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ABSTRACT

Minimally invasive surgery (MIS) is a particular way of performing surgery by using
smaller instruments and smaller incisions than traditional surgical methods. The goal of the
MIS is to perform operations through very small incisions, a relatively smaller size of the
incisions than that used in traditional surgery with equal or superior clinical outcomes and less
impact on a patient’s body and organs. Generally, surgical instruments and endoscope
approach the surgical site through small incisions in the MIS process. In order to arrange the
instruments and endoscope at the surgical site, an inflated cavity is usually created via an
artificial pneumoperitoneum at the beginning of the MIS. This method takes advantages of
using the elastic sealed cavity of human body, such as the abdomen, to build the
pneumoperitoneum. Generally, a 40~50 mm incision is created for adult esophageal atresia
repair surgery. However, to pediatric patient, such as the congenital esophageal atresia
surgery, the workspace is about 30x30x30 mm near the fourth intercostal of the right side of
chest, which is very tight to place two or three manipulator and an endoscope simultaneously.
Furthermore, the surgical manipulator can easily to block endoscopic vision during
performing surgical procedures in the narrow space.

The robotic assistance technologies extended the capabilities of surgeons by progress of
computer-aided technology and dexterous manipulator. Compared with the traditional MIS,
utility of robotic assistance surgical system breaks the law that surgeon must perform
operation besides operating table. In order to smoothly operate in narrow workspace, forceps
manipulator should be designed with small size and high rigidity. Compact surgical
manipulator with multiple Degree of Freedoms (DoFs) is becoming hot issue used for tissue

intervention. In the robotic assisted system, remote control is commonly employed to map the



movement of a user input to the surgical manipulator. Remote control, also known as master-
slave control, is widely used in robotic surgical systems. It provides beneficial results via
taking advantages of less restriction by space in operation room (OR), reduced fatigue to
operators because of ergonomic input devices, reduced surgical trauma to patients with
dexterous instruments. Based on the configuration of manipulators, mapping relation between
master input device and slave actuator would be mathematical computed. Surgeon steer two
user inputs to control the slave manipulators through master-slave control architecture during
operation, while guided by visual feedback from a visual module. However, although the
multi-DoF surgical manipulator improves the dexterity on operation, it poses new challenges
on the robotic control. Generally, with the consideration of ergonomics, the master input and
the slave manipulator are isomeric, therefore, the surgical manipulator in the slave side cannot
complete map the posture of the overall master mechanism. The user of the robotic system
mainly pays attention to the position and posture of the forceps of the surgical manipulator
during operation. In order to obtain good eye-hand coordination, the posture of master handle
in surgeon’s vision and that of the surgical manipulator tip in the endoscopic view should be
identical. To the redundant serial manipulator, there are many solutions for the redundant
joints in the inverse kinematics computation, even though the position and posture of the
forceps of the manipulator is unique. In order to select out the optimal solution, the
constraints of surgery will be considered. In the pediatric surgery, the MIS can reduce the
geometric cut size on the body surface, but increase the risk of hurting pediatric organ by
pneumoperitoneum.

In this study, we aim to design a robotic system to assist pediatric Congenital Esophageal
Atresia (CEA) surgery. Pediatric CEA is a birth defect that affects the alimentary tract,
occurs in approximately 1 in 4400 live births. Pediatric CEA takes several different forms
often involving one or more fistulas connecting the trachea to the esophagus. In
approximately 85% of cases, the esophagus ends in a blind-ended pouch, rather than
connecting normally to the stomach. Without treatment, the infant will soon die due to
malnutrition. Currently, the most immediate and effective treatment in the majority of
pediatric CEA is a surgical repair to close the fistulas and reconnect the two ends of the
esophagus to each other in a 30x30x30 mm workspace. However, current robotic system
exposed obvious drawbacks: manipulator with small geometric dimension (diameter <= Smm)
is danger due to high risk of damaging pediatric tender organ; manipulator with large

geometric dimension (diameter >= 10 mm) is difficult to operate in narrow space due to the
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vision shielded by manipulator in endoscopic surgery. In this thesis, the author indicates a
compact surgical robot for pediatric surgery. It can realize dexterous operation by two slave
manipulators, each with an external diameter of § mm at the forceps. In order to reduce the
shelter of vision caused by manipulator during operation, an algorithm to control redundant
manipulator is developed to map the trajectory while the forceps of manipulator tracking the
position and posture of the user input, maintaining triangle formation between slave
manipulators and endoscope.

This thesis consists of 6 chapters.

In chapter 1, the author introduces the state of the art of minimally invasive surgery (MIS)
as well as the utility of surgical robot, especially in pediatric surgery. The author also presents
the remaining problem and technique issue of current robotic system, and states the purpose
of this research and the research flow.

In chapter 2, the author describes the typical control method of computer-aided robotic
system, and states the control strategy of remote-control robot system. Since this research
needs to map the trajectory relation between user input and slave manipulator, the author
considers the influence of the mechanism configuration of surgical robot in the control
strategy for performing intervention in narrow workspace on surgery.

In chapter 3, the author presents the mechatronics design of pediatric surgical robot. The
surgical robot consists of a master console and slave manipulators. The master console is
composed of Phantom Omni and foot pedals to generate input signals. In the slave side of
surgical robot, it consists of two isomorphic slave manipulators, with total 18 DoFs. Each
slave manipulator is composed of a positioning manipulator and a surgical tool manipulator.
The positioning manipulator has 4 DoFs, which can achieve translational movements in
spatial movement. The surgical tool manipulator employs double screw drive (DSD)
mechanism to achieve bendable movements. A single surgical tool manipulator with 5 DoFs
and an external diameter of 8 mm consists of two bendable joints and a rotatable forceps.
Each bendable joint can realize two bending movements in two orthogonal planes. The
rotatable forceps is composed of a rotatable joint and a clipper with opening and closing
movement. In this chapter, the kinematics of the slave manipulator is calculated. The
simulation results show the overlapped area of two positioning manipulator covers a 30x30
mm zone; and the distal of the surgical tool manipulator can achieve an arbitrary bending
movement in 40x40x13 mm workspace by two bendable joints. By integrating tool

manipulator with positioning manipulator, the robot system can perform surgical intervention
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in a 30x30x30 mm workspace in pediatric surgery. The inverse kinematics for calculating
active rod’s length illustrated that the rod’s deviation of bending linkage is less than 3 mm.
The experiment to measure the flexible shaft’s rigidity show the flexible shaft could keep high
rigidity when loaded within 200 g.

In chapter 4, the author proposes a shape optimal algorithm to map the relation between
master input and the slave manipulator. The purpose of this algorithm aims to construct a
triangle formation between endoscope and the slave manipulators to provide good operability
and visualization for robot user. Due to the heterogeneous configuration between the master
input and the slave manipulator, the posture of each joint in the master input cannot complete
match with the slave mechanism chain. Therefore, the master input just directly control the
position and posture of the distal of the manipulator, the redundant joints of manipulator will
be controlled by the proposed algorithm. In the first step, the relation between the robot
joint’s inverse kinematics solution and the disturbance at redundant joint is established. The
verification simulation shows that the robotic arm with the inverse kinematic algorithm can

accurately track the input (A < 0.5mm ). Subsequently, a shape optimal algorithm

simulator
considering the visualization and operability is developed to construct a triangle formation
between slave manipulators and endoscope in workspace. Given a tolerable error (£ =0.001),
the adjacent angle deviation between two bendable joints among the 4 quadrants satisfy that
A

algorithm demonstrated that the distal of the manipulator could achieve position error

<0.5". The experimental result of position tracking with the shape optimal

angle_deviation

A psition eror < 1mm when loaded within 50 g in two-dimensional plane or loaded within 20 g
in three-dimensional space. Therefore, the pediatric surgical robot satisfies the precision
requirement of tissue intervention in pediatric CEA surgery.

In chapter 5, the author presents a novel application for reducing operating difficulty to the
master-slave robot user. Generally, human being have dexterous hand than the other, therefore,
they are willing to use their dexterous hand for important manipulation, even though their
both hands are needed in normal operation. The author extends the algorithm referred in
chapter 4 by using two endoscopes in the pediatric surgical robot. The two endoscopes located
at both sides with respect to the plane, where the both slave manipulators located. Therefore,
there are two solutions by combining a single endoscope and two slave manipulators. In
addition, the correspondence between the master input and the slave manipulator can be

exchanged based on the selection of combination between the endoscope and the slave

manipulator. The algorithm guarantees the operator of this robot system to use their dexterous
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hands for important operation even performing suture task on both sides of a cut. The
experimental results show that the time taken for the same task with the handedness control
obviously improves user’s performance and the feasibility of suture on an esophagus model
by using the developed algorithm.

In chapter 6, the author concludes this research and discusses future work, such as the
evaluation of pediatric surgical robot through in vivo experiments, and the clinical
applications of using pediatric surgical robot as well as the control algorithm in serial robotic
manipulator.

In this overall research, the author establishes a compact robot system for pediatric surgery.
Considering the narrow space of pediatric surgery, the author proposes an algorithm to control
the trajectory of redundant manipulator. From this research, the author establishes a way to

perform tissue intervention with surgical robot in narrow workspace for pediatric surgery.
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Chapter 1

Introduction

1.1 Background

1.1.1 Minimally Invasive Surgery

Minimally invasive surgery (MIS), typically known as laparoscopic surgery, has
obvious advantages to patients, such as less postoperative pain, decreased inflammatory
response, shorter hospital stay and convalescence, improved cosmesis [1]. The emerging of
new technologies (e.g. advanced machining technologies, innovative laparoscopes, special
materials and efficient energy sources) pushed forward rapid development and popularization
in MIS [2].

In the classical way to perform a surgery, generally, an open incision is created in the
skin and the underlying tissues. The surgeon can directly reach the tissue to be operated on
with their hands through the open incision. In this way, the surgeon has directly tactile feeling
about the handled tissue and unrestricted view on the operating field. However, the open
surgery brings much damage to healthy tissue, such as tear healty tissue, accidently destory
healty organs. MIS is a special way of performing surgery by using smaller surgical apparatus
and smaller incisions than that used in tranditional surgical process, as shown in Fig. 1.1. The

goal of MIS is to perform operations with equal or superior clinical outcomes and less
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negative impact on a patient’s body and healty organs by using special instruments. In 1910,
Hans et al. reported the first laparoscopic operation in human being, by using a special trocar
and a 14-cystoscope for endoscopy [3]. In the subsequent several decades, a great deal of
individuals contributed the approach further for laparoscopy. In the early 1970s, Tarasconi
from the University of Passo Fundo used laparoscopy to perform organ resection for the first
time [4]. Subsequently, laparoscopy to remove appendicitis, ovarian cyst enucleation,
myomectomy for fibroids and vaginal hysterectomy on adult patient were reported [5][6]. The
comparison between open surgery and laparoscopic surgery on typical surgical operation are
listed in table 1-1.

Table 1- 1 Comarison between open surgery and laparoscopic surgery on typical surgical
operation

Type Laparoscopic surgery (LS) VS open surgery (OS)

LS is safe and effective, however, the recurrence rates are a

Inguinal hernioplasty little higher than that happened in OS [7]

Cholecystectomy LS benefits from shorter hospital stay, less pain [8]

LS is suffered from longer operative time, benefited from

Splenectomy less blood loss, shorten recovery [9]

Similar symptomatic and physiologic outcomes, but LS

Esophageal surgery gets better quality-of-life outcomes [10] [11]

s ol (ka2 Sl i el

(a) (b)

Figure 1.1 Configuration of laparoscope and instruments in myomectomy of fibroids
removing surgery [5]. (a) open surgery; (b) laparoscopic surgery.
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Similar as the popular utility of MIS in adult patients, the population of paediatrics
using MIS is also rapidly increasing. However, paediatricians maybe face with a dilemma:
whether the children can enjoy such techniques. Since the paediatrics have small geometric
body dimension, the selection of surgery is important for pediatrical patients. Table 1-2 shows

the comparison between open surgery and laparoscopic surgery in pediatric surgical operation.

Table 1- 2 Comparsion between OS and LS in pediatric surgery [1]

procedure
Upper gastrointestinal surgery
Gastro-esophageal | Esophageal Idiopathic infantile
‘ Achalasia ‘ .
reflux atresia pyloric stenosis
Open surgery Recommend
. No obvious
Laparoscopic
Recommend[12] Recommend[13] | advantages
surgery
[14][15] [16]
Hepato-biliary surgery
Cholelithiasis Choledochal cyst Spherocytosis
Open surgery
Laparoscopic .
Recommend[17] No obvious advantages Recommend[ 18]
surgery
Surgery of the body wall and diaphragm
Inguinal hernia Diaphragmatic hernia Pectus excavatum
Open surgery
Laparoscopic | No obvious . No obvious
No obvious advantages
surgery advantages [19] advantages
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There are many procedures of pediatric surgery where the surgeron can use minimally
invasive techniques. However, there are still some procedures where surgeons are
recommended to use open surgery, especially in the complex surgery. Until now, there is no a
single procedure that one technique can prove stronger benefits than the other for pediatric
surgery. To the current pediatric surgeries that are still recommended to use open surgery, the
best way is to find a balance point that can integrate the advantages of minimally invasive

techniques and open surgery.

1.1.2 Surgical Robot System

Robotic assisted technologies extend the performance of surgical operation via
dexterous manipulation, high precision and good operability. According to the different
functions of surgical robot, surgical robot could be subdivided into treatment surgical robot
and surgical assisted robot.

Generally, a treatment surgical robot system is integrated with three parts: (a)
navigation system, (b) trajectory planning system, and (c) robotic manipulation system.
Firstly, the robot system gets the coordinate information of surgical scense by magnetic
resonance imaging (MRI), computerized tomography (CT) or camera. In the controller, based
on the specification of hardware of robot, the trajectory of surgical tool will be calculated
correspondence to surgical demands. Subsequently, the controller sends the approximate
order to the relative actuator for manipulation.

In 1992, the first pure surgical robot was reported by using ROBODOC® (Integrated
Surgical Systems Inc.) for human hip surgery, as Fig. 1.2. It uses a computer station to
accurately examine a patient’s bone’s position and size by CT image, and performs a pre-
operative plan prior to total hip replacement surgery [20][21]. Mitsuishi et al. developed an
orthopedic milling system, which could monitor the cut force and milling temperature during
operation [22]. Neuromate® (Renishaw Inc.) uses a 6 degree of freedom robot arm to perform
deep brain stimulation. At first, with the help of MRI, patient’s brain tumbor will be
positioned and the trajectory of needle insertion will be planned, then, based on the planned
trajectory, the needle will be inserted for therapy [23][24], as shown in Fig. 1.3. In the recent
years, [25][26][27][28][29][30] et al. developed navigation-based robot sytem, which
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introduced real-time compensation for accurately operation. These systems used CT or MRI
image to guide the maniputor’s movement, while real-time to compare the real trajectory of
manipulator with the planned trajectory. By calculating the deviation between the real
trajectory and the planned trajectory, the controller real-time amend manipulator’s trajectory.

In the past decades, robot-assisted surgery had rapidly developed. By means of the

Figure 1.2 ROBODOC® [19].

Figure 1.3 Neuromate® [21].
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dexterous manipulator, the surgeon can reach tiny space where their hands cannot directly
approach. For example, in the minimally invasive surgery, only several key holes (each
diameter<10 mm) are created in patient’s skin. It is impossible for human being to put their
hands through these key holes for tissue intervention. Because of these limitations, robotic
manipulator to assist surgeon’s operation is necessary.

The common solution for overcoming these limitations is to develop master-slave
robot system. User bimaunual steer master input for intented motion, the controller analyze
the data of master input, and map these instructions to slave manipulator. In 1997, the robot
system ZEUS® (Computer Motion Inc., merged into Intuitive Surgical Inc. at 2013.6)
successfully performed cholecystectomy [31]. In 2001, the ZEUS® system got the
certification from food and drug administration (FDA) from USA, could be used for abdomal
surgery. It consists of two sepertated systems — master console and slave robotic manipulators.
The master console is used for receiving user’s instruction, and slave manipulator is
responsible for tissue intervention. The ZEUS® system is shown in Fig. 1.4. In 2001, da
Vinci® robot system got the certification from FDA, mainly used to assist for abdomal
surgery, as shown in Fig. 1.5. Da Vinci system is composed of three parts: master input at the

console, slave manipulators, and visual module. The distal of manipulator can achieve four

Figure 1.4 ZEUS® [26].
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degree of freedoms (yaw, pitch, roll, grasp), which used for tissue intervention, as Fig. 1.5(c).
During surgery, a surgeon sit at the console side, manipulate the dual artificial hands to
control the movement of slave manipulators. By 2013, more than 2,000 units of da Vinci
robot system had been sold worldwide, and tens of thousands of surgeries had been recorded
by using da Vinci system in the past decades [32]. However, current da Vinci robot system
still suffered by the less degrees of freedom of slave manipulators, which led to obscured
vision by manipulators on surgery.

In order to improve the dexterity of manipulation, many researchers had been focusing
on development of new flexible manipulators. Simaan et al. presented a snake-like
manipulator with high elasticity central backbone tube. The manipulator can obtain arbitrary
orientational bending motion by pulling and pushing four flexible tubes, which are located at
the circulumn of a circle [33]. Dupont et al. reported a robot assembled by a concentric

combination of pre- cuvred elastic tube. This robot can achieve Omni-directional bending

Figure 1.5 da Vinci® robot system [27].
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movements by rotating and extending the tubes [34]. Yang et al. described an articulated
robotic manipulator, which features its tip with several independently controllable DoFs. Each
joint of the manipulator is actuated by an embedded motor fitted with a gearbox [35][36].
Based on the feacture of dexterous manipulator and requirement of MIS, single port access
surgical (SPAS) robot and natural orifice transluminal endoscopic surgical (NOTES) robot
had been developed [37] [38] [39] [40] [41] [42]. During surgery, SPAS robot can be inserted
through a single incision, and deploy its manipulators guided by the visual feedback.
However, limited by the geometric configuration of manipulators and visual modual, SPAS
robot need enough workspace to extend its manipulator and visual module, as Fig. 1.6.
NOTES robot, as shown in Fig. 1.7, can pass through irregular pass to access surgical object,

what makes the least damage to human’s skin. However, due to the small external geometry,

HEs ¥

Figure 1. 6 Insertable robotic effector platform for single access surgery [32].

Figure 1.7 NOTES robot in USGI Medical® [34].



1. Introduction

the inserted manipulators and flexible endoscope in the NOTES robot owns low dexterity,

restricted by the size of inner channels, the insertable tool manipulators are weak in rigidity.

