s; | (5.11)

Bi-directional repeatability of positioning at a position (R; )

R; = max[2s; T +2s; | + | B |; Ri 15 Ri {] (5.12)

Unidirectional repeatability of positioning of an axis (R 1 orR |)

R t= max.[R; 1] (5.13)

R |=max.[R; |] (5.14)
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Bi-directional repeatability of positioning of an axis (R)

R = max [R;] (5.15)

Unidirectional systematic positional deviation of an axis (¥ T or £ |)

E 1= max.[7; 1] — min[z; 1] (5.16)

E |= maz.[7; |] — min[z; |] (5.17)

Bi-directional systematic positional deviation of an axis (E)

E = max.[T; 7,7 || — min.[T; 1,7 |] (5.18)

Unidirectional accuracy of positioning of an axis (4 T or A |)

A t=max.[T; T +2s; 1] — min[z; T —2s; 1] (5.19)
A l=max.[T; | +2s; |] — min[z; | —2s; |] (5.20)
A =maz.[z; T +28; 137 L —28; || — [T T +25; 1575 | —254 |] (5.21)

5.2 Material and Method

The experimental verification of the surgical robotic system involves the rigorous testing of
each of its motion axes, according to the guidelines of ISO 230-2. In order to perform the
experiments, a dedicated program was written to manually control each axis. This program
enables us to give discrete position to move each axis forward and backward. Each linear
axis was assigned eight different positions (F;) and measured the actual position using the
optical tracker. However, only three target positions were considered for the pitch axis as
its rotation is lower than 90 °. The optical tracker records the value at the rate of ten frames
per second. The schematic of data acquisition is shown in figure 5.3. The mechanism of
detecting the markers are also shown in figure 5.4. The global and local markers are clearly

visible through the infrared camera.
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User
Motion Tracking Interface

Computer Motor Controller

Figure 5.3: Schematic of data acquisition from the surgical robotic system

The data was obtained in comma separated values (CSV) format which was later processed
to get values according to the equations from 5.1 to 5.20. Later on, the test results were

computed for each axis as shown in tables from 5.1 to 5.6.

Local Mdrker

Global Marker

(a) (b)

Figure 5.4: (a) Infrared view of the experimental setup. (b) The markers (red) are even more
visible, separating the boundaries from other objects in the field of view.
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Table 5.1: Test results for X-Axis

i 1 2 3 4 5 6 7
Target Position (mm) | P; 2209.108 -179.081 149122 119.116 -89.122 259.066 28.992 0.622
— | = | — — | — — | — — | — — | — — — — — | —
J=1|-2287 | 1873 | 280 | 2090 | -862 | 478 | 117 | 1237|390 | 1750 | -43.8 | 2912 | -54 | -5744 | 3172 | 3172
Positional 2 [-1487 | 1223 | 10.0 | 182.0 | 10.8 | 948 |37 857 | 240 | 231.0 | 582 | 2692 | 244 | 2206 | 2972 | 3152
Deviation (um) X, 3 -1087 | 1623 | 13.0 | 211.0 | 512 | 92.8 | 543 | 97.7 | 460 | 277.0 | 652 | 2422 | -31.4 | 268.6 | 3342 | 3492
4387 | 1293 | 11.0 | 2260 | 21.8 | 1008 | 6.7 1157 | 37.0 | 171.0 | 312 | 2242 | 34 177.6 | 3232 | 3382
5 -1117 | 1723 | 140 | 132.0 | 2602 | 52.8 | 2713 | 176.7 | -187.0 | 136.0 | -139.8 | -627.8 | -141.4 | 209.6 | 3752 | 317.2
Mean positional 1273 | 1547 [ 152 | 1920 | -73.0 | 77.8 | -60.7 | 1199 | -51.0 | 198.0 | 58 | 798 | -412 | 604 |3294 | 3274
Deviation (um)
Estimator of standard 692 | 280 |73 [371 | 1137 | 253 | 1208 | 351 |83.0 |557 |865 |3964 |573 |3564 | 289 | 154
uncertainty .S;
25, 1385 | 559 | 147 | 742 | 2274 | 50.7 | 2415 | 70.1| 166.0 | 111.5| 1729 | 7928 | 1146 | 7127 | 57.8 | 30.8
Z; — 2s; (um) 2658 | 988 | 05| 117.8 | -300.4 | 27.1 | -3022 | 49.8 | 217.0 | 865 | -178.8 | -713.0 | -155.7 | -652.3 | 271.5 | 296.6
Zi 1 2s; (um) 112 [ 2106 | 29.8 | 2662 | 1544 | 1285 | 180.8 | 190.1 | 115.0 | 309.5 | 167.1 | 872.6 | 734 | 7732 | 387.2 | 3582
Unidirectional
Repeatability 2770 | 111.8 | 293 | 148.4 | 454.8 | 101.4 | 483.0 | 140.3 | 331.9 | 223.0 | 3459 | 15855 | 2292 | 14255 | 115.7 | 61.6
R; = 4s; (um)
Reversal Value 274 -176.8 -150.8 -180.6 -249.0 85.6 -101.6 2.0
B; (um)
Bidirectional
Repeatabillty H; (um) 456.4 329.7 428.9 4923 526.5 1051.3 928.9 90.6
Reversal Value 03
Bati=1) :
Mean Reversal Value 195.7 0.2
Rar'lg.e Mean ].Sld.ll'. 456.7
positional deviation
Systematic Positional
Deviation F 4567
Rep.e.ata.blllty of the 10513
positioning R
Accuracy 1585.5
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Table 5.2: Test results for Y-axis