1.2 Robot-assisted Pediatric Surgery

Although the robot-assisted sureries had proved their advantages in minimally access
surgery, the clinic benefits in pediatric surgery is still unclear [43]. The main use of robotic
surgical system in the pediatric surgical literature is Zeus robotic surgical system (formerly
Computer Motion, Inc., now operated by Intuitive Surgical, Inc.,) and the da Vinci Surgical
System (Intuitive Surgical, Inc.) [44] [45] [46] [47]. Table 1-3 shows the currently robotically

assisted procedures for paediatrics.

Table 1- 3 Robotically assisted procedures for paediatrics [48][49]

Routine procedures Complex procedures
Nissen fundoplication Reoperative pyeloplasty
Dismembered pyeloplasty Mullerian and wolffian duct remnant removal
PDA closure Seminal vesicle cyst removal
Nephrectomy Bochdalek congenital repair
Calyceal diverticulectomy Kasai portoenterostomy
Antireflux surgery Choledochal cyst excision
Lithotomy

Atrial septal defect closure

Ureteral reimplantation

Partial nephrectomy

Bladder augmentation

Mitrofanoff procedure




1. Introduction

Table 1-4 lists the comparison between robot-assisted pediatric surgery and

conventional minimally access surgery.

Table 1- 4 Comparison between robot-assisted pediatric surgery and open/conventional
laparoscopic surgery [50][51][52]

Specification
Average weight . .
average age (years) Utility of robotic
Procedures (kg) .
(100 samples) surgical system
(100 samples)
General surgery,
7.8 years 242 kg o
urology, and da Vinci® and Zeus®
) ) 1 day ~ 23 years 2.2kg -103kg
cardiothoracic surgery

Performance comparison

Operating time and o _
) complications Postoperative data
learning curve

Overall rates of

No fixed regulation, Shorten hospital stay,

Robot-assisted surgery reported were

less pain [56]
low [55] P

depending on the
detailed surgery

Open or conventional [53] [54]

laparoscopic surgery

From the table 1-3, the body suitable for pediatric robotic surgery is still small.
However, the available studies demonstrate that a number of robotically assisted surgeries are
feasible and safe when performed by surgeons who are experienced in the techniques.
Generally, compared with traditional laparoscopic and open surgery, robotic surgery provides
superior clinical outcomes. However, procedures such as the repair operation of esophageal
atresia, uretaral reimplatation, and protoenterostomy in minimally access surgery are still

extremely challenging.

10
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1.3 Technical Issue for Robot-assisted Pediatric

Surgery

1.3.1 Current Limitation in Robot-assisted Pediatric Surgey

Compared with the clinic performance of typical surgical operation, published
experiments have demonstrated the potential to enable the robot-assisted technologies for
pediatric surgery. However, there are still a number of technological limitations specific to
pediatric surgery that restricts their wide use:

1. the overall dimension of the robotic systems.

Compared with many pediatric surgical patients, the geometric dimension of the
robotic systems such as the Zeus modular robotic arms and the da Vinci surgical cart are
overwhelming in OR. It puts forword a big problem that the bulky cart make it is difficult for
a surgical assistant to access the patient while the operation procedure needed manipulator
exchange or other procedure needed to access [57].

2. the geometric size, and variety of available robotic instruments is restricted
compared with those offered for standard lapasocopy.

The most commonly instruments used in the commercial surgical robotic system such
as Da Vinci® system is with a diameter of 8~10 mm. Recently, 5 mm instruments with 7
degrees of freedom has been introduced for use with this system. However, the number of
instruments offered for other special use is still limited.

3. the snake-like constrcture instruments needs a slightly larger amount of
intracorporeal working space to deploy their redundant joints. Specificically, a >10 mm
distance needed from the distal to articulating joint in the intracorporeal cavity.

4. compared with the comedy incision, however, a little longer operating times, higher
costs.

Robotic surgery does not currently represent a general alternative to conventional or

minimally invasive surgery.

11
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1.3.2 Technical Issue for Robot-assisted Pediatric Surgery

In the MIS, the approach for robot-assisted pediatric surgery is similar to that of its
adult counterpart. However, compared with the size of adult, the workspace is limited in
children and the abdominal wall is generally thinner, proper positioning of ports is highly
important [58]. In the intracorporal, the camera and manipulators are mapping the relation of
human’s eye and hands. Furthermore, a pneumoperitoneum is needed before MIS, which
generally would create an inflated to take full advantage of their enhanced dexterity.
Therefore, the small working space poses a higher risk of inadvertent visceral injury with the
positioning of ports and manipulation instruments.

According to the specification of pediatric surgery, “dexterity”, “safety” and “good

operability” are necessary elements in the design of robotic-assist system.

1.4 Research Objective and Motivation

As shown in table 1-3, pediatric congenital repair surgery such as congenital
esophageal atresia repair is still a tricky thing by using current robot-assisted system for
surgeon. This research aims to develop a robot-assisted system for pediatric esophageal

atresia repair surgery.

1.4.1 Pediatric Congenital Esophageal Atresia

Pediatric congenital esophageal atresia (CEA) is a congenital medical condition (birth
defect) that affects the alimentary tract. It occurs in approximately 1 in 4400 live births [59]
Pediatric CEA takes several different forms, often involving one or more fistulas connecting
the trachea to the esophagus. In approximately 85% of cases, the esophagus ends in a blind-
ended pouch, rather than connecting normally to the stomach, therefore, the food cannot drain
into the stomach. Without treatment, the pediatric patient will soon die due to malnutrition.
Recently, the most immediate and effective treatment in the majority of pediatric CEA is a
surgical repair to close the fistulas and reconnect the two sperated ends of the esophagus to
each other. However, there are several factors affecting the surgical procedure, such as the

state of the patient’s health [60] and the size of the esophageal gap [61]. Generally, neonates

12
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infant — s~ . ?
/

o 20mm /
the upper / :"“"-\\ —_\_U
esophagus 7 U \\ E ¥

the lower | |
esophagus — | |~ 3

trachea

Figure 1.8 General case of congenital esophageal atresia (CEA).
are suffering from the CEA symptoms shown in Fig. 1.8. Esophagus generally located below
the ribs 30 mm, and the mean gap between the upper esophagus and the lower esophagus is
typically about 20 mm [62], and the average chest measurement of the neonate is about 31 cm

[63], therefore, the width of chest is 100 mm on average.

1.4.2 Motivation

The traditional operation in pediatric CEA surgery includes several steps: exploration
of operative field, stripping esophagus, ligation of tracheoesophageal fistula, and esophageal
anastomosis. Compared with the thoracoscopic surgical method, open surgery with small
incision can avoid the side effect of pneumoperitoneum. In this research, the surgeon
manually explores the esophagus segements, then performs esophagus anastomosis via robot
assisted system.

The semi-prone position is recommended during pediatric CEA surgey, with the right

side elevated at 45° and right arm placed over the head [64]. Atkins reported a 40~50 mm

13
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incision for dissection of the upper thoracic and stellate ganglia in adult patient [65]. However,
the 40~50 mm cut brings much hurt to pediatric patient. In order to reduce the harm, a
30x30x30 mm narrow space near the fourth intercostal of the right side will be created. Our
objective is to develop a compact robot assisted system to support surgeon perform surgical

intervention in the 30x30x30 mm workspace.

1.5 Structure of this Thesis

As the author states in the preview sections, this research aims to develope a surgical
robot system to assist the pediatric congenital esophageal atresia surgery. Because the
geometric specification of infant is small, we design a compact surgical robot, which
approach the target esophagus through a 30x30 mm incision. Due to the pediatric thinner
tissue, the designed robot should be accurate manipulation. In order to provide good visual
feedback for navigating surgeon’s operation, the manipulator should avoid blocking camera’s
vision while tracking the master instruction.

This thesis consists of 6 chapters. The structure of this thesis is presented as Fig. 1.9.
The summarization of each chapter is described as follow.

n Control strategy of robot in constrained condition (chapter 2)

In this chapter, the author describes the general control mode of compute-control
assisted robotic system, and states the control strategy of remote robot system. Since
this research needs to map the trajectory relation between user input and slave
manipulator, the author considers the influence of the mechanism configuration of
surgical robot in the control strategy for performing operation in narrow workspace
during surgery.

u Mechatronic design of pediatric surgical robot (chapter 3)

In this chapter, the author presents the mechatronics design of pediatric surgical
robot. The surgical robot consists of a master console and two slave manipulators. The
master console is composed of Phantom Omni and foot pedals to generate input
signals. In the slave side, it consists of two isomorphic slave manipulators, with total

18 DoFs. Each slave manipulator is composed of a positioning manipulator and a
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1. Introduction

surgical tool manipulator. The positioning manipulator has 4 DoFs, which can achieve
translational movements in spatial movement. The surgical tool manipulator employs
DSD mechanism to achieve bendable movements. A single surgical tool manipulator
with 5 DoFs and an external diameter of 8 mm consists of two bendable joints and a
rotatable forceps. Each bendable joint can realize two bending movements in two
orthogonal planes. The rotatable forceps is composed of a rotatable joint and a clipper
with opening and closing movement. In this chapter, the kinematics of the slave
manipulator is calculated. The simulation results show the overlapped area of two
positioning manipulator covers a 30x30 mm zone; and the distal of the surgical tool
manipulator can achieve an arbitrary orientational bending movement. The results
guarantee pediatric surgical robot can perform surgical intervention in a 30x30x30 mm
workspace in pediatric surgery. The inverse kinematics for calculating active rod’s
length illustrated that the rod’s deviation of bending linkage is less than 3 mm. The
experiment to measure the flexible shaft’s rigidity shows that the flexible shaft could
keep high rigidity when loaded within 200 g.
Control strategy of redundant robotic manipulator in narrow space (chapter 4)
In this chapter, the author proposes a shape optimal algorithm to map the relation
between master input and the slave manipulator. The purpose of this algorithm aims to
construct a triangle formation between endoscope and the slave manipulators to
provide good operability and visualization for robot user. Due to the heterogeneous
configuration between the master input and the slave manipulator, the posture of each
joint in the master input cannot complete match with the slave mechanism chain.
Therefore, the master input just directly control the position and posture of slave
manipulator’s tip, the redundant joints of manipulator will be controlled by the
proposed algorithm. In the first step, the relation between the robot joint’s solution and
the disturbance at redundant joint is established. The verification simulation shows
that the robotic arm with inverse kinematics algorithm can accurately track the input
(& <0.5mm). In the next step, a shape optimal algorithm considering the visualization
and operability is developed to construct a triangle formation between slave

manipulators and endoscope in workspace. Given a tolerable error (& =0.001), the
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1. Introduction

adjacent angle deviation between two bendable joints among 4 quadrants is less than
0.5 °. The experiment result of position tracking with shape optimal algorithm
demonstrated that the distal of slave manipulator could achieve position error < 1 mm
during trajectory planning when loaded within 50 g in 2D plane or 20 g in 3D space.
Handedness control with pediatric surgical robot (chapter 5)

In this chapter, the author presents a novel application for reducing operating
difficulty to the master-slave surgical robot user. Generally, human being have
dexterous hand than the other, therefore, they are willing to use their dexterous hand
for important manipulation, even though their both hands are needed in normal
operation. The author extends the algorithm referred in chapter 4 by using two
endoscopes in the pediatric robot system. The two endoscopes located at both sides
with respect to the plane, where the both slave manipulators located. Therefore, there
are two solutions for combining a single endoscope and two slave manipulators. In
addition, the correspondence between the master input and the slave manipulator can
be exchanged based on the selection of combination between the endoscope and the
slave manipulator. The algorithm guarantees the robot operator use their dexterous
hands for important operation even performing suture task on both sides of a cut. The
experimental results show that the time taken for the same task with the handedness
control obviously improves user’s performance and the feasibility of suture on an
esophagus model by using the developed algorithm.

Conclusion and future work (chapter 6)

In this chapter, the author concludes this research and discusses future work, such
as the evaluation of pediatric surgical robot through in vivo experiments, and the
clinical applications of using pediatric surgical robot as well as the control algorithm
in serial robotic manipulator.

The flow chart of this research is shown in Fig. 1.9.
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Chapter 2

Control Strategy of Redundant

Robotic Manipulator

2.1 Introduction

Master-slave architecture can retrieve surgeon from the patient bed and may achieve
good operability. However, in some surgical occasion, the advantages of the minimally
invasive access surgery are weakened by complex instrument manipulation due to the
difficulty of approaching target anatomical region through irreguate path. The development of
slave manipulator with small geometric dimension and multiply DoFs can improve the
operability in narrow workspace. Especially, redundant manipulator significantly highlights
the benefit. Redundancy means that a manipulator possesses more degrees of freedom than
the minimum number required to excute a given task. Generally, a manipulator with actuators
for three position coordinates and three orientations is necessary to achieve essential
movements in spatial space. However, a six degree-of-freedom manipulator mechanism has
many kinematic flaws such as limited joint ranges, workspace obstructions and kinematic
singularities [66]. Therefore, redundant manipulator could competent for tasks that deficient

or normal manipulator cannot carry out in narrow space, such as in irregular fistula or narrow
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2. Control Strategy of Redundant Robotic Manipulator

surgical cavity. Nevertheless, redundancy also poses chanllenge at inverse kinematics

problem, which is affected by DoFs’ distribution, shape conformance, and external constraints.

2.2 Control Method of Redundant Robotic

Manipulator

In chapter 1, there are many dexterous manipulator were introduced. The presence of a
large amount of DoFs enhances the flexibility and dexterity of the robotic platform, however,
the control of redundant structure pose much difficulty due to the coordination of the large
number of possible joint configuration. To a redundant manipulator, it is possible that the
inverse kinematic problem admits infinite solutions. It means that for a given redundant
manipulator, the manipulator can demonstrate different posture even the manipulator’s end-
effector located at the same position and posture.

Many solution techniques for solving the kinematic control problem for redundant
manipulators have been suggested by researchers. Most traditional approaches are based on
the calculation of the manipulator’s Jacobian matrix. The process of computing the inverse

kinematic problem is equivalent to that calculating the joint angle (g ) based on the task

position and orientation ( x ). The relation between g and x can be given

X = f(q)

. . (2.1)
x=Jyq
Where, xis the (m x 1) vector of task variables, ¢ is the (n x 1) vector of joint variables.

fis a differentiable nonlinear vector function whose structure and parameters are “brige”

between the angular velocities from joint space and the target velocities in task space. J is the

(m x n) Jacobian matrix. Generally, for a given trajectory in the task space x,,the inverse

kinematic computation is formulated to find a joint space g, that satisfied the equation

Xy =S4y - Since the manipulator is redundancy, therefore, the task variables and joint

variables meet the relation m < n, which means the inverse kinematic resolution isnot unique.

In order to filter the prefer solution, [67] presented a method for avoiding obstacles based on
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2. Control Strategy of Redundant Robotic Manipulator

pseudoinverse. However, the computation of Moore-Penrose pseudoinverse is subject to the
path restruction error. Furthermore, when the Jacobian is rank deficient, the approach of
inverse kinematic have to face the singularities problem, which would lead to unpredictable
jump in the joint space [68]. [69] reported a singularities avoidance approach for the optimal
path planning of redundant robot manipulators. It induced proper bounds to avoid singularitis
by changing the transformation between the joint speeds and end-effector target velocities.
The observation of proper bounds reduces the efficiency that the end-effector tracks planned
trajectory. [70][71][72][73] illustrated a gradient projection method that modified the Moore-

Penrose pseudoinverse matrix to (2-2),

q=J" @ x+[I=J"@J 149, (2.2)

The above techniques focus on avoiding the singurarities, however, they are
impractical for on-line feedback control, due to the heavy computational reuqirements [74].

Other methods, such as augmented Jacobian[75], extended Jacobian [76] and [77]
assigned additional constraint task to complete the Jacobian’s rank, therefore, the space of
redundancy is entirely exploited. However, these methods are still subject to algorithmic
singularities which are the singularities associated with the augmented Jacobian matrix [78].

For the control proceduces such as redundant manipulators, the use of the constraints
to guide tissue manipulation is important. When a redundant manipulator is used for such
application, the major technical hurdles include

1) shape comformance to required constraints;

2) motion modeling and parameterization to ensure the ease control of the redundant
manipulator.

Recent advances [79], [80] in considering potential anatomical changes of the model
have enabled haptic guidance under active constraints or virtual fixtures (VFs). A perquisite
of these procedures is the computation of proximity queries (PQs), which is a challenging
problem for haptic rendering because of its intrinsic complexity and high update rate required
(>1 kHz) [81]. Well-known methods such as [82], [83] require object prepresentation as
convex polyhedral to gurantee global convergence. It addresses a dynamic active constraints
(DAC:s) to navigate generic articulated MIS instrument using accurate forward kinematics. It

reported a PQ formulation to compute the deviation of the robot outside the constraint
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2. Control Strategy of Redundant Robotic Manipulator

pathway defined by a 3D anatomical model, and navigate the endoscope in the distal of the

manipulator for panoramic exploration.

2.3 Discussion

In the master-slave architecture of the surgical robot system, the control framework of
the redundant manipulation consists of 1) shape conformance condition; and 2) motion
modeling, parameterization and control.

Genernally, in the master-slave system, the structure of the master input and the slave
manipulator are isomeric. It means that the master input cannot directly control every joint of
the slave manipulator for motion navigation. The common way of mapping the master input
to the slave manipulator is that the master input controls the position and the posture of the
distal of the slave manipulator, and the redundant DoFs follows the control optimization
algorithm. In the bimanual master-slave surgical system, the manipulation image is shown in
Fig. 2.1 [84]. For achieving comfortable and natural manipulation, the surgeon bimanual the
dual handles with angle of 60~120", while the surgeon’s eye, surgical target, and the monitor
lies in a straight line. The configuration of the two slave manipulators guarantee to provide a
good visualization for visual feedback. However, in some surgical task, such as suture, the
surgical symptoms needs the operator do suture at both sides of the cut. Therefore, it poses a
big challenge to single handed user. To right-handed operator, when do left suture task, the
user could use his/her right hand to catch the needle and the left hand to support the suture
task. However, when do right suture task, the user must drive his/her right hand for inverse
suture or his/her left hand to catch the needle. Fig. 1.5 shows the only commercial bimanual
operation robotic system, Da vinci® system, the coorspondence between the master handles
and the slave manipulator is fixed before operation (the left master handle coorsponds to the
left slave manipulator and the right master handle coorsponds to the right manipulator).
Furthermore, in the latest version of the Da vinci® system (Da vinci S7), shown in Fig. 2.2, the
coorspondence between the master and the slave still cannot be changed during operation (the
coorespondence between the master and the slave are swapped). Therefore, it cannot resolve

the problem encountered at bimanual operation, especially the robot user is only familiar with
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2. Control Strategy of Redundant Robotic Manipulator

one hand (Fig. 2.3). Therefore, when novel operator use his/her unpreferred hands for do

dexterous manipulation, the performance is difficult to be guarantteed.

Vision axis

monitor

target

Figure 2.2 da Vinci Si® [27].
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2. Control Strategy of Redundant Robotic Manipulator

Figure 2.3 Manipulation with both hands (right hand preferred).

Recent advances in robot mechanism design (single port access surgical robot, shown
in Fig. 1.6 and Natural Orifice Translumenal Endoscopic Surgery, shown in Fig. 1.7) could
access the surgical site through smaller incision or natural orifice such as mouth and anal.
However, in the current configuration, the coorspondence between the master and the slave
manipulator also is fixed before operation.

In this thesis, the author proposes a novel robotic system, which consists of two visual
modules except the master handles and the slave manipulators. The two visual modules
located at the both sides of the frame, where the two slave manipulators located. Therefore,

there are two combinations between the visual module and the slave manipulator, the
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2. Control Strategy of Redundant Robotic Manipulator

configuration between the visual module and the slave manipualtors ensure that the robot user
can maintain the preferred hand-use even do both suture task needed inverse manipulation.

The implementation of this system is shown in Fig. 2.4.

left slave
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endoscope /

endoscope A
AV left master
L7 manipulators
¢\ ——— Case | mmmm. Case |
Image from the front endoscope Image from the back endoscope
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Right stitch
ll: l
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N
interface @ @] interface _
hand hand

difficult!

eye eye
good!

case | Suppose: Right-handed user case |l

operator

Figure 2.4 The proposed method.

2.4 Comparison between Current Surgical Robotic

System and the Proposed System

Table 2-1 shows the comparison between current surgical robotic systems and the
proposed robotic system. The author focuses to establish the visualization and operability into
the master-slave surgical robot system. Where, the visualization means that the redundant

joints in the robotic system should block endoscopic view as small as possible, while the
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2. Control Strategy of Redundant Robotic Manipulator

distal of the manipulator tracking the master input. The operability means the endoscope and
the redundant slave manipulators should follow eye-hand triangle coordination when both

hands are needed in surgical tasks.

Table 2- 1 Comparison between current surgical robotic system and the proposed system

Natural Orifice

Multi-port Access Single Port Access Translumenal Pediatric surgical
Category Surgery (MAS) Surgery (SPAS) Endoscopic robot
(Da Vinci ®) (Columbia Univ.) Surgery (NOTES) (Waseda Univ.)
(IcL)
Dexterous wristand | Tube-actuated Serial Uioints Serial U-joints +
straight stem snake-like ! separated endoscope

Master-slave O
consistent
Trajectory
planning in X X
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O
O
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Chapter 3

Mechatronics Design of Pediatric

Surgical Robot

3.1 Introduction

In this research, the author develops a compact surgical robot system, which can
perform tissue intervention in the target workspace. The surgical robot uses master-slave
control architecture, which can translate the intention of master input and reproduce that
through slave manipulator. The master-slave control architecture of surgical robot system
could benefit both surgeon and patient through:

(a). Liberate surgeon from hospital bed, which could relieve surgeon’s pressure by
designing ergonomics user interface.

(b). Optimaze the configuration of operation room (OR). The utility of robotic
manipulator replacing the attend of surgeron near hospital bed can reduce the colliding
probability between surgeon and physician assistant.

(c). Make the remote operation become possible, which can introduce global surgery
via internet.

(d) The utility of robotic manipulator could bring out the equal or superior clinical

outcomes and less impact on a patients’ organ and body.
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3. Mechatronics Design of Pediatric Surgical Robot

3.2 Overview of Pediatric Surgical Robot

According to the introduction of robotic-assisted pediatric surgery in section 1.4, the
pediatric robot is fixed above a pediatric body by fixator. The pediatric congenital esophageal
atresia repair surgery could be divided into five steps [85]: (Dcreate an incision at the right
axillary of pediatric patient and explore the 4™ and 5" ribs; (2)create the workspace between
the 4™ and 5™ ribs for manipulator entering; (3)distinguish the esophagus from other tissue;
(®)suture the trachea-esophageal fistula (TEF); (5)esophageal anastomosis. Since the created
insicion is 30x30x30 mm, therefore, the anastomosis in this narrow workspace provides much

challenge to surgeon, the purpose of this designed robot is aiming to assist surgeon for suture

handle

left side / =

back side

Visual module

Figure 3.1 Overview of pediatric surgical robot.
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operation. Fig. 3.1 depicts an overview of the pediatric robot. It consists of four parts: two
slave arms and two sets of visual module, which are alternatively located along the square
frame. The two slave arms are located at the left side and the right side respectively; and the
two sets of visual module are located at the front side and the backside respectively. There are
two combinations between the slave arms and the two visual modules. The front side visual
module with the two slave arms and the back side visual module with the two slave arms,
respectively. The utility of two combinations will be described in the Section 5.1. Since the
two slave arms and the two visual modules are symmetrical, only the left slave arm and the

front side visual module are illustrated.

3.3 Configuration of the Left Slave Arm

The slave arm in surgical robot is used to substitute surgeon’s hand to perform tissue
intervention directly. Generally, there are two typical mechanical structures to realize
dexterous manipulation: serial manipulator and parallel manipulator. Compared with parallel
manipulator, serial manipulator may achieve large workspace. The workspace of serial
manipulator is limited by the geometrical and mechanism limits of the design (such as the
collisions between legs and the singularities). However, parallel manipulator may easily
obtain high rigidity and high precision with small mass of the manipulator (compared with
serial manipulator structure).

The slave arm in this thesis consists of a positioning manipulator and a tool
manipulator [86]. The positioning manipulator plays in a coordinated manner for translating
the tool manipulator in 3D spatial space. The surgical tool manipulator, attached to the tip of
the positioning manipulator, is used to perform tissue intervention. The author employs serial
strcture for designing positioning manipulator. In order to overcome the low rigidity of serical
manipulator, a selective compliance assembly robot arm (SCARA) is employed. To the
design of tool manipulator, in order to improve the dexterity and the rigidity, a hybrid (serial-

parrallel architecture) is used.

29



3. Mechatronics Design of Pediatric Surgical Robot

3.3.1 Mechanism Type Selection for Compact Design

Compare to the geometric size of a pediatric patient, a compact robot mechanism will
be a best choice in OR. Referred in section 1.1.4, the average chest measurement of pediatric
patient is 31 cm [56], since the pediatric patient lay on surgical table with semi-prone position
while the right side tilted 45°with operation table and the right arm put over the head,
therefore, the general width of pediatric body on operation table is 100 mm. Corresponding to
the geometric dimension of pediatric chest, the base of the proposed robot should cover
100~200 mm parallel with the cross section of pediatric body. In order to adjust endoscope
and fix the robot, the length of the robot’s base that parallel with pediatric body stem is better
within 350 mm. The location scheme is shown in Fig. 3.2.

Our purpose is to develop a compact surgical robot to assist surgeon peroform surgical
intervention. The surgical robot will locate at the above of the pediatric patient. Considering

the narrow size of surgical cavity, only the distal of the manipulator will be inserted into

Pediatric patient 100mm

Operation table Location of robot base

Figure 3. 2 Schematic diagram of a compact robot located on pediatric patient.
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surgical cavity. The location between surgical robot and pediatric patient is shown in Fig. 3.3.
During operation, surgeon will perform tissue pull, push and grab tasks. Therefore, the tip of
the proposed robot must be adjusted for different postures and positions. Since the surgical
cavity is about 30x30x30 mm, therefore, the requirement of moveable range of the distal of
the manipulator is small. Considering the preocedure of surgery, the surgical robot should be
setup at first, then, the distal segement of robot will be drvien to surgical cavity. Thus, the
surgical robot should contain a coarse positioning mechanism. After the distal of the robot
reaching the surgical sence, the tip would be controlled for tissue intervention. Based on the
surgical requirement, the proposed robotic manipulator consists of a positioning manipulator
and a tool manipulator.

There are many mechanism types to satisfy the positioning requirement, such as
Cartesian robot, six-axis robot, parallelogram mechanism and SCARA.

1) Cartesian robot

Cartesian robot has three specified directions X, Y and Z. the main advantages of
Cartesian robot is that the tip of robot could be actuated in multiple linear directions and easy

to program. Generally, the Cartesian robot is designed with gantrical structure, therefore, it

Base of manipulator

Pediatric patient y/ |

\

positioning part

<~ distal/of manipulator

Figure 3. 3 Location between pediatric patient and the surgical robot.
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can have the most rigid robotic structure for a given length. Due to the X, Y, and Z axial
platform are independent, therefore, the tip of the robot could achieve a very high precision
when use ball bearing. Cartesian robot however, the main disadvantage is that the Cartesian
robot occupies a large volume of space to operate, furthermore, linear rail is usually directly
mounted at each joint, which make the front part bulky.

2) Six-axis robot

Six-axis robot can move translational along three coordinate axise, and achieve yaw,
pitch, roll rotary DoFs corresponding to three coordinate axise. It is suitable to handle
complex actions such as reaching under barrier to grab a part and so on. Six-axis robot
simulate as human arm that it can handle parts or tools at various angles and positions.
Furthermore, the serial structure of six-axis robot occupies a small volume by enveloping its
links. The disadvantage is that the cumulative error caused by the serial structure.

3) Parallelogram mechanism

Parallelogram mechanism can arrange a 2D motion by driving two adjcent active
levers in a pallelogram. By control the angle between the two adjacent levers, the distal
diagonal point corresponding to the cross point of two active levers will be shifted. The
parallelogram mechanism can take advantage of lightweight, compact size when all levers are
folded. However, the active levers will be unfolded for deploying the distal point to target
position. Therefore, it may collide with other parts of the robot, such as the adjacent
endoscope.

4) SCARA (Selective Compliance Assembly Robot Arm)

Typical SCARA is used to arrange a tool header in an X-Y-Z envelope. The SCARA
is also a mechanism type of serial structure, unlike a six-axis robot, a robotic SCARA
mechanism is more limited in movement (rotary movement). The main advantage of SCARA
is that higher moving speed. Furthermore, by using timing belt, the transmission medium can
be hided inside the links. Therefore, the SCARA could keep its “slim” links while deploying
the serial links in the workspace. The work precision is effected by the workload.

The mechanism type selection for positioning part is shown in Fig. 3.4.

The comparison among these four robot types are listed in table 3-1.
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Endoscope Endoscope
position 1

Maniplhlator | position?2

(b) (d)

Figure 3. 4 Mechanism type proposal for positioning manipulator. (a) Location between
manipulator, endoscope in the proposed surgical robot; (b) Cartesian robot; (c)
parallelogram mechanism; (d) SCARA mechanism.
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Table 3- 1 Comparison among three typic robots [87][88][89][90]

type Cartesian robot Six-axis robot Parallelogram links | SCARA
Merit High rigidity; Dexterous; Lightweight; High speed;
High precision; compact; High stiffness; compact; light
A simple structure; | weight
Demerit Big volume; Low load Occupy much Cumulative error;
costly; capability; volume when two Low load
Cumulative active levers capability;
error; unfolded;
Costly;

The mechanism of the proposaled robot should be compact and lightweight, since the
surgical objective is aim to perform at the pediatric esophageal tissue, therefore, the workload
at the robotic plier is light. Compared with the four robot types in table 3-1, due to the
requirement of compact design, we chose SCARA mechanism as the positioning manipulator
in our robot. In order to reduce the load of the 1* joint in the SCARA, we use timing belt to
transmit power from the base to the distal of the robot, and attach pretension pully on the
timing belt, therefore, the SCARA mechanism can achieve high position precision when the

workload at the distal is light.

3.3.2 Positioning Manipulator

1) Objective: The positioning manipulator was designed to control the translational
displacement of the tool manipulator.

2) Distribution of degree of freedom (DoF): Generally, three DoFs are required to
determine a point in spatial space. Redundant DoFs can be used to improve operative
dexterity. The designed positioning manipulator is composed of four DoFs: vertical
translational joint of the surgical tool manipulator (one DoF), horizontal translational joint of
the surgical tool manipulator (three DoFs). One redundant DoF of the horizontal translational

joint is used to set the initial posture of the tool manipulator.
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3) Mechanism: the positioning manipulator consists of a SCARA mechanism and a
screw pair mechanism. It can achieve three dimensions motion in 3D space. The tool
manipulator is held at the distal of the SCARA mechanism, and the SCARA mechanism is
fixed on the screw nut (shown in Fig. 3.5). Because the SCARA mechanism and the tool
manipulator are lightweight, the SCARA and the tool manipulator can easily achieve a
translational movement along the screw rotational axis. In the SCARA mechanism, timing
belts are employed to transmit power from the base coordinate frame to the corresponding
link, since each power transmission path is independent of each other (shown in Fig. 3.6),

therefore, link 1, link 2 or link 3 could keep its original pose in the base coordinate system,
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lexible shaft

timing belt
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screw nut link3

screw-pair mechanism SCARA mechanism

Figure 3.5 Overview of the positioning manipulator.
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(a) (b) Belt 1 Belt 2

_ Reduction
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iming belt Arrow: red-driver1; brown-driver2; blue- driver3

Figure 3.6 Drive principle of SCARA mechanism.
even other links moved. Thanks to this configuration, the positioning manipulator could be
easily deployed for adjusting the position of the tool manipulator. Because the link 3 moves in
a panel that paralleled with the horizontal plane, thus, the SCARA mechanism can bear large
vertical load, which is important in lifting tissue on surgery. The geometric dimension of
positioning manipulator is listed in table 3-2. In order to improve the mobility of distribution
of motor unit, the motor and joint are not connected with each other directly, alternatively,
“motor + flexible shaft + joint” structure is used to transmit motor power to the corresponding
rotary joint. We choose Maxon motor as actuator, shown in table 3-3. In order to improve the
drive capability of each rotary joint, a reduction (table 3-4) is used to connect with each
actuator. Flexible shafts are used for the power transmission elements, which may reduce the

overall weight of the robot and decrease the assembly difficulty.

Table 3- 2 Geometric dimension of links in the SCARA

Link No. Lsl Ls2 Ls3

Length (mm) 40 40 20
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Table 3- 3 Specifications of Maxon motor (EC-max 16 type 283835) [91]

Nominal Voltage A% 24

No load speed (rpm) rpm 11900
No load current (mA) mA 319
Nominal speed (rpm) rpm 7360
Nominal toque (max. continuous torque) mNm 8.19
Nominal current (max. continous current) A 0.461
Stall torque mNm 22.0
Starting current mA 1.17
Max. efficiency % 71

Table 3- 4 Specification of Reduction (CSF-5-30-1U) [92]

Output shaft
reduction 30
Rated torque (N.m) 0.25
Starting torque (N.m) 0.5
Average input speed (r/min) 6500
Max input speed (r/min) 10000
Inertia moment (kgem?) 2.5x10™

3.3.3 Surgical Tool Manipulator

1) Objective: The surgical tool manipulator is designed for tissue manipulation. The

tool manipulator acts as a surgical slave hand for surgical intervention. To realize this task,
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the tool manipulator fitted with a forceps as end-effector.

2) Required DoF's: In our proposal, the tool manipulator aims to mime human’s upper
limb. It consists of bendable arm, rotatable wrist and forceps. Generally, more DoFs can
achieve higher dexiterity. Simultaneously, the tool manipulator should provide sufficient
rigidity for tissue operation. Considering the trade-off between dexterity and rigidity, the tool
manipulator comprises two segments of bendable joint (improved dexterity), one rotary wrist
and a forceps for the opening and closing motion.

3) Mechanism [93][94]: Generally, hinge could easily to achieve rotational movement
by attaching a motor at the rotary axis. And several hinges with serial architecture may obtain
high dexterity. However, this manner poses a big chanllage for minimizing the volume of
manipulator due to the motor’s size. In order to make compact design, wire-driven structure
may improve the compactness. Nevertheless, the auxiliary for preloading the wire make the
whole mechanism cumbrous. In order to overcome these disadvantages, a “double screw drive
(DSD) + universal joint” structure is used to realize the bending motion, referred in [95] [96]
[97]. The overview of the tool manipulator is shown in Fig. 3.7.

a). Bendable joints

We define the group of a left-handed screw, a right-handed screw and a universal joint
as “bending linkage”, the group of a universal joint, a support rod as “base linkage”. Fig. 3.5
shows the bendable mechanism. It consists of two segments (segment 1 and segment 2), each

segment includes two bending linkages and one base linkage, operation of any of the two

70mm

r 'y
v

Bendable joints

Segment |

flexible —7 e

Figure 3.7 Overview of the surgical tool manipulator.
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segmentl

\

ending linkage

Hole group | 1gp°

X

/

\ / <’ -
N
seg’.‘né“n’té middle plate / Hole group Il

(a) (b) (c)

Figure 3.8 Mechanical configuration of bendable joints,
(a) bendable joints, (b) nomenclature of mechanical parts, (c) the distribution of channels in
the middle frame. 1) Left-handed screw, 2,5) universal joint, 3) right-handed screw,
4,6) support rod.

bending linkages will create an arbitrary orientation bending motion.

In the bending mechanism, two segments stucture was adopted, which can realize a
big bending angle. Segment 1 and segment 2 can be controlled respectively, which improves
the operational dexterity during surgery. In order to transmit rotation between segmentl and
segment2, the distribution of linkages on the middle disk is shown in Fig.3.8(c). The angle of
distribution between linkages in segmentl and segment2 is /80° , the distribution of base
linkages can provide high rigidity for surgical intervention.

b) Rotatable gripper

On surgery, the gripper should assist surgeon for tissue grasping and suture operation,
the gripper must adjust the posture for proper surgical intervention. In our proposal, a gripper
with 1-DoF rotation, opening and closing forceps was designed. The gripper is shown in

Fig.3.9.
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The gripper consists of a rotation part and a forceps. Rotation actuator rotates along its
axial line. Meanwhile, the forceps will rotate along spindle’s axial line. A flexible shaft is
connected to the gripper actuator, the rotation of the flexible shaft will be transmitted to the

spindle, that drives the tip to open or close the forceps.

3.3.4 Visual Module Design

There are two sets of visual modules in this robotic system, shown in Fig. 3.10. The
two visual modules located at the different side of the slave tool manipulators. Combination
of any visual module with the two slave tool manipulators, a triangle relation of eye-hand
coordinate system could be set up. Since the visual module is used to capture surgical
information, therefore, the position and posture of the visual module should be adjusted for
matching good eye-hand coordination.

A single visual module consists of three degree of freedoms, two translational joints
for position adjustment; a single rotary joint for posture adjustment. In the chapter II, the
position between the operator, endoscope and the symmetric axis of the slave manipulator
should lie in the same line. Therefore, in the design of the visual module, we just attained two

translational movements (along x axis and z axis) [94].