i 1 2 3 4 5 6 7 3
Target Position (mm) B 7150507 -160.007 169307 178.607 -187.907 197207 206507 215.807
— — — J— | = T+ | — T+ — [+ — [ — [+ — [ —
j=1 -100.0 -131.0 | 101.0 | -12.0 | 69.0 -47.0 | 75.0 -104.0 | 99.0 -137.0 | 23.0 -136.0 | 22.0 -134.0 | 18.0 | -103.0
Positional 2 -102.0 -92.0 59.0 340 | 440 -32.0 | 100.0 | -81.0 57.0 -115.0 | 19.0 -128.0 | 96.0 -78.0 | 19.0 -46.0
Deviation (um) X;; 3 -72.0 -72.0 98.0 37.0 | 65.0 -22.0 | 23.0 -86.0 13.0 -72.0 22.0 -104.0 | 87.0 -96.0 9.0 -43.0
4 -64.0 -81.0 101.0 | 37.0 | 63.0 -34.0 | 52.0 -65.0 38.0 -92.0 30.0 -112.0 | 83.0 -81.0 -6.0 -45.0
Mean positional 762 | 942 | 884 | 286 | 620 |-32.8|584 | -77.8 | 474 |-100.0 | 288 |-1168 | 722 | 946 | 124 |-57.4
Deviation (um)
Estimator of standard 250 225 | 180 |232 | 104 |91 |299 | 196 |329 |260 |125 | 145 |293 |23.1 | 114 |256
uncertainity .S;
2s; 50.0 45.0 36.1 | 46.4 20.8 | 18.3 59.7 39.3 65.8 51.9 25.0 29.1 58.5 46.1 22.7 51.2
x; — 2s; (um) -126.2 -139.2 523 | -17.8 41.2 | -51.1 -1.3 | -117.1 | -184 | -151.9 3.8 | -145.9 13.7 | -140.7 | -10.3 | -108.6
z; + 2s; (um) -202.4 -233.4 | 140.7 10.8 | 103.2 | -83.9 57.1 | -194.9 29.0 | -251.9 32.6 | -262.7 85.9 | -235.3 2.1 -166.0
Unidirectional
Repeatability 100.0 90.0 722 929 41.6 | 36.6 | 119.5 78.6 | 131.6 | 103.9 50.1 58.1 | 117.0 92.2 | 455 102.5
R; = 4s; (um)
Reversal Value 18.0 59.8 94.8 136.2 147.4 145.6 166.8 69.8
B; (um)
Bidirectional
Repentability 7, (um) 5.0 103 25 20.5 13.9 4.0 12.4 285
Reversal Value B (at: = 1) 166.8
Mean Reversal Value 104.8
Rar?g.e Mean I}ld}r 7925123
positional deviation
Systematic Positional
Deviation F 2052
Repeatability of the
e . 20.5
positioning R
Accuracy 292.6
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Table 5.3: Test results for Z-axis

i 1 2 3 ] 5 6 F)
Target Position(mm) 2 2745229 284.5817 2944917 304.5014 3144313 324.2898 3341214 343.9525
— — — — — — — — — — — — — — — —
j=1] 410 | 67490 | 6470 | 71670 | 1030 | -622.70 | 060 | -61440 | 1270 | 54130 | 320 | 39580 | -3.40 | -22940 | -13.50 | -46.50
Positional 2 | 900.90 | -1536.90 | -973.70 | -1591.70 | -889.70 | -1509.70 | 943.40 | -519.40 | -897.30 | -1458.30 | -759.80 | -1261.80 | -636.40 | -1100.40 | 656,50 | -918.50
Deviation (um) X 3 [ -1770.90 | -2617.90 | -1889.70 | -2671.70 | -1831.70 | -2585.70 | -1864.40 | 2584.40 | -1810.30 | -2519.30 | -1774.80 | -2345.80 | -1744.40 | -2158.40 | -1768.50 | -1986.50
pm) g 4 [ 2829.90 | -3603.90 | -2898.70 | -3661.70 | -2811.70 | -3553.70 | -2832.40 | -3549.40 | -2823.30 | -3487.30 | -2788.80 | -3323.80 | -2729.40 | -3155.40 | -2736.50 | -2982.50
5 [-3800.90 | -4316.90 | -3894.70 | -4385.70 | -3815.70 | -4276.70 | -3833.40 | -4278.40 | -3835.30 | -4198.30 | -3748.80 | -4029.80 | -3669.40 | -3838.40 | -3678.50 | -3652.50
y:j;:t?;’;'::’m"?' -1859.70 | -2550.10 | -1944.30 | -2605.50 | -1867.70 | -2509.70 | -1894.60 | -2309.20 | -1870.70 | -2440.90 | -1813.80 | -2271.40 | -1756.60 | -2096.40 | -1770.70 | -1917.30
f;‘c‘;‘r’:’;i‘:t;’f;m“dard 1509.18 | 1481.52 | 1515.99 | 149034 | 1514.14 | 148145 | 1511.28 | 1700.54 | 1521.96 | 1480.16 | 1509.04 | 147836 | 1494.48 | 1469.49 | 1491.78 | 1470.36
2s; 301836 | 2063.04 | 3031.98 | 2980.67 | 3028.28 | 2962.90 | 3022.56 | 3401.07 | 3043.92 | 206033 | 3018.07 | 2956.72 | 2988.95 | 2938.98 | 2983.57 | 2940.72
7 — 2s; (um) 4878.06 | 5513.14 | -4976.28 | -5586.17 | -4895.08 | -5472.60 | -4917.16 | -5710.27 | -4914.62 | 5401.23 | -4831.87 | -5228.12 | -4745.55 | -5035.38 | -4754.27 | -4858.02
Zi 1 25 (um) 1158.66 | 412.94 | 1087.68 | 375.17 | 116058 | 45320 | 1127.96 | 1001.87 | 117322 | 51943 | 120427 | 68532 | 123235 | 84258 | 1212.87 | 102342
Unidirectional
Repeatabilty 6036.71 | 5926.09 | 6063.95 | 596135 | 6056.57 | 5925.80 | 6045.13 | 6802.15 | 6087.84 | 5920.65 | 6036.15 | 5913.45 | 5977.91 | 5877.96 | 5967.13 | 5881.45
R; = 4s; (um)
Ee(v:;f;‘l Value 690.40 661.20 642.00 414.60 570.20 457.60 339.80 146.60
Bidirectional 6671.80 6673.85 6633.18 6838.24 6574.45 6432.40 6267.73 6070.89
Repeatability R; (um)
Reversal Value B (ati = 1) 0.69
Mean Reversal Value 490.30 0.49
Range Mean Bidir 848.90
positional deviation
Systematic Positional
Deviation F 848.90
Relfe'ata.blllty of the 6838.24
positioning R
Accuracy 6942.63
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Table 5.4: Test results for Yaw Axis