Figure 3.9 Mechanism of gripper, (a) illustration of rotary joint, (b) illustration of gripper
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Because the triangle formation between the manipulation axis and the visual aixs for
comfortable operation is 30° to 60° [83]. The translational distance 7, base on angle & can be

calculated based on the following,

S2+82)+82-T;
COSO(=( 3+ 4)+ 5 4 (3_1)
28,82 +52

S
te” 2 ro+0=180° (3-2)
S,
Where,
2 2 2 2 2 -1 S3
T,= S +8; +8, —285,1/S; + 5, cos(tg S—-I-@) (3-3)
4

Based on the geometric dimension of the visual module in the table 3-5, the value can

Back visual
0’ module

Front visual
module

Visual area

Figure 3.10 Configuration of the visual module in the surgical robot system..
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be computed.

Table 3- 5 Geometric dimension and joint range of the visual module

Geometric dimension

S; (mm) S, (mm) () S; (mm) S4 (mm) Ss (mm)

150 70 45 (initial) 22 8 14.5

Joint range

T: (mm) T, (mm) T:(C ) T4 (mm)

0~90 -30~30 30~60 18~25.5

From Table 3-5, the relation between distance T4 and the bending angle 0 is shown in
Fig. 3.11.
The mechanism of the visual module is shown in the Fig. 3.12. Considering the

compact size, an extra fine endoscope (SPI Engineering, Japan) is attached for catching visual
feedback.

3.4 Forward Kinematics of the Left Slave Arm

3.4.1 Nomenclature of the Feature Points

In this section, we will describe the necessary nomenclature for the formulation of the
kinematics of the slave manipulator. As shown in Fig. 3.13, the parameters needed for

computation procedure are presented as follows.
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26

a5 |, i
At M, .

3t - -

T4 mm)}
S

a0} 1

s . .

18 T

Figure 3.12 Mechanism of the visual module in the surgical robot system. (a) geometric
dimension of the visual module; (b) joint configuration; (c) endoscope (SPI Engineering,
Japan)
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Figure 3.13 Nomenclature of the left arm,
(a) definition of feature points, (b) coordination chain.

P; (i=0~4) is the feature point in the joint of positioning manipulator; B; (i=0~4) is
the feature point of tool manipulator. Since the tool manipulator is attached at the
tip of the positioning manipulator, therefore, point P4 and BO are coincidence.

Op; (i=1~4) illustrates the amount of movement of the positioning manipulator,
while 6p; is the translational displacement; 8p, , Op; , Op, are the rotary
displacements of the SCARA mechanism. 6f; (i=1~5) illustrates the amount of
movement of the tool manipulator, while 6¢, , 0¢; are located in the two orthogonal
plane of segment I; 0t; , 0t, are located in the two orthogonal plane of segment II;
the combination of¢; , 0t, and 0t; , 0t, could achieve 45° bending movement in
arbitrary orientation, respectively. The combination of bending movement of
segment I and segment II could obtain 90°  in Omni-direction.

L, (n=1~9) is the geometric dimension of slave manipulator. L;, L, and L; are the
lengths of the SCARA links; L, describes the intial distance between the reference
coordinate and the base of the tool manipulator. Parameters L, (n = 5~9) describe

the geometry of tool manipulator. Ls presents the distance between point P, and
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base linkage; Ls presents the distance between point P, and bending linkage; L;
presents the distance between two bending linkages in a single segment; Lg
presents the distance between two base linkages in the middle frame; Ly presents
the length of forceps.

® J, (n=1~5) describes the length of the linkages in tool manipulator. d; is length of
the base linkage; d> and d; are the length of bending linkages of segment I in
manipulator; d, and ds are the length of bending linkages of segment II in the tool
manipulator.

According to the nomenclature of parameters in the slave manipulator, the geometric

dimensions of the slave manipulator are listed in table 3-6.

Table 3- 6 Geometric dimension of the slave arm

Positioning manipulator

L; mm L, mm L; mm L, mm

40 40 20 145

Tool manipulator

Ls mm L¢ mm L; mm Lg mm Lo mm d; mm

24 2.1 42 4.8 11 15

3.4.2 Forward Kinematics

From the figure 3.13, the positioning manipulator can just affect the position of the
distal of the manipulator. The tool manipulator is mainly for adjusting for tip’orientation.

Corresponding to this characteristics, the calculation of the position and orientation of the tool

5
“ir and Z / jTt . The kinematics matrix

manipulator’s tip can be divided into two parts, ’

5
i-1

J=1

of the tool manipulator can be calculated by,

5 5
=X, G4
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Where, ST - the kinematics chain of the positioning manipulator;
i=1

5

Z / 7_;Tt - the kinematics chain of the tool manipulator.
J=1

DH matrix is used to express the kinematics chain of the manipulator. Since the DH
matrix cannot directly describe the two adjacent orthogonal transforms, therefore, only the
positioning manipulator use DH matrix transmission, while, the tool manipulator directly use
transfer matrix for kinematics transmission.. Table 3-7 shows the DH parameters of the

positioning manipulator.

Table 3- 7 DH parameter of the positioning manipulator

1 -1 (%) a;.; (mm) d; (mm) 0; (°)

1 0 0 6,,(-30~30) 0

2 0 0 0 6,, +90(-90~90)
3 0 L, 0 6,,—90 (0~150)
4 0 L, 0 6,4 (-90~240)
5 0 L; Ly 0

Where, L; =40 mm, L, =40 mm, L; =20 mm, L, = 145 mm.
Equation (3.2) shows the homogeneous transformation matrix for each joint of our

manipulator joint i to i-1 [98].

( 6. —s0. 0 a., —‘
- s@. -ca., cl -ca., —so,, —d. -sa.
1 1 1 1
i llT — | i i i i i i i | (35)
| s@,-sa; , cb.-sa,, ca,, d -ca,, |
| 0 0 0 1 ]

Where, s6; = sin;, c8; = cos0; .
Substituting the parameters of table 3-4 into (3.5), get

46



3. Mechatronics Design of Pediatric Surgical Robot

(1.0 0 0] -6, —c6,, 0 0]
- _|o 10 0 | €O =50, O 0l
“p 2% p
001 6, 0 0 10
00 0 1| 0 0 0 1]
rs0p3 cd,; 0 L] _00p4 -s6,, 0 L,
2 _ —cl,; s6,, 0 0 sp _ s6, ¢4, 0 0
o 0 0 1 0 e 0 0 1 0
| 0 0 0 1] 0 0 1|
1 00 L,
A 010 0
D=0 01 1L (36)
| “
00 0 1]

Therefore, the position and orientation of the distal of the positioning manipulator can

be expressed as,

5
0 i—-1
L, = 1:[ L, 3.7)

Since the positioning manipulator mainly for adjusting the positioning of the tool
manipulator and both positioning manipulator are symemtrical, therefore, substituting the
range of each joint, the workspace of the SCARA mechanism is shown in Fig. 3.13. The
green area and the the blue area are the workspace of the left SCARA and the right SCARA,
respectively. The yellow area is the overlap region of the two SCARA mechanisms. The
purple area describes a 30x30 workspace for surgery. From Fig. 3.14, it shows the SCARA
mechamisms are competent for arranging the tool manipulators in the narrow workspace.

In the tool manipulator, it consists of two bendable joints, a rotary gripper. Each
bendable joint use universal joint as fulcrum, can achieve bending movement in two
orthogonal orientations. As shown in Fig. 3.15, the corresponding joint axes of both bendable
joints are parallel to each other when the manipulator is in a straight state (rotary axis 6,; and
0.4, 0> and 6,3 are parallel with each other, respectively. The isotropic actuations of the dual
bendable joints generate a planar motion. These two motion planes are orthogonal to each

other.
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Figure 3.14 Workspace of the positioning manipulator.

In this thesis, we employ xyyx orders to describe the kinematics chain of the tool
manipulator, therefore, in the computation, the bending motion of tool manipulator follow the
order of 6,,—>6,, —>0,3 —>60,,. The kinematics parameters of the tool manipulator are listed in
table 3-8. By combinating with the translational joint of the positioning manipulator, the

transfer matrix of the tool manipulator can be calculated,

(1 0 0 L | 1 0 0 O] [c6, 0 s6, O]
. Io 1o 0 Io ch, —s6, o|2 I 0 1 0 ol
L= o1, = 3L, =

‘o 0 1 d+6, ‘o s6, b, o‘ ‘—sa2 0 ch, o‘

0o o0 1 | 0 0 0 1] | 0 0 0 1]
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Table 3- 8 Kinematics parameter of the tool manipulator

1 0, 0y 0, AX Ay Az

1 0 0 0 Ls (2.4) 0 d; (15)

2 01 0 0 0 0 0

3 0 G 0 0 0 0

4 0 0 0 -Lg(-4.8) 0 2d; (30)

5 0 03 0 0 0 0

6 04 0 0 0 0 0

7 0 0 0 Ls(2.4) 0 di(15)

8 0 0 O:5 0 0 0

(1 0 0 —-L,]| [c6, 0 56, 0] 1 0 0 0]

01 0 O 0 1 0 O 0 c8, —-s68, 0

T, - ‘;7;=‘ =l e

| 0 0 1 2d, | | -s6, 0 c6, O | | 0 s, cd, O |

100 0 1 | | 0 0 0 1] 100 0 1]

(1 0 0 L| [c0, —s6; 0 0]
6T—|O 1 0 OI 7T—|S0‘5 cd, 0 O 18
7t_‘001d1 “_‘0 0 1 L, 38

100 0 1] | 0 0 0 1]

Therefore, the position and orientation of point B, can be calculated

8
0 i-1
=117 (39)
i=1

By substituting (3.8) into (3.9), the transfer matrix is given,
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(a) (b)

Figure 3.15 Nomenclature of the tool manipulator. (a) feature points and distribution of DOFs;
(b) schematic movement of tool manipulator.

| .3 50,450 5,3 0,450, 3 Px—l
o :I $6,560,,.,, ¢0,c0,,-50,50,c0, , —c0,0,0, ,-c0,50, P, I
= cl,s0, , s6,0,6—c0,50,0,,, c0,0,%80,. 5 —s0,560, P |
0 0 0 1 J
(3.10)
Where,

P, =2d58,, =2LscO,, + LscO,, 5 +dc0,,50,, 5 + Ly
P, =-ds0,c0,,c0,,. ,—dc0,50,, —2Ls0,56, —2d,c0,50, + L;50,50,,_;
P, =dc0,c0,,0,, ;—ds8,50,,+2L;c0,50,, +2d,c0,c0, — L;c0,50,,,; +d, +06,

(3.11)
Where, $6, =sin@ , c6, =cosf, s0_  =sin(0, +6,) cO, . =cos(0 +0,).

In the bendable joints, the rigid manipulator links are connected by universal joints,

each providing two-degree-of-freedom rotational movement within £45°. The workspace of
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the tool manipulator is shown in Fig. 3.16. It covers a 40x40x 13 mm by bendable joints.

3.5 Inverse Kinematics of the Left Slave Arm

In session 3.4, substituting (3.6) into (3.7), we can obtain the tip position of
positioning manipulator,
x,,=L,co8(0,,+0,,)—L,sin6, +L;cos6,,co0s(0,, +0,)—L,sinb ,sin(0,, +0,;)

+6,,)+L;sind,, cos(0,, +0,,)

p2

(3.12)

Vya=L,sin(@,,+6,)+Lsinb,+L;cosb,,sin@,,

Combinating (3.11) and (3.12), the position of the tip of the slave arm refer to the

world coordinate frame can be given

(a) -

58

Sam—

50

48

Y {mm) -30 -40 Xi(mm)

a‘ﬂ
K

Figure 3. 16 Workspace of the tool manipulator,
(a) the isometric view, (b) the XZ view, (c) the YZ view.
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P, .=Lycos(0,,+0,)-Lsinb,,+L;cos0,,cos(0,+80,)—L,sind,,
2d\s6,-2Lic0, +LicO,, . +dcO,s0, ,+L,

P, ,=-ds6,c0,,c0,,, —dc,s6,, —2Ls0,50, —2d,c6,50, + Ls0,50,,,, + (3.13)
Lysin(0,, +6,,)+ L sin@,, +Lycos ,sin(@,,+6,,)+L;sind, cos(@,+0,,)

P, .=dc0,c0,0, -ds0,s6,+2L,0,s0,+2d,c0,c0, - L0560, ,+d +0,

sin(@p2 + 01,3) +

p2

In (3.13), the input variables include 6,,,6,,,0,,,06,,0,,,0,;,0, . The output

pl>

variables include P,, .,F,, ,,F,, .. Therefore, the Jacobian matrix of the slave arm can be

calculated,

Jtip(9p1a9 03:0:1:02.03.04) —

p29 p3a
op  op . op. op . op . ap. . op ]
tip x tip x tip x tip x tip x tip x tip x d@
p2
00, 00, 00, 30, 80, 00, 00, |,
p3
agp,y aEfp,y anp,y anp,y aEt’p,y aPtip,y aPtip,y d
O
00, 00, 00, 06, 00, 08, 06, |,
o
aEpiz aPiipiz aPiipiz aPiipiz aPtipiz aPtipiz aPtipiz d ’
93
| 00, 90, 90, 00, 00, 30, 0, ) °
L0 ]
(3.14)
Where,
al)tip_x:()
00,
6I)tipx . 3 1
66?—_ =-L,sin(0,,+06,,)—L,cos® , - L;cosb,,sin(0,,+0,,)—L,;sind,, cos(6,, +06,,)
p2
6[1’ x . . .
661;_ =-L,sin(0,,+0,,)—L;cos0,,sin(0,, +0,;)— L;sin0 , cos(,, +0,;)
p3
a)fip_J\:O
00,
61)[1' X . .
ﬁ:2d1cos6{2+2L55m6’l2—Lssm(é?lz+6?,3)+dlcos6?,4cos(6{2+Q3)
2
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OP.
ﬁ:—Lssin(Q2 +0.)+d, cosO ,cos(0,+0,)
13

al)tl X . .
ﬁ =—d, sin6 ,sin(0,+0,)

ok,
Wy :0
20,

~

OP,
% =L,cos(0,,+0,,)+ L, cos8,, +L,cos0,,cos(0,, +6,,)— Lysinb ,sin(@,, +6,,)

~

p2

~

OP,
—2=2 = L,co8(0,,+0,,)+Lycos0,,co8(0,, +0 ;) — Lysin0 ,sin(0,, +0, )

60 P P p2
OP,
atg ~ = —d, cos0, cos0,,cos(0,+0,)+d, sin0,sin6, —2L,cosb, sin0,
1

—2d,cos0,cos0,+ L;cosO, sin(@, +0 )

OP,
6”61; == d,sin@,cosO,sin(@,+6,)—2L,cosO cosO , +2d sinf,cos6 + Lssin@ cos(8,+6,)
2

OP,

6”5 Y = d,sin@,cos@ ,sin(0,+0,)+L,;sind, cos(0,, +6.,)

ok,

—2% = {,sin@,sin@,sin(6, +0,,)—d, cos0, cos O

20,

al)tt z al)tt z al)tt z
P =1, = =0, = =0

06, 06, 00,

al)tt z 1 1

ﬁ——d sin@, cosb, ,cos(0,,+0,,)—d, cos0,sin0 , —2L;sinf, sinb,,
1

—2d,cos0,sin0, + L;sin0,sin(0, +0,)

% =—d, cos@, cos0 ,sin(0,+0,)+2L,cos0, cosO,—2d,sin0 ,cos0, — L, cos@ cos(d,+0,)
o 2

~

oP

6’2’—2 =—d,cos8,cosf ,sin(6,+6,)—L,cosd,cos(d,+6,)
3
oP,
#——d cos® , sind, cos(6,+0,)—d sinf, cosl,,
(@]

In the slave manipulator, the redundancy DoFs provide more dexterity for

manipulation. However, it also brings about chanllages in inverse kinematics computation.
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Suppose the position and the orientation of the manipulator are given, the solutions of the
inverse kinematics computation are affected by the joint type, boundary constraints and so on.

Many references gave solutions for calculating the inverse kinematics of redundancy
manipulator. Since the slave manipulator in this thesis can be divided into two parts: the
positioning manipulator and the tool manipulator. The positioning manipulator is just used to
transmit the tool manipulator in spatial space. The posture of the distal of manipulator is
decided by the tool manipulator. Therefore, in this thesis, the author gives a simple method to
calculate the solution of the inverse kinematics. In the calculation of the inverse kinematics,
the bending angle in bendable joints can be firstly computed by the posture matrix.

Suppose the position and the orientaion matrix of the distal of the manipulator is

Irux vx Wx xtip ‘
u v w .

=l Vi | (3.15)
uz vz Wz Ztip

|0 0 0 1]
By comparing (3.10) and (3.15),

g6, == (3.16)
w

Since bending angle of each universal joint belongs to (-45°, 45°), therefore, 6, can be
given

atan2(v_,w_)-180/pi 6, € (-90° ~90°)

0,=1 (atan2(v_,w )+ pi)-180/ pi 6, <-90° (3.17)
|
| (atan2(v,,w,)— pi)-180/ pi 6, >90°

From (3.10) and (3.15), we can obtain

cos@, -w, +sing, -w, =-sind, (3.18)
Therefore,
. 1 .
6, =—asin(———=sin6,) —atan2(w, ,w,) (3.19)
Wi +w?

Integrated p, and p_ in(3.11),
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Lysin@, +2d, cosb,,
=(p.—-d,—6,)cos0, —p, snb, —d cosb, cos(0, +0,;)+ Ls;sin(@, +06,;)

(3.20)
Therefore,
0, = asin( (p.—d,—0,)cos0, — p, sinb, —d, cost, cos(6,, +0,) + Lssin(0, +0[3)) —(p (3.21)
JL) +(2d,)
. 2d
Where, @ =asin( ! )
J@2d) + (L)’
From (3.10) and (3.12), we can obtain
u,=sind,sn(0, +6,,) (3.22)
Therefore,
u
6,+6,=asin— (3.23)
sing,
Substituting (3.21) into (3.23),
0, = asin .uy —asin((p: —-d,—0,)cos6, - p,sinf, —d,cosf,cos(6,, +6,;) + Lssin(F, +Q3)) +¢(3'24)

sin6), JLy? +2d,y

Due to the bending movement, the distance between the distal and the manipulator
will be changed, we introduce a planar function, which is referred to the base panel of the tool
manipulator to express the middle plane of the tool manipulator,

Ax+By+Cz+ D=0 (3.25)
Since the position of point B, refer to the base of the tool manipulator is

B, =(L,0,d)) (3.26)
Therefore, the projection of point B, in the middle panel can be described as

A B C

A(Lg + — 2d1)+B — 2dl+C(dl+9pl+ — 2d1)+D=0
A+ B+ C VA + B +C? VA2 + B+ C?
(3.27)
Based on (3.12) and (3.25), we can obtain the projection of point B,in the middle
panel,
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A(xtip _uxLS _del - A d1)+B(yzip _uxLS _Wvdl - B dl)
NA* + B’ + C? ) NA* + B’ + C?
(3.28)
+C(z,, —u.Ly—w.d, - ¢ d)+D=0
NA® +B* + C?
Integrated (3.27) and (3.28), obtain
A('xtip _uxLS _del _LS) +B(ytip _uyLS _Wydl) +
. 5 (3.29)
Clz,, —u,Ls—w.d —6,)—2JA> +B*+C?d, =0

Since the point B, and B, are located at the base linkages of the tool manipulator,

therefore, the angle between line B, B, and the middle panel of the tool manipulator is given,
cos B =

A(xn'p - uxLS - wxdl - LS) + B(ytip - uyLS - Wydl) + C(Z
VA + B2+ C? \/(x

_ust _Wzdl _dl _9p1)
—u,Ly—w.d, —d, _9;;1)2

tip

_uxLS _wxdl _L5)2 +(ytip _uyLS _Wyd1)2 +(Z

tip tip

(3.30)

L8 3 3
=__° . 1
COS,B 1 ( )

Combinating (3.30) and (3.31), achieve the translational displacement

0, = Ziip — u.Ls—w.d —d, i\/4(‘112 + Lﬁ)—(x —uLs—wd — L )2 _(ylip _”yLs _Wydl)2

2! tip
(3.32)
Since in the configuration of slave arm, the positioning manipulator is located near the

orign of coordinate frame, therefore, the positive value of &, will be abandoned.