i 1 2 3 4 5 6 7 8
Target Position (degree) P 164.545 161.933 160.644 160.441 161.079 162.384 164.187 166.386
— — — — — — — — — — — — — — — —
7=110.162 | 0.089 | 0.081 | 0.059 | 0.028 | 0.027 | -0.015 | -0.001 | -0.047 | -0.027 | -0.067 | -0.049 | -0.077 | -0.075 | -0.087 | -0.082
Positional 21009 |003 |006 |0.02 |0.01 |0.02 |-001 |0.00 -0.03 | -0.01 |-0.04 |-0.02 |-0.04 |-0.04 |-0.05 |-0.04
Deviation (degree) X, 31004 |-0.03 | 001 |-0.01 [0.00 |0.00 |-0.01 |O0.01 -0.01 | 0.01 -0.01 | 0.01 0.00 0.00 0.00 0.00
g ” 41-0.02 |-0.10 | -0.03 | -0.05 | -0.01 | -0.02 | -0.01 | 0.01 0.01 0.03 0.02 0.04 0.03 0.04 0.04 0.04
51-0.09 | -0.16 | -0.06 | -0.08 | -0.03 | -0.03 | 0.00 0.02 0.03 0.05 0.05 0.07 0.07 0.08 0.08 0.09
Mean positional 0.03 |-0.03 | 0.01 |-0.01 [0.00 |000 |-001 |00l |-001 |[001 |-001 |00l |000 |000 |000 |0.00
Deviation (degree)
Estimator of standard 0.10 |0.10 | 006 |006 | 002 |002 |00l |00l |003 [003 |005 |005 |006 |006 |007 |0.07
uncertainity s;
2 s; 020 [0.20 |0.12 |0.11 |0.04 |0.04 |0.01 0.01 0.06 0.06 0.09 0.09 0.12 0.12 0.13 0.14
z; — 2s; (degree) -0.17 | -0.23 | -0.11 | -0.12 | -0.05 | -0.04 | -0.02 -0.01 -0.07 -0.05 -0.10 -0.08 -0.12 -0.12 -0.14 -0.14
z; + 2s; (degree) 023 [0.16 |0.13 |0.10 | 0.04 | 0.04 | 0.01 0.02 0.05 0.07 0.09 0.10 0.12 0.13 0.13 0.14
Unidirectional
Repeatabilty 0.40 0.40 0.24 0.22 0.09 0.09 0.03 0.03 0.13 0.11 0.19 0.18 0.24 0.25 0.27 0.28
R; = 4s; (degree)
Reversal Value B;(degree) 0.07 0.02 0.00 -0.02 -0.02 -0.02 -0.01 0.00
Bidirectional
Repeatability R; (degree) 0.47 0.26 0.09 0.04 0.14 0.20 0.25 0.28
Reversal Value B
(ati=1) 0.26
Mean Reversal Value 0.00 | 0.00
Rarfg'e Mean I.hd'lrectlonal 0.069
positional deviation
Systematic Positional
Deviation F 0.069
Repfsz}tal?lllty of the 0.47
positioning R
Accuracy 0.47
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Table 5.5: Test results for translation axis

i 1 2 3 4 5 6 7 ]
Target Position 2 164.545 161.933 160.644 160.441 161.079 162384 164.187 166.386
— — — — — — — — — — — — — — — —

j=13300 | 74700 | 2727 | -42.727 | 1.000 | -38.000 | 1.600 | -415.400 | -3.900 | 1.100 | -7.000 | -73.400 | -1.400 | 20.000 | 5.000 | 20.000
Positional 2| 34700 | -65.700 | 40273 | -40.727 | -12.000 | -52.000 | -318.400 | -469.400 | -99.900 | -19.900 | 70.100 | -207.400 | -148.400 | -54.000 | 142.000 | -54.000
Deviation (um) X, 3 35.700 | -69.700 | 18273 | -27.727 | -64.000 | -66.000 | -495.400 | -468.400 | -81.900 | -25.900 | 30.100 | -198.400 | 162.600 | -12.000 | 3.000 | -12.000
v wm) i 4| 34700 | 91700 | 18.273 | 27.727 | -58.000 | -71.000 | -461.400 | -440.400 | -0.900 | -44.900 | 23.900 | -209.400 | 97.400 | 0.000 | 8.000 | 0.000