In session 3.4, substituting (3.6) into (3.7), obtain

x,,=L,cos(0,,+6,)—L snb, +L,cosb,cos(0,,+6,)—L,sinb,,sin@,, +06,,)

+6,,)+L;sind,, cos(@,, +0,,)

p2 p2

(3.33)

Vya=L,sin(@,,+6,)+Lsinb,+L;cosb,,sin@,,

Where, (x,,,,,) s the coordinate of point B, in the xoy frame.

p4°

From (3.33), the rotary angle of € ,,and & ;can be calculated

. (xp4 _L3)2 +y,274 _L? _Li

0, =asin 1
2 (3.34)
0 . —asin Y pa ot L,sin@+1L,
- LMY T
! JL + L, sin0,)* +(L, cos 0,)? L, cos 0,
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7’

y
Xll
Ot3
di da N3
’ ds  Segmentll
N1 Za
Ots
,,’X'
Bt
d
ds (P ’ d1
M3
Segment |
M2 Z 4 fy M1
L7/ T2 \ X Bt
L6 To s T1/
T3

Figure 3. 17 Feature points for rod’s length calculation.

3.6 Rod’s Length Computation

In the tool manipulator, one base linkage and two bending linkages are

circumferentially located at a circle. The length deviations of the two bending linkages drive

the tool manipulator to rotate along the privot point of the base linkage. Figure 3.17 shows

the feature points in the tool manipulator.

T (i=0123), M (=123), C (i=0123456), N (i=123), F (i=123) are

the feature points in the linkages of the tool manipulator. The orign 7; (0,0,0) of the segmentl

57
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is located at the center of the base frame A4, 4,4,. The coordinate of each feature in segmentl

can be calculated

(0] [ L] [ L | [ - L |
TO:‘O, le‘o : TZ:‘L7/2, T3:‘—L7/2‘
10] L0 L 0] L 0 ]
| wefeis, wefai
M=l 0|, M,=|L /2|, My=|—-L,/2
L4, | L 4 | L 4 ]

Since the segmentl follows the bending order x->y, therefore, the coordinate transfer

1S

1 0 0 L, 1 0 0 0 cd, 0 s6, 0
01 0 O 0 c6, -s6, 0 0 1 0 0
Kll: aKIZZ aKI3: 5
0 0 1 d 0 s, c6, 0 -s8, 0 cd, 0
100 0 1] 100 0 1] | 0 0 0 1]
1000 P 0 0 —(L5+L6)—‘ |f1 00 —(L5+L6ﬂ|
010 O 010 -L,/2
KI_41_ . K] :|O 1 O L7/2 |’ K[_43:‘ 7
|001d1‘ —® ‘001 d, |001 d, |
00 0 1] 10 0 0 1] 10 0 0 1
Define,
KKI, =KI,-KI, -KI,-KI
KKI,=KI,-KI,-KI,-KI
KKI,=KI,-KI,-KI, -KI ,,
Therefore, the coordinates of C,,C,, C; are given
(KKII(IA)W (KKIZ(IAW (KKI3(1,4)W
C1:|KK11(2,4)|, C2:|KK12(2,4)‘, C3:|KKI3(2,4)|
| KK1,(3,4) | | KK1,(3,4) | | KK1;(3,4) |

Since |M,C, =d,,|M,C, |=d,, | M;C,|=d, , therefore, the length of bending

linkage in segment I is
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(L= Co0DY + (= C,(12) + €037

d, =

2C,(1,3) (3.39)

(=Ls = C5 (L))" + (—L27 - C5(1,2))" + C5(13)°

d3

In the

2C,(1,3)

segmentll, suppose point C, (0,0,0) in the middle frame, then, the coordinate of

feature points in segmentll can be given,

0 ~L, L, L,
C,=|0|, C,=| 0 |, Cy=|-L, /2|, C,=|L,/2
0] L O] L ] L 0 |
B Ls ( L6 —‘ L6
Ny=| 0 |, Ny=|-L;/2|, Ny=|L,/2
d | L4 ] L ds
Since the segmentll follows the bending order y->x, therefore, the coordinate transfer
is
1 00—@1 P% 0 s8, O]
010 0 0 1 0 0
KII, = , KII, = ,
0 0 1 4} kwMOC% 0
000 1 | L 0 0 0 1
10 0 O] [1 0 0 0
0 ch, —sb, ol Io 1 0 0
KII, = : Kl _,, =
0 sO, cO, o| |001 d,
0 0 0 1] 00 0 1
1 0 0 (Li+L,) {10 0 (Ls+Ly)]
_ 010 LJ/2
KH“:010 L /2 il .= ;
27001 4 00 1 d
10 0 0 I Looo 1
Command,

59



3. Mechatronics Design of Pediatric Surgical Robot

KKII, = KII, - KII, - KII, - KII
KKII, = KII, - KII, - KII, - KII _,
KKII, = KII, - KII, - KII, - KII _,,

—41

Therefore, the coordinates of F|, F}, F; are given
[ KKIL,(14)] [ KKIL,(14) ] [ KKIL,(14)]

F :‘KKIII(2,4) . F,=|KKI,24)|, F = KKII3(2,4)‘
| KKI1,(3,4) | | KKIL,(3,4) | | KKI1,(3,4) |

Since | MV F Ed,,|N,F, |=d,, | N;F,|=d; , the length of bending linkage in
segmentlI is
(L, — F,(L1)* + (—L27 ~F,(1,2))* + F,(1,3)°
di = 2F,(13)

; (3.36)
(L, = F(LD)* + (77 - F,(1,2))* + F;(1,3)?
dg =

2F,(1,3)

Since the bending angle of each joint is +45°, therefore, the relation between rod’s

length and the bending angle is shown in Fig. 3.18 and Fig. 3.19.

-50 -50

Figure 3. 18 Relation of rod’s length and bending angle in segment I.
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=50  -5p

Figure 3.19 Relation of rod’s length and bending angle in segment II.

3.7 Transmission Medium

In our robot, we use a flexible shaft with 1 m length to connect the driven screw
and the corresponding motor. Flexible shaft is made up of several bunches of slim elastic steel
wires which twisted with each other. The component of flexible shaft used in the prototype is
shown in Fig. 3.20. Due to the elasticity of the flexible shaft, we verified the transimission

effeiciency of flexible shaft based on the robot structure. Since the surgical manipulator use

The 15 layer wire(@0.18x4)

//
Flexible shaft

Manipulator
The 2™ layer wire(0.18x4)

(@ (b)

Figure 3. 20 Components of flexible shaft. (a) components of manipulator-driven system;
(b) cross section of flexible shaft.
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screw-pair driven mode to realize bent motion, therefore, we did experiments to verify the
power transmission accuracy that screw drive nut.

The experimental platform is shown in Fig. 3.21. In the experiment, a 3D tracking
sensor (®@1.0 mm, Aurora, made by Northern Digital Inc., Canada) [99] was used to tracking
the movement of nut.

In our manipulator, the scew pitch is 0.2 mm, and the screw’s length of each bendable
linkage is 2 mm, therefore, we sent instructions to make motor rotate with a fixed speed (27/3
rad/s) drive the screw-pair mechanism. Corresponding to the screw pitch, thus, the amount of
motor output and nut’s translational distance meet relation that

S = iL (3.37)
2z

Where, S-translational distance of nut; ©-motor rotation angle; L-lead of screw.

Four different weights (20 g, 50 g, 100 g, 200 g, respectively) were used in this
experiment. The experimental data are shown in Fig.3.22. The experimental result
demonstrates that there is a linear relation between the input and the moving distance of the

weight, therefore, the nut can well tracking the input. Thus, the flexible shaft can satisfy the

Flexible shaft

sensor
. weights

(@ (b)

Figure 3. 21 Experimental platform for verifying transimisson accuracy of flexible shaft.
(a). experimemtal platform; (b) 3D tracking sensor (NDI, Canada).
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L 2.5
Deviation

(mm) y =0.0339x- 0.0658

=l==lesponse_0g

= response_20g

response_50g

—4—response_100g

=@—response_200g

0 1 T T T 1
20 40 60 80

Motor’s angle(rad)

Figure 3. 22 Relation between motor’s rotation angle and deviation of screw-nut driven by
flexible shatft.

requirement for accurate power transmission when loaded within 2 N.

3.8 Discussion

In this chapter, the author illustrates the development of a compact pediatric surgical
robot. The surgical robot consists of two surgical manipulators and two visual modules; each
surgical manipulator is composed of a positioning manipulator (4 DoFs) and a tool
manipulator (5 DoFs + gripper). The positioning manipulator is used to deploy the tool
manipulator in the spatial area by integrating a screw pair and a SCARA mechanism. The tool
manipulator with an external diameter of 8 mm, consisting of two bendable joints and a rotary
gripper, is used to perform tissue intervention. The bendable joint can achieve arbitrary
oritentional bending motion in spatial zone by using DSD mechanism. The use of two
bendable joints in the tool manipulator aims to provide dexterous manipulation.

Forward/inverse kinematics of the surgical manipulator are illustrated, the simulation result
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demonstrate the developed surgical robot is competent to work in a 30x30x30 mm narrow
workspace. The experiment of rigidity measurement of the flexible shaft demonstated that the
driven distance by flexible shaft is proportional to the input when tip’s load is within 2 N.
Thus, the position of the tool manipulator’s tip can be directly computed by kinematical

formation when loaded within 2 N.
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Chapter 4

Control Strategy of Redundant
Robotic Manipulator in Narrow

Workspace

4.1 Introduction

In the preview chapters, the author had already introduced the mechatronics design of
the master- slave structure surgical robot. In order to control the slave manipulator to track the
instruction of master input, kinematic chain should be constructed between the masters input
and the slave manipulators. To our surgical robot, each slave arm has 9 DoFs, therefore, there
are redundant DoFs to determine the posture of the distal of the slave manipulator. Although
the redundant DoFs could improve the reachable probability and dexterity, however, it also
poses big chanllenge to computer inverse solution that will be used to control robot actuators.
Since the slave arm in the proposed surgical robot can be divided into positioning manipulator
and tool manipulator, and the positioning manipulator is solely used to achieve translational
movement, therefore, the author set the connect point between positioning manipulator and
the tool manipulator as the initial coordinate origin. The tool manipulator, having 5

independent DoFs will firstly be consistent with the Phantom Omni by inverse computation
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referred in chapter 3. Because the base of the tool manipulator is attached at the distal of the
positioning manipulator, thus, the solution of each joint in the positioning manipulator can
also be calculated by using the algorithm in chapter 3. We aim to use the surgical robot
perform surgery in a 30x30 mm square space, therefore, the surgical manipulator should avoid
blocking surgeon’s view as small as possible while keeping the distal of the manipulator
tracking the instruction of master input. The detailed technical approached to address the
engineering chanllenges mentioned will be provided in this chapter, more specially, they will
include 1) initial value of slave manipulator (referred in chapter 3); 2) inverse solutions
corresponding to disturbance; 3) visualization in narrow workspace; 4) operability in narrow

workspace; 5) integration and motion parameterization.
4.2 Inverse Solutions corresponding to Disturbance

4.2.1 Inverse Solution Agorithm

In this section, we suppose the distal of the tool manipulator reach a given posture,
and apply a disturbance to the redundant DoF of the slave manipulator, build the relation
between deivation of each joint and the amount of the given disturbance. As shown in Fig. 4.1,
a disturbance is applied at point B3, and the base of the tool manipulator moves from posture
(1) to posture (2).

As shown in Fig 4.1, the dital of the tool manipulator is consistent with the posture of
the master input, therefore, to a given posture of the master input, the vector of ?Bz’ is fixed.
Then, the point B, can move on a spherical surface and the sphere center located at B, .
Suppose the current coordination of point B; is (X,Vps,Z5) ,» and the deviation in
x, y direction is Ax and Ay, respectively. the spherical eqution based on point B, can be

expressed by,

(x_sz)z+(y_y32)2+(z_232)2:rz 4.1)
Where, r=./(2d,)* + L
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Posture (1)

Posture @)
"

Figure 4. 1 Movement of redundant joint when disturbance at point B3.

Substituting x,, + Axto x,y,, + Ay to y, the new coordinate z,, can be given,

Zp :ZBzi\/’”z_(st"'Ax_sz)z+(y33+Ay_J’B2)2 4.2)

Therefore, the new coordinate of point B, in the world coordinate frame can be

expressed

(X5 +AX Y3 +AY, 25, i\/”z —(xg; + Ax— x32)2 — (Vg3 +Ay—J’Bz)2) (4.3)

Suppose the bending angles of the bendable joints are 8, ,6,,,0,,,0,,, which are

shown in Fig 4-1. From (3.8) in chapter III, we can get the new coordinate of point B, ,,
By =M _(L,4) M _(2,4) M _(3.4)] (4.4)

Where, M_=T-\T.21,3T,.
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Substituting 8, ,6,, ,0,,,0,, into (4.4), obtain,

Py o =2d,sind,, — L, cos,, + L, +Ax
Py =-2d,cosf,, sinf , —L;sinf , sind,, +Ay

Py, . =2d,c0s8,, cosb, + Lscosb,,sinb,, +d, +z, (4.5)

_\/rz — (L, +Ax—x32)2 _(Ay_sz)z

From (4.5), the new angle can be calculated,

Ay _yBZ
2d, cos @, + Lysinf,

6, =asin

1

X, —L. — L
B2x 5 +¢, where, ¢ =atan —-

V(24 )’ + (L ) 2d,

0, =asin

Since the point B and B, are fixed during disturbance, therefore, the vector B 5B, is

constant. Suppose B, B, = (Vg »Veom ,»Veam -)» based on the (3.8), achieve,

Vpopl x = d,cosf,ysin(d,, +6,,)
Vg , =—d,c086,sind,, cos(d,, +86,,)—dcos sinb,,  (4.6)

Vg . =d,cos88,, cosb , cos(@,, +6,,)—d;sinb sinb,,
Therefore,

. Vpap , COS 0.y +Veom - sind,
0,, =—asin
d,

(4.7)

v
. B2B1 x
0,y =asin(

-6 4.8
Teng ) O 4.8)

Similar to (3.34), we can obtain the new angles of the positioning manipulator,

0, =z, (4.9)
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0, = asin Y3 _gtan 2S00 L 4 )
J, + L, sin6,)* + (L, cosb, )’ L, cos 0,

'

Al 2
. (x33_L3)2+J’33 _Lf_lé
2L/L,

4.11)

0, =—(25, +23) (4.12)

4.2.2 Algorithm Verification

Based on the mechanism of the surgical robot in chapter III, we build the simplified
model of the surgical robot in Adams®, edited by MSC software Corporation [100]. The

model is shown in Fig. 4.2.
As shown in Fig. 4.2, point O the origin of the world frame. Since the left slave arm
and the right slave arm are symmetrical, therefore, only the feature points in the left arm are

figured out. Point A, P,, P, P,, P;are the feature point in the positioning manipulator, Point
1.1,,1,,7,,T, are feature point in the tool manipulator. point E (i=1...4) and

F (i =1....4) are feature point in the surgical cavity. Based on the configuration of the surgical

robot, the initial coordinate of the feature points are listed below,

Table 4- 1 Coordinate of the feature point in the left arm

Point Coordinate Point Coordinate
P, (-85,0,0) P, (-85,0,145)
P; (-85,40,145) P, (-45,40,145)

Ps(T)) (-25,40,145) T, (-22.6,40,160)
T; (-27.4,40,190) T, (-27.4,40,205)
T, (-25,40,205)
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Figure 4. 2 Modeling the surgical robot in Adams.
In order to verify the algorithm, we set a start state for the slave arm by supposing a

given master input value, then, give a disturbance at point 7,, the deviation of each joint can
be obtained from the following simulator.

We import the model in Fig. 4.2 into Matlab®, and program the control based on the
algorithm of section 4.2.1. The control block in the Matlab is shown in Fig. 4.3. The simulator
block consists of 4 parts: the current state (include disturbance), control algorithm, Adams sub,

and the scope. The example current value given by the master input is listed in table 4-2,
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Table 4- 2 The given value mapped from master input to the left arm

Parameter Value Parameter Value
0,, 0 mm 0>, -40°
0;, -10° O 30°
0, 10° 0>, 15°
0;, 10° 0., 15°
AX 4sin(t) Ay Ssin(t)

cl;i v Eaad _.@
@ - 4@
Corctatt [—‘ aas et
L} L a8
— | | g
E " ey
= 2 -8
[l
»@u " t L B8
‘ poy meas Wi ¥2T ace
m@u » - Lo y—E
1 maas Rojothd
is 5 _I -1 _| e
Ll 2 3
Initial value Matlab algorithm Adanitsu scope

Figure 4. 3 Control diagram of simulator in Matlab.
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Figure 4. 4 Surgical robot in the simulator.
a). isometric view, b) top view, c¢) front view.