5| -33.700 | -100.700 | -27.727 | -16.727 | -59.000 | -73.000 | -496.400 | -492.400 | -60.900 | -69.900 | -36.900 | -180.400 | 23.400 | -55.000 | -21.000 | -55.000

Mean Unidirectional -27.100 | 80500 | 9273 | -31.127 | -38.400 | -60.000 49.500 | 31900 | 6300 | -173.800 | 21.600 | -20.200 | 27.400 | -20.200
positional Deviation (um)
Estimator of standard 17009 | 15023 | 25.671 | 10.691 | 30.468 | 14.782 45170 | 26842 | 43.637 | 57283 | 118.496 | 33335 | 65.095 | 33.335
uncertainity s;
2s; 34018 | 30.047 | 51342 | 21.382 | 60.936 | 29.563 90330 | 53.684 | 87.274 | 114.565 | 236.991 | 66.669 | 130.189 | 66.669
7; — 2s; (um) 61118 | -110.547 | -42.069 | -52.510 | -99.336 | -89.563 -139.830 | -85.584 | -80.974 | -288.365 | -258.501 | -86.860 | -102.789 | -86.869
i + 25; (um) 6918 | -50.453 | 60.615 | 9.745 | 22536 | -30.437 40.839 | 21784 | 93574 | -59.235 | 215.391 | 46469 | 157.589 | 46.469
Unidirectional
Repeatabilty 68.035 | 60.093 | 102.684 | 42.764 | 121.872 | 59.127 180.679 | 107.369 | 174.549 | 229.131 | 473.982 | 133.339 | 260.378 | 133.339
R; = 4s; (degree)
Reversal Value 53.400 40.400 21.600 -17.600 180.100 -1.400 47.600
Bi(um)
Bidirectional
Repeatabilty 7, (um) 326.064 313.524 241300 287.440 405.260 198.858
Reversal Value
Bati 1) 0.262
Mean Reversal Value 46.300
Ral},tg.e Mean }.hd.lrec 201.200
positional deviation
Systematic Positional
Deviation 201.200
Relfe.ata.blllty of the 405.260
positioning R
Accuracy 503.756
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Table 5.6: Test results for pitch axis

i 1
Target Position(degree) P, -41.154 -29.588 -13.905
— — — — — —
47 =110.000 | -0.058 | 0.000 | 0.895 | 0.000 | -0.015

Positional 2 10.013 | 0.023 | 0.060 | 0.860 | -0.037 | 0.047
Deviation (degree) X;; 3 1-0.043 | -0.019 | -0.009 | 0.887 | -0.061 | -0.043

41 -0.020 | -0.032 | 0.112 | 0.889 | -0.059 | 0.041

51 0.008 | -0.037 | 0.143 | 0.867 | 0.047 | 0.062
Bitmap Mean positionalDeviation (degree) -0.008 | -0.025 | 0.061 | 0.880 | -0.022 | 0.018
Estimator of standard uncertainity s; 0.023 | 0.030 | 0.067 | 0.015 | 0.046 | 0.045
2s; 0.047 | 0.060 | 0.134 | 0.030 | 0.091 | 0.090
x; — 2s; (degree) -0.055 | -0.085 | -0.072 | 0.849 | -0.113 | -0.072
x; + 2s; (degree) 0.038 | 0.035 | 0.195 | 0910 | 0.069 | 0.109
Unidirectional Repeatabilty R; = 4s; (degree) 0.093 | 0.120 | 0.267 | 0.060 | 0.182 | 0.181
Reversal Value B;(degree) 0.016 -0.818 -0.040
Bidirectional Repeatability R?; (degree) 0.123 -0.654 0.141
Reversal Value B (at: = 1) 0.262
Mean Reversal Value -0.281 | 0.000
Range Mean Bidirectional positional deviation 0.904
Systematic Positional Deviation F/ 0.904
Repeatability of the positioning R 0.141
Accuracy 1.023




5.3 Results

The surgical robotic system can be fairly divided into two major parts, namely Cartesian
Motion System (CMS) and Spherical Motion System (SMS). CMS can also be described as
the pre-surgical setup. The purpose of CMS is to place the RCM on the skull of the patient.
However, SMS is use to orient and insert the surgical sleeve inside the cranium or other

points of interest such as nasal and mucal cavity. SMS can also be used to perform fine
intra-operative adjustments.

5.3.1 Cartesian Motion Axes

Cartesian Motion System comprise of three motion axes X, Y, and Z axes. All of these axes
are perpendicular and decoupled from each other.

The test results of X-axis are given in detail in table 5.1. X-axis demonstrates the bi-
directional repeatability of Imm and absolute accuracy of 1.5 mm. These values seems
higher but if we look at the positional deviation in figure 5.5, X-axis shows high repeatabil-
ity on both approach and recede. The normal probability density function of X-axis in figure

5.6 shows high repeatability.
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Figure 5.5: Positional deviation of X-axis in approaching and receding
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Figure 5.6: Histogram of errors in X-axis

The test results of Y-axis are given in detail in table 5.2. Y-axis demonstrates the bi-
directional repeatability of 20 ym and absolute accuracy of 292 pym. The reason behind
the higher accuracy and repeatability seems to be the intrinsic property of the mechanism.
The mechanism for Y-axis is a custom made linear actuator, which gives DOF while design-
ing the control system.The positional deviation of Y-axis is shown in figure 5.7, Y-axis shows
high repeatability on both approach and recede. The normal probability density function of

Y-axis in figure 5.8 shows high repeatability but not accuracy.

The test results of Z-axis are given in detail in table 5.3. Z-axis demonstrates the bi-
directional repeatability of 6.8 mm and absolute accuracy of 6.9 mm. The position devi-
ation plot in figure 5.9 shows that the Z-axis continuously deteriorating in the proceeding
passes. Although it follows the same trajectory on the approaching and receding passed but
with some negative offset in the target position. Also the plot of normal probability density
function in figure 5.10 doesn’t show neither accuracy nor repeatability. The Z-axis mecha-
nism is performing under the effect of gravity and all the load of the robotic system is on
it. These parameters can be improved with a statically balancing the mass so that center of

mass coincide with axis of rotation of pitch and yaw axis.
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Figure 5.8: Histogram of errors in Y-axis
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5.3.2 Spherical Motion System

The Spherical Motion System (SMS) comprise of two rotational and one translational axes.
The two rotational axes, yaw and pitch, are used to orient the surgical sleeve, while the
translation axis insert the endoscope.

The test result of yaw axis are given in table 5.4. The yaw axes depicts the bi-directional
repeatability and accuracy of 0.47°. The position deviation plot shown in figure 5.11 shows
high repeatability and high accuracy. The normal probability density function shown in

figure 5.12 shows that the deviation values are closer to zero.
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Figure 5.11: Positional deviation of yaw axis in approaching and receding

The test result of pitch axis is shown in detail in table 5.6. The ISO standard 230-2 allows us
to take three target position for the axes lesser than 90°. The pitch axis has the bi-directional
repeatability of 0.141° and absolute accuracy 1.023°. The position deviation plot in figure
5.13 shows that the approaching cycles are more accurate than receding cycles. It is evident
from the plot that the motor is not drawing enough current and losing the repeatability under
the effect of gravity. But the normal probability density function in figure 5.14 indicates that
deviation is distributed but its is not closer to the mean value.
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Figure 5.12: Normal probability density function of deviation of yaw axis
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Figure 5.13: Positional deviation of pitch axis in approaching and receding

The test result of translation axis is shown in detail in table 5.5. The translation axis has the

bi-directional repeatability of 405um and absolute accuracy 503um. The position deviation
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Figure 5.14: Normal probability density function of deviation of pitch axis

plot in figure 5.15 shows that the approaching cycles and receding cycles are following the
same trajectory. Also the normal probability density function in figure 5.16 indicates that

the values are normally distributed and are closer to zero.
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Chapter 6

Conclusion and Future work

6.1 Summary

Surgical robotics has seen its dawn almost 30 years ago. It developed at a slightly lower pace
during the better part of the first decade. It seems odd that although the first robotic surgery
was a neurological, but the other procedures such as laparoscopy and orthopaedics were
relatively quick in embracing the surgical robots. The main reason could be the complex
anatomy of the brain as well as the absence of sophisticated illumination and neuronaviga-
tion techniques. However the later half of 2000s seen a tremendous growth, when multiple
commercial neurosurgical robotic systems were introduced to the market, such as Medtech
ROSA, Neuromate, and MARS.There are several features which were lacked by the current
robotic systems. One of which is their application to pediatric neurosurgery. These surgical
robotic systems do not cater the need of pediatric neurosurgery and neuroendoscopy.