The position and posture of the surgical robot at the given state in the simulator is
shown in Fig. 4.4.
Acoording to the disturbance of Ax,Ay , the change trends of the joints

6

..0,.,0,, .0, are illustrated in Fig. 4.5 to Fig. 4.8. The coordinate of the distal of the tool
manipulator in the world coordinate frame is shown in Fig. 4.9 to Fig. 4.12.
Comparison between the measurement data in the simulator and the expect data, the

robot can well track the input value (tracking error A < 0.5mm). Therefore, considering

simulator
the dynamics effect during joint movement, the result illustrate that the inverse algorithm

based on the disturbance is corrct.
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Figure 4. 5 Expect value and the measuredvalue in the simulator of translational joint 0, of
the positioning manipulator.
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Figure 4. 6 Expect value and the measured value in the simulator of rotary joint 8, of the
positioning manipulator.
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Figure 4.7 Expect value and the measured value in the simulator of rotary joint 85, of the
positioning manipulator.
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Figure 4.8 Expect value and the measured value in the simulator of rotary joint 6, of the
positioning manipulator.
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5 T T T T T T T T T
------- expect posiy
4k — — meazured posid |

_5 | | 1 1 1 1 1 | |

tlz)

Figure 4.9 Expect x axial position and the measured value in the simulator of the distal of
the tool manipulator.

15 . - T T T T T T T
....... expect posiY
W — — meazured poziy |

Posi'f{mm)
1

5 1 1 1 | 1 1 1 1 1

I} 1 2 3 4 b b 7 8 9 10
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Figure 4.10 Expect y axial position and the measured value in the simulator of the distal of
the tool manipulator.
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Figure 4.11 Expect z axial position and the measured value in the simulator of the distal of
the tool manipulator.
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Figure 4.12 Expect Mag position and the measuredvalue in the simulator of the distal of the
tool manipulator.
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4.3 Visualization in Narrow Workspace

In this section, the visualization of the visual feedback will be introduced. During
surgery, the distal of the manipulator will be inserted into surgical cavity for surgical
intervention. The redundant DoFs of the manipulator should comply with the principle that
blocking endoscopic vision as small as possible. Fig. 4.2 shows the relation between the
surgical cavity and the surgical robot. By adding into endoscope, the positional relationship
between the endoscope and the surgical robot can be illustrated as Fig. 4.13.

In order to analyze the influence of the tool manipulator in the surgical cavity, the
boundary of the vision in the surgical cavity should be firstly established.

Supposed the coordinate of the endoscope is £, (xj ,y; ,z; )and the vertexes in the
upper frame of the surgical cavity are E,(Xz, Vii»Zg1)> Es(Xgos Vs Zrs) s Es(Xp3s VissZg3)
and E,(X.,,Vz.,Zz,) Tespectively. Since the surgical cavity is 30x30x30mm, therefore, the

point F (i =1...4) can be given,

F=E+[0 0 & (4.13)
‘ 8- endoscope
\ endoscope 40— ,En . ', i

Ei(E2) ™ [
T R
e s
30 T R
F4(F3) FI(FZ) -60 =50 -40 -30 -0 ~10

Figure 4. 13 The positional relation between endoscope and surgical cavity.
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Where, =30 mm.
Based on the coordinate of point E,, E;, E>, E3 E,4, the visual boundary function can
be calculated (E,E;E, for example). Suppose the plane normal vector is n= (a,b,c),
i Jj k
n=EExEE,=|X X Yo—Yp Zpn-—Z,  (414)
Xea = Xpn  Ver = Ve Zp2 T Zp

Therefore,

a=(Yer = Ve ) 252 = Ypu) = Vg2 = Ve N Zp1 = Vi)

b= (2~ 2 ) Xgs — X))~ (2 — 2 Ny —Xp,) 4.15)

€= (X1 = %5, N Ve2 = V) = (Ve = Vi N Xea = X5,

The plane CEE, can be given,

a(x—xg,) +b(y—yg)+c(z—-25) =0 (4.16)

The distal segment of the tool manipulator will track the instruction of the master

input, therefore, the controllable segment is the redundant DoFs to reduce the part that will

appear in the vision of the surgical cavity.

From (3-7) and (3-9) in chapter III, the coordinate of M; Mj; can be calculated. In

order to simplfy the expression, we figure M; Mz as (x,,,,V,1-Z41) a0d (X415, V0035 Zas3)

respectively.

Therefore the line M;M; function can be given,

X=X _ VY= Vwi _ 272w 4.17)
Xus %1 Vs = Vur Zm3 ~Zn
Suppose,

XX _ VTV _ 2T En (4.18)

Xus =X YVus =V Zm3 ~ 2

Then,
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X =(Xy3 = Xy )+ Xy,
Y=z =Yt + Vinr 4.19)

z2=(2y3 — 2yt + 2y
Substituting (4.18) into (4.16) get,

a-x,, +b- +c-z,,,+D
fe_ M1 Y M1 (4.20)
a-(Xy3 = Xp) 0 (Vo3 = Van) + ¢ (243 = Z4p1)

Therefore, the intersect point between the plane E,E;E, and the M;M; is,

(Xyr3 =Xy )+ Xy
M, = (Vs = Yu)t+ Vi (4.21)
L (Zys =2+ 2y |

The distance between point M, and M3 is,

Dis = \/ (X3 = Xy )2 + Vs = Va2 )2 + (243 _ZMz)2 4.22)

The distance between point M; and M3 is,

Dis, = \/(79\41 R )2 + (Mt = Yurs )y + (Zun _ZM3)2 =d, (4.23)
The ratio that visuable part of the tool manipulator under the endsocpic vision is,

Dis, 41009 (4.24)

Dis,

1=

Additionally, define parameter d as the distance between the tool manipulator and the
boundary of the surgical cavity. Therefore, the relation between the radius of tool manipulator

—R- and the parameter —d- can be illustrated,

firay =d—R (4.25)
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Corresponding to (4.24) and (4.25), user can achieve better visualization when

parameter A and fg 4) become smaller.

4.4 Operability in Narrow Workspace

This session consists of two indexes: collision detection and eye-hand triangle
formation, shown in Fig. 4.14. To our surgical robot, the distal of the tool manipulator will
track operator’s instructions by master input, while, the redundant DoFs of the manipulator
will be displaced to suitable posture based on the disturbance algorithm. Due to the narrow
target space, the manipulator must avoid colliding with the surgical cavity for safety control.

Avoiding collision:

The relation between the tool manipulator and the surgical cavity is shown in Fig. 4.15.
The central line of the middle segment of the tool manipulator is marked as M;M3. The most

prossible collision happened at the point, which is closest to the surgical cavity’s edge. To the

Vision axis

Vision axis
monitor
target
target
manipulator manipulator
surgeon

Triangle formation

Figure 4. 14 Triangle formation of bimanual surgical operation.
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state illustrated in Fig. 4.15, the cloest distances between the line MM, to the neighboring
surgical cavity’s edge are Ax, Ay respectively. To the line E;E4, the orientation vector can be

given,

Visga = (Xpg = Xp35 Vea — VissZpa — Zp3) (4.26)
Integrated (4.17) and (4.26), the distance between skew line M;M; and E;E, can be

calculated,

X1t = Xes Y= VEs  Zmi T ZE3
Xt = Xes Y= VEs  Zm1 T ZE3

X3 =X Yus VYV Zusz ~ Zn

2
X1t = Xes Y — Vs n

Xz =X Vus — Van

Yur = Ves  Zmi —Zg3

Yuz = V1 Zmz ~ Zin

dM1M37E1E3 =
\/ Zyu1 —Ze3 Xym1 T XE3

4.27)

Zuz T Zm1 Xuz T X

Similiarly, the distance between skew line M;Mj and other three edges of the surgical

cavity (dvims_g1e4, dvims_g1g2, dmims_k2r3) can be calculated.

-----------------------------------

o iendoscope..i...__
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Figure 4. 15 Relation between the tool manipulator and the surgical cavity’s edge.
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The collision avoidance condition is that

s ] > Radius (4.28)

[dwlk[37E1E3 dMlMSﬁElE4 dM1M37E1E2 dMl

Where, Raduis = 4.

Eye-hand triangle formation:
In order to naturally perform operation, surgeon would like to perform manipulation

as Fig. 4.15.

Mapping to the master-slave robotic manipulation, the slave manipulator should be
comply with the triangle formation to provide good operability.
Considering the configuration of endoscope and the slave manipulator, the tilt angle

between the tool manipulator and the vision axis should satisfy,

o |M1M372€ (30" ~607) (4.29)

Where, the recommend angle is 45°.

4.5 Motion Modeling and Parameterization

During operation, a common requirement of tissue intervention is to ensure that the
distal of the tool manipulator is fully tracking the instruction of the master input, while the
redundant joint would be controlled corresponding to the condition of the operation. In this

section, the method to illustrate the control is presented.

4.5.1 Nomenclature of Robot Bending

We presented the articulated robotic manipulator in Chapter 3. In order to exploting
the posture control, we take advantage of Omni-bending configuration to obtain optimal
visualization and operability in the narrow workspace. Considered the serial structure of the
tool manipulator, we propose a method to model the mathematics from the base to the distal.
In this method, user with master input only control the distal of the manipulator. The

redundant joints will conform in shape optimization algorithm. We define the bending angle
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of the tool manipulator as &, , where i=4. As shown in Fig. 3.12, each universal joint

comporises two DoFs. Our tool manipulator consists of two bendable segments, therefore, the

manipulator is composed of 4 DoFs in the bendable structure. 8,8, belong to the 1% segment
and 6,,0, belong to the 2" segment. Since the two DoFs in a single segments are orthogonal
with each other, therefore, 8,,6, are parallel to each other when the tool manipulator in the
straight state. And @,,6, are also parallel to each other when the tool manipulator in the

straight state. In order to control the shape of the redundant manipulator, we define two

parameters (q.,¢) at the distal of the tool manipulator, which is shown in Fig. 4.16. The distal
of the tool manipulator can be actuated to the required posture by change the variable (g, ).
Points P, P,, P,, P, are the feature points in the tool manipulator, where, P, locates at the base
of the tool manipulator; P, locates at the distal of the tool manipulator; P,, P, locates at the

rotary center of the bendable joints.

4.5.2 Shape Optimization of Tool Manipulator Configuration

In order to track user’s instruction for tissue intervention, robot bending must not
block the front vision of the manipulator’s tip. According to the section 4.5.1, the search of
values (gq,,¢) on operation can be formulated as a circular shape optimization problem.
Although many metrics could be used to construct the objective function to shape, we denote
that the serial joints are draw to close an arc by the bending configuration.

From (3.7) and (3.8), we can calculate the coordinate of the feature points
B, P,, P, P, in the tool manipulator,

P=lo o of, n=[0 0 4],

3 6

P =0>"T110 117, P =[> "'T1-[0 1] (4.30)

i=0 i=0
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qc
P4

P2
90

180

P1 0°

=]

270

Figure 4. 16 Shape illustration of tool manipulator.

From (4.30), the vector P, P, can be computed,

[ d, cos 8, sin(@, +6,) 1

PP, :| d,(—cos @, sind, —sinf, cosb, cos(d, +6,)) I (4.31)
Ldl (—sin@, sinf, +cos @, cos @, cos(b, + 0, ))J

Therefore,

sing, =—sin@, sind, + cos @, cos 8, cos(b, + 6,) (4.32)

g = (= cos@, sin@, — sind, cosf, cos(@, +8,))/(cos 8,sin(8, +86,)) (4.33)
To the first bendable segment, we can get

1gp=—sind cigb, (4.34)

From (4.32),
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cos(@, + 8, )= (sinf, sin@, + sinqg_)/(cos 8 cos 8,) (4.35)
From (4.33),

sing, + @, )= (- cos@, sin@, — sinf, cosb, cos(8, + 6,)) /(tgpcos 8,) (4.36)
Squre both sides of (4.32) and (4.33), then add left side and right side respectively,

sinf sin@, +sing, , —cosd sinf, —sinf cosf, cos(d, +6,)

+( Y=1 (437

cosé cosb, tg@pcosl,
Denote an expression f(6,,6,),
sin@, snf, +sing, )4 (— cosd sinf, —sind, cosb, cos(d, +6’3))2 q

cosd cosb, tgpcosl,

f(a,&) :(

(4.38)
Define a small error & ,make
f6,.,6,)<=¢ (4.39)
From (4.30), points P, P,, P, P, can be known, therefore, the angle /PP, P, and

ZP, P, P, can be calculated by,

ZAP,P;=acos <FRP,,P,P; > (4.40)

ZP,P,P, =acos < P,P,,P,P, >
The search of values for (6,,6,,6,,0,) of the tool manipulator within the range of

optimal bending can be formulated as

©0,,0,,6,.0,)=argmin{ L/RRR - ZPPP, [}  (441)
9.9
Since, the range of each joint belongs to £45°, the algorithm for searching the

optimal solution can be illustrated by the following pseudo code, shown in Table 4-3.
Base on the optimal algorithm, four example bending shapes in different quadrant are

used to illustrate the inverse solutions of bending joints in Fig. 4.17 to Fig. 4.20. Compared

with the inverse solutions, a deviation ( A <0.5°) can be selected for shape

angle_deviation

planning at each state when & <0.001.

The table 4-4 to table 4-7 show the value of each optimal solution, respectively.
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Table 4- 3 Steps of shape optimal algorithm for searching bending solutions

Calculate the shape optimal value from the input (qc, ¥)

1. Input: (qc, ¥)

2. for 6,=-45,...45 do

3. for 6,=-45,...45 do

4. if f(6y, 04) < &€ -> true then

5. 0,€(4.36); 0:€(4.37); 65—0

6. ZPPyP;, LP,P3P4 €04, 05, 03, 64, 65

7. (6.6,,6,,6,)=argmin{ /RRP, - /PPP, |}
qc.9

8. output: shape optimal solution

8

N

thetal deg

L] B 3 40
35 --:------ 11
z : ] E
E . B E
g T i
% H H - ; : ;ﬁ : é
4 {
# :
5 # i ]
i i
Ly 5 0

Figure 4. 17 Deviation between £ P1P2P3 and £ P2P3P4 within the range for searching
optimal bending state in the 1* quadrant.
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Table 4- 4 Inverse solution of bendable joint based on shape optimal algorithm in the 1%
quadrant

Shape optimization in the 1 quadrant

q.=50" ,@=40" ,&=0.001

Solution Number 153
, , 0:1() 02(") 03(") 04(")
Optimal solution
-8.8 10.33 20.66 -16.9
Tip’s position of the optimal solution (12.5074, 10.6491,55.2861)

diff-ang (mm)

320 -1 -6 - -1 -1 -8 -5 =1 -2 0 -18

Figure 4. 18 Deviation between £ P1P2P3 and £ P2P3P4 within the range for searching
optimal bending state in the 2"® quadrant.
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Table 4- 5 Inverse solution of bendable joint based on shape optimal algorithm in the 2™
quadrant

Shape optimization in the 2nd quadrant

q.=55" ,@=150" ,e=0.001

Solution Number 95
: : 0:(") 02(") 03(") 04(")
Optimal solution
-5.8 -9.93 -20.54 -11.7
Tip’s position of the optimal solution (-12.8808, 7.3312,57.0743)

diff-ang {mm)
=

diff-ang (mm)
B

i
4 ] 10 15
thetal deg

Figure 4. 19 Deviation between £ P1P2P3 and £ P2P3P4 within the range for searching
optimal bending state in the 3 quadrant.
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Table 4- 6 Inverse solution of bendable joint based on shape optimal algorithm in the 3™
quadrant

Shape optimization in the 31 quadrant

q.=50" ,@=230" ,e=0.001

Solution Number 204
, , 0:1(") 02(") 03(") 04(")
Optimal solution
10.1 -8.37 -17.82 20.5
Tip’s position of the optimal solution (-10.7646, -12.6508,56.0661)

difi-ang (mm)

diff-ang (mm)
b g

4

Figure 4. 20 Deviation between £ P1P2P3 and £ P2P3P4 within the range for searching
optimal bending state in the 4 quadrant.
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Table 4- 7 Inverse solution of bendable joint based on shape optimal algorithm in the 4™
quadrant

Shape optimization in the 4™ quadrant

q.=20" ,@=310" ,&=0.001

Solution Number 123
, , 0:(") 02(") 0s(") 0a(")
Optimal solution
18.7 15.06 32.38 34.9
Tip’s position of the optimal solution (16.243, -19.9182,47.0777)

4.5.3 Shape Optimization of Slave Arm Configuration

In section 4.5.2, the inverse solutions of the tool manipulator can be calculated by
using the shape optimal algorithm, however, in order to decide the position of the distal of the

tool manipulator, we should have coordinate input P, Therefore, the input from the

(x,p,2) *
master side to the slave arm is (q,,@,x,y,z).

When the slave arm is actuated to perform intervention, because the tool manipulator
will conform the shape optimization based on the algorithm in section 4.5.2, therefore, the
configuration of redundant manipulator could satisfy the triangle formation of bimanual
operation, referred in section 4.3. In order to illustrate the operability referred in section 4.4,
we propose that the distal of the tool manipulator moves inside the surgical cavity.

According to the computation in section 4.2, the calculation of the whole slave arm
could be divided into two parts: tool manipulator and positioning manipulator. The inverse
solution for the tool manipulator can be computed by 2 steps.

1) Shape optimization based on (q,,p)

From section 4.5.2, the shape optimization for calculating the inverse solution of the
tool manipulator is presented in (4.43).