In this study, we identified this gap and tried to address this grave issue to the best of our
efforts and knowledge. Once this problem was presented by our medical collaborators we
went through the available (both commercial and research) robotic systems. We reviewed
the systems that can be utilized in the case of pediatric neuroendoscopy. During the review,
multiple features of the robotic systems were identified and analyzed. Consequently, these
incapabilities forced the surgeons to perform these delicate surgeries manually. This detailed
review is presented in chapter 2.

The challenges involved in manually performing those surgeries are, the requirement of mul-
tiple hands in a confined space, very delicate procedure, and inadequate mechanical support.
These challenges can only be tackled by a dedicated robotic system. The journey of design-
ing such robotic system started with the identification of requirements and specifications,
discussed in detail in section 3.1.1. The detailed requirements and specifications indicate
that atleast six DOF are required to carry out these procedures. The DOFs were further di-
vided into two major sub-components i.e cartesian motion mechanism and circular motion
mechanism. Several candidate mechanisms were studied for both but none of them can be
utilized on "as is basis". So, we designed novel mechanisms for both cartesian coordinate
and circular motion, discussed in detail in section 3.2.2.1 and section 3.2.2.2 respectively.

The details of the mechanism review can be found in aforementioned sections. Before start-
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ing the manufacturing of the robotic system, a scale down proof-of-concept was developed
to verify the relative motion, redundancies, and to have real life experience.

After the 3D modeling, we rigorously analyzed each DOF for their required stroke length,
decoupling, and collision with other parts discussed in detail in 4.3. A detailed kinematic
was also done to calculate and compare the workspace of the robotic system. We also per-
formed mechanism simulations to verify the RCM of the robotic system. The calculated
workspace was later compared with the CAD generated workspace and life size phantom. A
detailed report about the analysis can be found in section 4.1 and 4.2.

At this stage, we also ran a crude ergonomic analysis of the robotic system. It has been
mentioned earlier that the major problem with the available systems is their huge size. We
used a feature of "Vision Window" to see the robotic system through surgeons perspective.
Figure 6.1 shows the surgeon’s vision window. It indicates that the surgeon vision is cleared
and uncluttered.

At this stage, the manufacturing and assembly of the complete robotic system was started.
The parts were made in house however several other parts were chosen off-the-shelf to ac-
quire the committed accuracy and time saving. In the end, it is safe to say that we started this
robotic system from scratch and able to deliver the first real prototype of complete robotic
system. Figure 6.2 shows how the robotic system that can be natively integrated into any

operating room.
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Figure 6.2: Setup of the robotic system in an operating room.

6.2 Conclusion

This research aimed to develop a dedicated six DOF robotic manipulator to perform neuro-
surgery in neonatal and infants. A detailed literature review indicated that there is no such
system available in the market today. So we embarked on the journey of developing a robotic
system that can answer the challenges in performing neuroendoscopy. We have developed
a robotic system that can assist the surgeons to perform these surgeries. The actuated six
DOFs of the system replaced the use of multiple hands in the workspace with a rigid support
and a fine positioning system. A thorough mechanism review was done before starting the
design process. It helped us assess different potential options and create novel mechanisms
designed specifically for the pediatric neurosurgery application. Each DOF was carefully
designed to ensure the required accuracy, precision, safety. Four out of six DOFs feature
inherent safety features, while for the remaining two, additional safety features were added.
The new robotic system can orient, insert, and hold the surgical sleeve at any point assigned
by the surgeon. This feature helps the surgeon and allow him to focus on the critical part of

the surgery. This will reduce the cognitive load on the surgeons.