2) Collision detection between manipulator and the surgical cavity
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From section 4.3, the distance between the manipulator and the surgical cavity could

be calculated. Therefore, we define the deviation after collision as (Ax, Ay),

(Radius — Dispp gp,> Dispp g, <Radius

‘ | 0, Disyp 5, = Radius
- (4.42)
( Radius — Disyp pp > Dispp gy <Radius

Ay =
Ve 0, Dis,p .z = Radius

Integrated with the disturbance avoidance algorithm in section 4.2, the angle in the

bendable joint can be calculated,

0

0 o

. o
(];[ LiTT(@rl,9r2,9r3,9r4,9r5)).| 0 | - (]:i[ lil‘ T(érl’érz’éf3’éf4)).| 0 ‘+|
Where, m=5;n=75;

0..,0,,0,,0,) =argmin{ ~/RRP, - ZBBRP, |};
q..P

Az, = i\/(dzz + R22)2 _(Pz[1,1] +Ax, — P?y[l,l])z _(P2[1,2] +Ay, _P3[1,2])2 >

Substituting (4.41), (4.42) into (4.43), the current bending angle in the tool

manipulator can be computed,

P - R —Ax
0,, = asin L < +atan—=

\/dzz +(R2)2 d2
Ay —P

6,, = asin . 3[1,2].

d,cosf,, +R,sinb,,

PP, [13) sin g, (4.44)

v cosd,, +v

d,

P3Py (1,2

6,y =—asin

9. — . Vep, [1.1] 0
iy = asin( )= 0O,y
d, cosd,,

Osy =0,,, < decided by rotaryangle of phantom stylus

We obtain the current bending angle of the tool manipulator from (4.44), and know the
distal position from the input (q,,@,x,y,z). Therefore, the inverse solution of the position

manipulator can be calculated by 3 steps,
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1) Deviation created by the input (q,,¢,x,y,z)

A (4.45)

1) = Loy ~ Fnona)
2) Deviation created by the shape optimization algorithm
6 6 ]7
2()5} z) T HH (4. 2@)[0 1]1 HH (.. 9”)[0 1 (446)
i=0 i=0
3) Deviation created by collision avoidance

(Radius — Dis ppr g5 DiSpp pp, <Radius

c . .
L 0, DZSP2P3 EE, > Radius
A B Ay, = JRadzus —Dispp pp s Disyp pp <Radius
3(x,,2) c = . )
| 0, Dis,p , = Radius

Az, =+ (d3 +R2) —(Pyyyy +Ax, = Py )? = (P + A9, — Pyyy)’

(4.47)
Therefore, the total deviation of the distal of the positioning manipulator is,

A, y,2)=A, . +A +A (4.48)

1(x,3,2) 2(x,»,2) 3(x,3.2)
Based on the computation of the inverse kinematics in section 3.5 and (4.43), the

inverse solution of the positioning manipulator can be expressed as,

(H J P(9P1 Ep2,0p3 <9p4))' [6 I]T =A(x,y,2) (4.49)

Where, k =4; n=5.
Substituting (4.41), (4.48) into (4.49), get the angles in the positioning manipulator,

9;71 = A(X, ya Z)z

. (M4[l Vcurrent + A(x y’ Z) L3)2 + (M4[1,2]current + A()C, y’ Z)y)2 — Lf — Lé
6, = asin

s (4.50)

. M4[1,2]current + A()C, y’ Z)y LZ Sin 9;73 + Ll :

0,, =asin —gtan———2 1
\/(Ll +L,sing )’ +(L,cosb,,)’ L, cosd,,
=—0,,+6,,)

Based on the illustration of the above computation procedures, the pseudo code for

computating the inverse solution of the manipulator can be presented in Table 4-8,
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Table 4- 8 Steps for computing the inverse solution of the redundant manipulator

Calculate the inverse solution of the redundant manipulator

1. Input: P4(qc, ¥, X, y, Z)

2. for 6,=-45,...45 do

3. for 6,=-45,...45 do

calculate the deviation expression (0, 84) €(4.40)

if (01, 64) < & -> true then

4

5

6. 0,€(4.36); 0:€(4.37); 6s==0

7 /P\P,P;, LP,PsP, €0;,0,, 05, 04, 05

8.  (0.6,.6,.6,)=argmin{ /RP,P,~ZP,PP, |}
q..9

9.  position of bent joint in tool manipulator P2(x2,y2,22), P3(x3,y3,23) < (3.8)

10. distance (dis) between surgical cavity and tool manipulator€(4.30)

11. if (dis<Raduis)—>true then

12. new solutions (6x, 62n, 038, 04n) based on (Ax, Ay)€ (4.5), (4.7), (4.8)

13. inverse solution of positioning manipulator (6,1, 6p2, 653, Ops) €(3.34)

14. output

4.5.4 Example Simulation

During surgery, only the distal of the tool manipulator will be inserted into the
surgical cavity, and the redundant joint will be planned by the collision avoid algorithm while
the distal following the input command .The simulation platform is illustrated in Fig. 4.21.
The positions of endoscope and the edge points of the surgical cavity are presented in
Table 4-9.
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Table 4- 9 Nomenclature points and master input

Input instruction (g, , @, x, v, z)

) ) X (mm) Y (mm) Z (mm)

30~60 30 70 0 75

Position of feature points

E, E, E; E4 En
(80,15,50) (80,-15,50) (50,-15,50) (50,15,50) (65,80,-30)
F, F, Fs F,
(80,15,80) (80,-15,80) (50,-15,80) (50,15,80)

Since ray direction of the example tip point P4 located at the 1** quadrant and the distal
segment is directly controlled by master input, hence, the risk that the edges of the surgical
cavity would collide with the tool manipulator are edges E,E; and Es;E4. Therefore, the
distances between the tool manipulator and the edge E,Es3, EsE4 should be checked in real time.

From the step 12 in the table 4-8, we can get the new solution corresponding to the
deviation (Ax, Ay). In this section, three example deviations are presented. In the first two
simulations, the deviation in x-axis is different, the change of rod’s length are shown in
Fig.4.22 to Fig. 4. 25. In the 3" simulation, the redundant joint was forced in both x-axis and
y-axis. The changes of rod’s length are shown in Fig. 4.26 and Fig. 4.27. The change of rod’s
length will be analyzed based on the deviation in x-axis and y-axis. Fig. 4.22 to Fig. 4.27

show the inverse solutions of joint angle based on the different deviations listed in table 4-10.

Table 4- 10 Deviation conditions for computing new solutions

No. 1 No. 2 No. 3

Ax=5;Ay=0 Ax=3;Ay=0 Ax=3;Ay=3
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Tool manipulator
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Figure 4.21 Configuration of the robot and the surgical cavity for collision avoidance
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Figure 4.22 Joint value of SCARA manipulator with/without collision avoidance
algorithm (Ax=5,Ay=0).
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Figure 4.23 Joint value of Tool manipulator with/without collision avoidance algorithm

(Ax=5,Ay=0).
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Figure 4.24 Joint value of SCARA manipulator with/without collision avoidance
algorithm (Ax=3,Ay=0).
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Figure 4.25 Joint value of Tool manipulator with/without collision avoidance algorithm
(Ax=3,Ay=0).

100 ] T T
1
K
|
80 - R
60 — Translation in SCARA -
— Rotary joint 1 in SCARA
—Rotary joint 2 in SCARA
40 } —Rotary joint 3in SCARA
af g
0+ 4
— No collision avoidance
__. Collision avoidance
-20 | g
-40 F
-60 1 1
48 56 58 60

Figure 4.26 Joint value of SCARA manipulator with/without collision avoidance
algorithm (Ax=3,Ay=3).
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Figure 4.27 Joint value of tool manipulator with/without collision avoidance algorithm
(Ax=3,Ay=3).

From Fig. 4.22 to Fig. 4.27, we can know the manipulator follow the normal master-slave
control when the bent angle belongs to (50.4°~60°). The manipulator would avoid collision
with the surgical cavity when the bent angle smaller than 50.4°. Furthermore, the manipulator
could rearch bigger expensibility when delta value becomes larger (bent range in Fig. 4.24 to
Fig. 4.27 is larger than that in Fig. 4.22 and Fig. 4.23). The reason that the value in Fig. 4.26
to Fig. 4.27 is similar to that in Fig. 4.24 and Fig. 4.25 is because the inverse kinematics
algorithm considering not only the distance for avoiding collision but also smoothly
transmitting during adjacent steps on trajectory.

Referred in section 4.3, the less part of the manipulator under endoscopic vision could
reduce the shield area and improve operability. Therefore, the visible ratios of the manipulator
during collision avoidance processes are shown in Fig. 4.28 and Fig. 4.29. As shown in
Fig.4.28 and Fig. 4.29, the visuable ratio of the tool manipulator continuely increases when
the tool manipulator bended. Therefore, in order to improve the visualization, the smaller
delta_y could reduce the shield area created by the tool manipulator.

The visible ratio created by the tool manipulator during bent motion is shown in Fig. 4.30.

The influence caused by delta y at fixed delta x is shown in Fig. 4.31. From Fig. 4.31, the
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incremental is stable. Therefore, in order to reduce the visual part of the tool manipulator, the

algorithm will consider delta_y to be zero.
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Figure 4.28 The visuable ratio of tool manipulator corresponding to different delta x and
delta_y when bent angle = 50.0°.
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Figure 4.29 The visuable ratio of tool manipulator corresponding to different delta x and
delta_y when bent angle = 50.2°.
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Figure 4.31 Ratio deviation caused by delta_y corresponding to differience of delta x.
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4.6 Experiments with Pediatric Surgical Robot

4.6.1 Accurate Control of Bendable Joints

In our surgical robot, we use “flexible shaft + universal joint” structure for achieving
bendable movement. In section 3.7, the rigidity of the flexible shaft had been verified that the
deformation of flexible shaft could be neglected when transfer power between motor and
driven links. However, corresponding to universal joint in the structure of the bendable joint,
the backlash may affect the accuracy of position control.

The experimental platform is shown in Fig. 4.32. Three position sensors (Aurora,

NDI®) are used to to track the movement of bendable joints.

Aurora sensor

Figure 4. 32 Experimental platform for accuracy verification.
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Figure 4. 33 Experiment scene of accuracy during bendable movement. (a)
Nonmenclature of sensors configuration; (b) Tool manipulator when bent to 45°.

Fig. 4.33 shows the experimental sence of tool manipulator to achieve bent movement.
The part that sensor 1 attached is labled as the reference base; the bent joint that sensor 2
attached is labled as 1* bent joint; the bent joint that sensor 3 attached is labled as 2™ bent
joint. The distance between the adjacent sensors is 30mm. The results that no compensation of
backlash in control algorithm are presented in Fig. 4.33. The result shown in Fig.4.34
illustrate that the error in the distal of the bendable joint would continuely increase. The
reason is that universal joints are used in the bendable joint. Therefore, the backlash in the
connector of universal joint will lead to a stable deviation when tool manipulator bent to one

direction. The compensation angle caused by the backlash can be computed as,
(4.51)

Where, 6,.,,, is the compensation angle; Lis the arc length of the distal of the bendable
joint; d is the length of bendable joint.

From Fig. 4.34, the deviation in x, z direction is 1.25 mm, 1.25 mm respectively.
Therefore, substituting into (4.51), we can get the compensation angle in x, z direction is
0.08rad, 0.12 rad respectively. Thus, in the control algorithm, add the compensation angle in
the joint control, the results with compensation algorithm are presented in Fig. 4.35. The
experimental results demonstrate that the bendable joint can well track the instruction of
controller. The result describe that the error of the distal of the tool manipulator is less than
0.5 mm, which could be used for accurate control. The compensation factor in y direction

could be computed use the similar method in the above.
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Figure 4. 34 Experimental results without compensation algorithm when the tip bent from
45° to 90°. (a) deviation of 1* bendable joint at x direction; (b) deviation of 1* bendable
joint at z direction; (c) deviation of 2™ bendable joint at x direction; (d) deviation of 2™

bendable joint at z direction.
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Figure 4. 35 Experimental results with compensation algorithm when the tip bent from
45° to 90°. (a) deviation of 1* bendable joint at x direction; (b) deviation of 1* bendable
joint at z direction; (c) deviation of 2™ bendable joint at x direction; (d) deviation of 2™

bendable joint at z direction.

In Fig. 4.34 and Fig. 4.35, we compared the tip’s accuracy without/with backlash at
bent motion. Generally, surgical manipulator would transfer tissue or hold needle for tissue

intervention. In order to illustrate the manipulator’s performance, we hang a weight at the
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distal of the manipulator and drive the tip bent to 45 © in xoz plane and bent 30°, rotary 30° in
3D space. The experiment setup is shown in Fig. 4.36.

We attached weights (0g, 10g, 20g, 50g, 100g) at the gripper of the manipulator,
respectively. The position trace of the bendable joint will be record by the Aurora sensor
(NDI Cor.,). Fig. 4.37 and Fig. 4.38 show the result of position tracking of manipulator’s
distal in xoz plane. Corresponding to the 30x30x30 mm workspace, the maximum bent angle
of the tool manipulator is 30 °, therefore, an experiment that the distal of the manipulator’s
distal bent in xoz plane while synchronized rotated along z axis was carried out. Fig. 4.39 and
Fig. 4.40 show the result of position tracking of manipulator’s distal in 3D space.

1) Experiment result

The experiment results in Fig. 4.37 and Fig. 4.38 show the tool manipulator could well

track the input instruct in 2D plane when load is less than 50 g in the distal (the position error

A <1mm). However, the distal error is up to 2 mm when the distal weight increses

position_error
to 100 g.

The experiment results in Fig. 4.39 and Fig. 4.40 demonstrate the robot performance
while operated in 3D space with load. The tool manipulator can achieve high precision (error
is less than 1 mm) when the load in the distal is less than 50 g. When the load weight increase
to 100 g, the position error of the distal of the manipulator exceed 2 mm. Fig. 4.40 shows the
tip bring the main error is produced in the rotary movement when the load attached at the tip

of the manipulator.

Figure 4. 36 Experiment setup of bent motion with load.
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Figure 4.37 Position tracking of sensor 2 at the 1% bendable joint in xoz plane.
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Figure 4.38 Position tracking of sensor 3 at the 2" bendable joint in xoz plane.
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Figure 4. 39 Position tracking of sensor 2 at the 1* bendable joint when the manipulator’s
tip bent 30 °© and rotated 30 ° simultaneously in 3D space.
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Figure 4. 40 Position tracking of sensor 3 at the 2™ bendable joint when the manipulator’s
tip bent 30 °© and rotated 30 ° simultaneously in 3D space.
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2) Discussion

Compared the results in Fig. 4.37 to Fig. 4.40, the distal of the manipulator can well
track the input even attached 100 g at the tip in xoz plane. When the movement expend to 3D
space, the manipulator can follow the input command while the distal load is less than 50 g.

From the experiment results, the main position error is produced when the
manipulator carried out a conjunction movement. The reasons are listed the followings:

a) As shown the mechanism structure of the manipulator in Fig. 3.7, the rod’s length
will stretch or shrink simultaneously when carried bent motion in xoz plane, the load in the
distal act as pretension force on universial joint, therefore, the backlash of the universal joint
could keep stable during bending movment. The distal of the manipulator can achieve high
precision under backlash compensation. However, when the manipulator carried out rotary
movement along z aixs, the lateral backlash cannot directly compensated by vertical force
from weight load, thus, the distal of manipulator get the main position error along y axis.

b) When the rods in the bendable joint stretch or shrink simultaneously, the screws in
the single bendable segment synchronously pull or push the nut for bent motion. Therefore,
the meshing forces between the screw and the nut in the two bendable linkages are also in the
same direction. However, when the manipulator carried out a rotary movement along z-axis,
the dual bendable linkages marched on the opposite direction, which increase the burden of
driving force on the flexible shaft. Referred in chapter 3, when the load is within 2N, flexible
shaft can achieve good rigidity and could be treated as rigid part. However, if the load
becomes heavier, flexible shaft will create deformation that leads to position precision loss.

In our surgical assist system, we propose to perform tissue intervention for esophageal
repair for pediatric patient. As the diameter of the pediatric esophagus is about 5 mm,
therefore, a 8 stitches intervention in the esophageal circumference will be performed, and the
suture precision should be under 1 mm along esophageal circumference. We simplify the
manipulator just hold needle for 3D motion planning in 30x30x30 mm workspace, thus, the
load on the manipulator is within 0.2 N. According to the above analysis, the manipulator can

achieve accurate control (A <1mm) in 3D workspace on operation. Therefore, the

position_error
pediatric surgical robot satisfies the precision requirement of tissue intervention in pediatric

CEA surgery.
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4.6.2 Trajectory Control in Narrow Workspace

In the narrow workspace surgery, such as the infant congenital esophageal atresia
surgery, the workspace for manipulation is about 30x30x30 mm. Therefore, it is a challenge
for surgeon to perform tissue intervention. Our motivation is to develop a surgical robot to
assist surgical manipulation.

Since the narrow workspace and the slim manipulator, thus, it is difficult to attach
sensor in the distal of the tool manipulator. In this section, we carried out the experiment to
illustrate the trajectory planning considering the boundary of surgical cavity. The motivation
of this experiment is to verify the manipulator’s performance working in narrow workspace.
The experimental illustration is shown Fig. 4.41. The experimental platform is shown in
Fig.4.42.

In this experiment, the process consisted of three stages.

In the first stage, the right arm of the surgical robot move 20 mm along x-axis to the
top of the surgical cavity. Only the positioning manipulator would be actuated in the horizon

plane. The tool manipulator would keep in its straight posture.

manipulator

30®E

30 — —
L ':
e 30 X
(a) (b)

Figure 4. 41 Illustration of experiment 2. (a) steps of control manipulator; (b) geometrical
dimension of manipulator.
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N

Position sensor

Figure 4. 42 Experimental platform for robot trajectory planning.

In the second stage, the distal of the tool manipulator would be driven 20 mm along z-
axis to inserted into the surgical cavity. Since the narrow space in the manipulation, therefore,
only the last segment of the manipulator would be inserted into the surgical cavity model.

In the third stage, we simulated typical manipulation for surgical intervention. The
ideal formation between the endoscope and the dual arms should comply triangle formation to
achieve good visualization. Generally, the dual slave arms will mainly charge for its own half
surgical zone. Because the length of the distal segment of the tool manipulator is 30mm,
therefore, the bent angle of the distal segment is less than 30 degree. We instruct the distal of
the tool manipulator would bent from 0 degree to 30 degree while the distal fixed. Since the
narrow workspace, therefore, the collision between the surgical tool manipulator and the
surgical cavity had been considered for safe operation.

The manipulation sences are shown in Fig. 4.43.

Corresponding to the three control stages, the angle of each joint can be calculated
based on the algorithm referred in section 4.4 and section 4.5. We attached three sensors
(Aurora, NDI Cor.,) to track the positions of the base, the middle link, the distal of the tool

manipulator. Fig. 4.44 to Fig. 4.46 show the results in these sensors.
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sensorl

¥—sensor2

<— sensor3

Figure 4. 43 Manipulation sence when the right arm actuated. (a) initial state; (b) move to
the top of surgical cavity in the 1 stage; (c) move into surgical cavity in the 2™ stage; (d)
trajectory planning in the 3™ stage; (e)~(i) endoscopic images correspoinding the stages
shown in (a)~(d).
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Figure 4. 44 Simulation and experimental data in sensor 1. (a) simulation data
with/without collision avoidance algorithm in x-axis; (b) simulation data with/without
collision avoidance algorithm in z-axis; (c) comparison between simulation and
experimental data in x-axis; (d) comparison between simulation and experimental data in
Z-axis.
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Figure 4. 45 Simulation and experimental data in sensor 2. (a) simulation data
with/without collision avoidance algorithm in x-axis; (b) simulation data with/without
collision avoidance algorithm in z-axis; (¢) comparison between simulation and
experimental data in x-axis; (d) comparison between simulation and experimental data in
Z-axis.
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Figure 4. 46 Simulation and experimental data in sensor 3. (a) simulation data
with/without collision avoidance algorithm in x-axis; (b) simulation data with/without
collision avoidance algorithm in z-axis; (c) comparison between simulation and
experimental data in x-axis; (d) comparison between simulation and experimental data in
Z-axis.
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In our robot system, we use shape optimal algorithm to plan the bent shape of
redundant slave manipulator. Since, the core principle of the algorithm is to drive the
redundant manipulator convex polygon; therefore, the vision of manipulation zone could be
advanced guaranteed.