The robotic system was also designed to work seamlessly with intra-operative neuronaviga-
tion as it is required during the surgery. This requirement arises because it is often preferable

to avoid the use of clamps on the infant’s head. All system requirements have been tested
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both through the simulation and experiments. Kinematic analysis proved that our system
can cover the required workspace efficiently. It also showed the required reachability of the
tool. In addition, the dynamic simulation showed the RCM point and decoupling of all the
motion. All of the above mentioned parameters were also validated through experiments
with the new robotic system.

Since we have the actual prototype, the robotic system can be explored for transnasal and

transmucosal surgeries.

6.3 Future work

So far, these were the preliminary steps in the development of the neurosurgical robotic
system. There are still a lot of steps required in the further development of a viable surgical
robotic system. The necessary future steps required for this project are as under: The next
logical step in the development of these systems are the phantom trials. Phantom trials tests

the limits of the robotic system and could suggests future improvements in design, if needed.
6.3.1 User trials

User trials are necessary to check the usability of the system from the end-user (surgeon’s)
perspective. It will also suggest the required updates in the later prototypes of the system.

6.3.2 Miscellaneous

The miscellaneous future works includes thoroughly checking the compatibility of the elec-
trical systems with the OR, sterility mechanism of direct contact components and overall
safety of the system.

6.3.3 Future Applications

In future, an advance control system can be designed which can directly coordinate with the
MRI image data and surgeon can plan and check the tool trajectory of the robotic system by
virtually planning the surgery. In future, the application of the haptic and force feedback of
surgical sleeve can also be explored.
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Appendix A

6.4 Theoretical Accuracy

We have mentioned in the section 3.1.1 that the targetted accuracy of the system should be
under 100 . In order to achieve this target we have to control the accuracy at the very basic
level of the system design such as selection of appropriate actuators, lead screws and gear-
boxes. It has been mentioned and established that all the DOFs are completely decoupled,
in the section 4.3, the innate accuracy of any DOF will not effect the other DOFs.

In this section, we will established the theoretical accuracy of each DOF using the the inher-
ent properties of the components of each DOF.

Cartesian Motion System

The x-axis motion is generated through a linear actuator which uses a stepper motor along
with rodless actuation system. Since this system is off-the-shelf, we have to reply on the
reported precision. The rated end-to-end precision as 1u, however mid stops have the preci-
sion of 100u. But this is at very high acceleration and higher load then we intend to use it
for.

The motion along y-axis was generated through the custom build actuation system. It com-
prised of a stepper motor with a step angle of 0.9°. The motor is also equipped with a reflec-
tive encoder of 4000 Count per Revolution (CPR). The motor is connected to a preloaded
ball screw with the zero backlash and the lead of 2mm. All the components have the rigid
connected with each other. The rated accuracy c, of this DOF can calculated through the

following relation.

step — angle

360 X lead 6.1)

oy =
Using the equation 6.1 the rated accuracy of y-axis is 5. We have used the same specifica-
tion for the z-axis as well. It it important to keep in mind that these motors have axial and
radial play of 75 p and 25 p respectively. But with the high resolution encoder, this error
can be managed by using +10 or even +50 microsteps.

Circular motion system

The motion for pitch required very high torque and high accuracy actuation system, so we
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used a brushless DC motor with a gearbox, to manage the cyclic load. The gearbox is rigidly
connected to the circular track so the rated accuracy of the gearbox dictated the accuracy of
this motion axis. This gearbox has the backlash of 0.31 degrees.

It has been mentioned in the section 3.2.2.2, that the yaw motion was carried out through
a cable pulley mechanism. We have used the same stepper motor as of the y-axis. But in
this case, it is also dependent on the diameter of the capstan (d.). The rated accuracy of this

motion (avyq.) can be carried out through the following relation;

N T xXde
yar 360

x step_angle (6.2)

if the d. is 10 mm then the rated accuracy would be 78 p. If the the diameter of the capstan
needed to increase then we can utilize the "+" steps for the stepper motor. The rated accuracy
of the insertion/translation mechanism can also be calculated using the 6.1, but the lead of

the screw is 1 mm, so the rated accuracy of insertion/translation is 2.5 .
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