Acoording to the collision algorithm, the tool manipulator will closest to the boundary
of the surgical cavity. From the comparison between simulation and experiment data in Fig.
4.39~4.41, the surgical manipulator could well track the instuctions in the control algorithm.
Thus, the distance between the surgical manipulator and the boundary of the surgical cavity
can be directly calculated by simulation data, the relation between tip’s bent angle and the
distance between tool manipulator and the surgical cavity is shown in Fig. 4.47. The result
illustrate that the tool manipulator would closet to the boundary of surgical cavity even when

the redundant manipulator bent to a larger angle.

Dis 407
(mm)

4.06

4.05
4.04 l
4.03 *

4.02

401

4 T T T T T T 1
27 27.5 28 28.5 29 29.5 30 30.5

Bent angle (deg)

Figure 4. 47 Relation between tip’s bent angle and the distance that tool maniputor to the
surgical cavity.
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4.6.3 Manipulation without/with Redundant DoF Control Algorithm

In this section, we perform ring transfer task with/without redundant DoF of the
surgical robot. The experimental platform is shown in Fig. 4.48.

Since a single surgical arm consists of a positioning manipulator (4 DoFs) and a tool
manipulator (5 DoFs), therefore, it cannot directly control all the joints by a Phantom Omni (6
DoFs). In this experiment, we fixed the 1st bendable joint and set the initial angle of SCARA
mechanism in the positioning, thus, the number of a single manipulator’s DoF reduces to six.
The manipulation scenes are shown in Fig. 4.49.

Since the 1% bendable joint is fixed at its straight state, therefore, when the left surgical
arm transfer the ring from the proximate pin (pinl and pin2) to the distal pin (pin3 and pin4),
the stem of manipulator will block endoscopic view that navigating user operation.
Futhermore, limited by link length of the single bent joint, the SCARA mechanism was driven
to move into the endoscopic view, shown in Fig. 4.49(c), which leads to a worse visual

feedback.

In order to overcome this drawback, we developed shape optimal algorithm to control

Yendoscopel”
: \ s

Su rgical robot

Ring transfer
setup

Figure 4. 48 Experimental platform for ring transfer.
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Figure 4. 49 Ring transfer task by left surgical manipulator. (a) manipulation at position
pinl; (b) manipulation at pin2; (c) manipulation at pin3; (d) manipulation at pin4.

surgical manipulator, the purpose is to maximum the visual feedback for operator. The
algorithm is referred in section 4.5.2. The example manipulations are shown in Fig. 4.45.

Fig. 4.50 (a)~(d) show the manipulation scense of surgical robot for transferring a ring
between four pins. Fig. 4.50 (e)~(h) show the endoscopic image corresponding to the transfer
task in Fig. 4.50 (a)~(d). Fig. 4.51 (a)~(e) are image of ring transfer task by right manipulator;
and Fig. 4.47 show the image of ring transfer between two surgical manipulator.

Compared Fig. 4.50 (e)~(h) with Fig. 4.49 (a)~(d), the manipulation without optimal
shape algorithm is difficult to drive manipulator avoid blocking endoscopic view

(Fig.4.49(c~d)), however, based on the algorithm, operator can achieve good visual feedback
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Figure 4. 50 Manipulation scenes with surgical robot for ring transfer task by left surgical
manipulator. (a)~(d) ring transfer task between four nails; (e)~(h) endoscopic images
corresponding to (a)~(d), respectively.
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Figure 4. 51 Manipulation scenes with surgical robot for ring transfer task by right
surgical manipulator. (a)~(d) ring transfer task between four nails; (e)~(h) endoscopic
images corresponding to (a)~(d), respectively.
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Figure 4. 52 Manipulation scenes with surgical robot for ring transfer task between both
hands. (a) Image from external camera; (b) Endoscopic images corresponding to (a).

from endoscope even manipulate ring transfer task in the proximal side of the endoscope
(Fig.4.50 (g~h)). Furthermore, according to the optimal shape algorithm, the surgical
manipulators and the endoscope could keep ideal triangle formation. Therefore, it reduces the
manipulation difficulty to user on operation. The optimal algorithm also benefits the
manipulation by right surgical manipulator, shown in Fig. 4.51, and cooperate work by both

manipulators, shown in Fig. 4.52.

4.7 Discussion

In this chapter, the author presented a control strategy for redundant manipulator. The
control strategy consists of clarification of inverse kinematics, shape optimal planning, and
constraints consideration. Three experiments were illustrsted in this chapter. In the first
experiment, the position error of the distal of the tool manipulator is within 1 mm in 2D plane
when loaded within 50 g at the tip. The position error of the distal of the tool manipulator is
within 1 mm in 3D space when loaded within 20 g at the tip. Since the surgical target is
pediatric tissue, the tool manipulator can be simplified as just holding needle in workspace for
fine operation, thus, the surgical robot could be used for accurate manipulation in pediatric
surgery. In the second experiment, the surgical manipulator was inserted into a 30x30x30 mm

workspace, and its distal was driven to bend a 30° in xoz plane. The experiment result show
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the slave manipulator (positioning manipulator + tool manipulator) could well track the input
and avoid collision with boundary of surgical cavity by using the proposed algorithm.
Therefore, it could improve the operability and safety by controlling the redundant joints in
narrow workspace; the third experiment demonstrated that the redundant joints with the

proposed algorithm can improve the operability under master-slave control architecture.
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Chapter 5

Handedness Control with

Pediatric Surgical Robot

5.1 Introduction

Teleoperation, also known as master-slave control, is widely used in robotic surgical
systems. It provides beneficial results via taking advantages of less restriction by space in
operation room (OR), reduced fatigue of operators because of ergonomic input devices,
reduced surgical trauma to patients with dexterous instruments. Most teleoperation robotic
surgical systems are composed of a visual module for visual feedback and slave arms for
tissue manipulation, while the visual module and the slave arms following a triangle
configuration. Guided by the visual feedback, a user manipulates the left input device to
control the left slave manipulator, which is shown in the monitor. The correspondence
between right input device and right slave manipulator shown in monitor is the same as that of
the left side. However, in some surgical procedures, the right-handed operator, suffers from
unnatural posture such as holding a needle with the left hand for stitching in suturing task.
Therefore, current surgical systems are still restrained by the requirement of comfortable
operation. This chapter illustrate the novel eye-hand coordinate for surgical assistance, which

can let the user maintain to use their preferred hand to perform important task on surgery.
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5.2 Handedness Control

5.2.1 Handedness

Handedness is a better (faster or more precise) performance or
individual preference for use of a hand [101]. Handedness is not a discrete variable (right or
left), but a continuous one that can be expressed at levels between strong left and strong right

[102] [103] [104].

5.2.2 Hypothesis

In the typical teleoperation surgical robotic system, surgeons steer two input devices
in a console, the slave manipulators move with a velocity proportional to the user input
movement.

Generally, two slave arms are inserted into the surgical site in MIS. The
correspondence between user input and slave manipulator is set up before an operation. The
dual slave manipulators are assigned different tasks on surgery. However, in narrow
workspace such as the esophagus anastomosis in the infant esophageal atresia surgery, it is
difficult to perform suturing task in both sides of esophagus, even in open surgery. For
example, to a right handed user, a right slave manipulator will be used to hold a needle for
stitching movement, and the left slave manipulator will be fitted with a gripper to grasp tissue
on a suturing task. However, a cut must be stitched from both sides in a suturing task. Users
cannot always use their handedness to do important procedures. Sometimes, the left
manipulator is employed to hold the needle to stitch the cut. In this case, the operator should
use the unskilled hand for an important task, which increases the risk of surgery accident,
shown as Fig. 5.1.

In order to overcome this limitation, two visual modules are introduced for visual
feedback. The two visual modules are located at both sides with respect to the plane, which
contains both slave arms, as shown in Fig. 5.2.

Fig. 5.2 shows a right-handed operator performs a right stitching task by using his/her
left hand to catch a needle, and positioning the tissue controlled by his/her right hand.
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however, at the current state, the user expect the correspondence between the master input and
the slave manipulator could be exchanged, therefore, he/she can still use the preferred hand to

catach the needle for performing surgical intervention.

left stitch right stitch

/ 4

monitor

 §
4—»-,,

Slave system

hand
eye '

operator

operator

Suppose: Right-handed user

Figure 5. 1 Correspondence between master input and the slave manipulator in the master-
slave robotic system.

‘ right stitch g\ right stitch ’

Original view Expected view

% Slave system % Slave system

phantom
hand
eye

Suppose: Right-handed user

- "

surgeon surgeon

Figure 5. 2 Expected manipulation manner at unnatural work task.
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Figure 5. 3 Mode switch when working at unnatural state. a). configuration between
endoscope and the slave manipulators; b). correspondence between master input and the
slave manipulators; c). dialogarm of hand’s correspondence and visual module exchange.

5.2.3 User Interface and System Control

In order to overcome this limitation, two visual modules are introduced for visual
feedback. The two visual modules are located at both sides with respect to the plane, which

contains both slave arms, as shown in Fig. 5.3.
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Handedness control
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Figure 5. 4 Control frame for handedness control with surgical robot. left U: left user input;
right U: right user input; left S: left slave manipulator; right S: right slave manipulator.

As shown in Fig. 5.3, the slave manipulators with the front camera or the back camera
provide different triangle configurations. Therefore, when the right handed operator has to use
the left hand for important tasks under the visual feedback from the front camera, the control
system will switch to the back camera for visual feedback and exchange the correspondence
between the master user input devices and the slave manipulators. Based on this conversion,
the operator could always use his or her preferred hand for important tasks even while
performing a task with an unnatural configuration. The control artchitecture is shown in

Fig.5.4.
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5.3 Handedness Control Experiment with Pediatric

Surgical Robot

5.3.1 Handedness Control for Ring Transfer Task

In this session, we performed experiment to verify the feasibility of exchange of
correspondence between master input and slave manipulator. The experimental setup of
robotic platform is shown in Fig. 5.5. Operator bimanual two Phantom Omni (SensAble Tech,
USA) [105] to telecontrol the slave manipulator while guided by visual feedback from
endoscope.

The function of the four foot pedals (No.1~4) correspond to emergency, normal,
exchange, start command respectively. The surgical robot will be driven to transfer a ring

between four pins. The configuration of the task is illustrated in Fig. 5.6.

p a;’sn‘.’

No.3 Foot pedals
No.4

Figure 5. 5 Experiment setup.
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Back
exndoscope

(b)

Figure 5.6 Configuration of ring transferring task with handedness control.(a) operation
sence; (b) location between slave arm, endoscope, and pin.

Figure 5.7 Image of ring transfer task by user’s preferred hand (yellow frames are
endoscopic view).(a) operation at pin 1; (b) operation at pin 2; (c) operation at pin 3; (d)
operation at pin 4.
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In this experiment, a right-handed user was asked to transfer a ring among four pins
with his preferred hand. The scene image and the endoscopic image are shown in Fig. 5.7.

When the operator uses his preferred hand to operate right slave manipulator to
transfer ring between pin 1 and pin 2, the distal of the driven manipulator is always located at
the same side as the configuration of body’s hand (Fig. 5.7(a-b)). However, when transfer ring
between pin 3 and pin 4, the operator should drive the manipulator to the oppsite side for
manipulation (right side to left side in this experiment) or must use left hand to do task
(Fig.5.7 (c-d)). The large span manipulation leads to the worse visual feedback of surgical
sence which shielded by the manipulator. Therefore, when the task is not in user’s preferred
side, the user could exchange the correspondence between the master, the slave and visual
module referred in section 5.2.3. Therefore, the operator can always use his preferred hand for

operation. The result is shown in Fig. 5.8.

Figure 5. 8 Manipulation sence after exchange of the correspondence between the master,
the slave and visual modules. (a)-(b) endoscopic view of operation at pin 3 and pin4; (c)-(d)
manipulation sence at pin 3 and pin 4.
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In Fig. 5.8, the ring was still transferred between pin 3 and pin 4. However, the left
slave manipulator was driven to finish this task. According to the exchanged correspondence,
the operator still use his/her right hand to manipulate right phantom, and the right slave
manipulator was working in the monitor.

We divide the task into three segments: first, transfer the ring in the preferred side by
operator’s dexterous hand control (pin 1 and pin 2); second, transfer the ring in the oppsite
side by operator’s unskilled hand control (pin3 and pin 4); third, transfer the ring in the
oppsite side by operator’s dexterous hand control (pin 3 and pin 4). In the first and the second
task, the master input and the slave manipulator are with normal normal correspondence (left
master input corresponds to left slave manipulator; right master input correspond to right
slave manipulator). In the third task, the master input and the slave manipulator are with
exchanged correspondence (left master input corresponds to right slave manipulator, right
master input corresponds to left slave manipulator). Each task was performed by five trails.

The time taken to complete the transfer tasks is shown in Fig. 5.9. The experimental result

Time taken to complete the three tasks

t(s) 14

12

10

task| taskll task 1

Figure 5. 9 Time taken to complete the three tasks by five trails.
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demonstrated that user’s performance are almost same in task I and task III, and the average

time taken in these two tasks are obviously shorter than that in task II.

5.3.2 Handedness Suture Manipulation in Narrow Workspace

In the surgical intervention for ICEA surgery, surgeon should perform stitching work
on both sides of the separated esophagus in a 30x30x30 mm narrow workspace. Generally,
people have preferred hand use between their both hands. Therefore, when a surgeon hold
needle to suture the separated esophagus, he/she should stand on both operation table in turn
if keep using preferred hand, otherwise, he/she should use the unskilled hand to hold needle
for stitching. In order to provide surgeon a comfortable operation manner during surgery, the
author proposed a robotic system with handedness control to assist surgeon.

Fig. 5.10 shows the platform of robotic system working on a 30x30x30 mm narrow

T | - i | 'R
4 e , Jf' T
= rl ‘ .;"i

»
SR -

Control box

=
g Seray il 3
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Surgical robot =t

4 Phantom
Y Omni

a

Figure 5. 10 Experimental setup of handedness control for suture task.
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space model.

A right-handed engineering student without any medical background will operate the
pediatric assist surgical robot to complete suture task on an esophageal model. When the user
suturing on the right side of esophageal model, the master input and the slave manipulator of
the robotic system is under normal correspondence. Therefore, the imge in monitor will show

the right slave manipulator hold needle for stiching while the operator use his right hand to

\

Right slave manipulator W Risht slave manipulator

@) o)

Needle

Figure 5. 11 Suture manipulation on the right side by right slave manipulator with right
Phantom Omni. (a) manipulation sence from external camera; (b) visual feedback from
endoscope; (c¢) suture result on the esophageal model by right slave manipulator.
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manipulate the right master input. The manipulation on the model is shown in Fig. 5.11.
When suturing on the opposite side of the separated esophagus, the operator would
like to use his preferred hand (right hand) to hold needle for stitching. As shown in Fig. 5.4,
by stepping foot pedals 2 and foot pedals 3, the correspondence will be converted between the
normal and the exchanged manner. Therefore, the operator can always use his preferred hand
to hold needle to suture on both sides of the separated esophagus. The operation sences are

shown in Fig. 5.12. The suture result by the left slave manipulator is shown in Fig. 5.13.

left slave ) left slave
manipulator - (b) manipulator

left slave left slave
manipulator manipulator

Figure 5. 12 Suture manipulation on the left side by left slave manipulator with right
Phantom Omni. (a) sence of left Phantom Omni manipulate left slave manipulator; (b)
sence of right Phantom omni manipulate left slave manipulator; (c) visual feedback of

endoscope in (a); (d) visual feedback of endoscope in (b).
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needle

L

|

Surgical cavity

left slave
manipulator

Figure 5.13 Suture result on the esophageal model by the left slave manipulator.

5.4 Discussion

In this chapter, the author illustrated robot user’s operation manner under master-slave
control architecture. Considering the difference of proficiency between human’s both hands,
the author proposed a novel application to release robot operator’s burden. In the control
system, we developed an algorithm that the correspondence between the master input and the
slave manipulator can be exchanged based on the priority of hand’s proficiency. Therefore, it
gurantees the robot user can always manipulate surgical intervention with preferred hand on
operation.

Two experiments are presented in this chapter, in the first experiment, operator control

the pediatric surgical robot to transfer ring between nails on a 30x30 mm square model. By
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comparing the time taken to complete the three tasks, the handedness control mode could save
operation time by using preferred hand to manipulate the opposite transfer task.

In the second experiment, a suture manipulation was performed in a 30x30x30 mm
narrow workspace by using the pediatric surgical robot under handedness control. The
experiment result demonstrated that robot operator could always use his/her preferred hand to

do important task at suture intervention.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this research, our goal is to develop a surgical robot system, which can assist
surgeon perform tissue intervention in narrow workspace. For the final goal, firstly, the author
presents the detailed mechanism design of the pediatric surgical robot, and illustrates the
kinematics and inverse kinematics computation. Subsequently, the author proposes an
algorithm for optimizing the inverse solution for redundant manipulator. Finally,
corresponding to the visualization and operability of master-slave control architecture, the
author presents a novel application for reducing operation difficulty in bimanual manipulation

under master-slave control system.

6.1.1 Master-slave Pediatric Surgical Robot for Narrow Workspace

In chapter 3, the author presented a surgical robot to assist surgeon perform tissue
intervention in narrow workspace for pediatric surgery. The surgical robot consists of two
main parts: two slave arms and two visual modules. Each slave arm is composed of a
positioning manipulator and a tool manipulator. The positioning manipulator, having 4 DoFs
in total, consists of a SCARA (Selective Compliance Assembly Robot Arm) and a screw-pair

mechanism. It can achieve three translational movements in 3D space. The positioning
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manipulator is held at the distal of the SCARA mechanism. The use of the SCARA
mechanism make the serial joint can be independently controlled. The tool manipulator, with
an external diameter of 8§ mm, having 5 DoFs in total, consists of two bendable segments (2
DOFs for each) and a rotable gripper. Each bendable joint including “double screw drive
(DSD) + universal joint” structure is used to realize two bending movements, which are
orthogonal with each other. The combination of two bendable joints guarantee the distal of the
tool manipulator can achieve dexterous arbitrary orientational bending motion. The two visual
modules located at both sides of the work frame, where the slave arms located. There are two
combinations between the visual modules and the slave arms, alternative selection ensure

surgical robot user can perform handedness manipulation.

6.1.2 Control Strategy of Redundant Manipulator in Narrow Workspace

The author computed forward/inverse kinematics of the redundant surgical
manipulator. The simulation results demonstrate the surgical robot can cover a 30x30x30mm
space, which is created for pediatric surgery. Corresponding to the geometric dimension of
pediatric surgical robot, the author built a co-simulator in Adamas/Matlab. Since the surgical
robot aims to be operated in narrow workspace (30x30x30 mm), therefore, the collision
between the surgical manipulator and the boundary of surgical cavity should be avoided
during operation. The changes of robot’s joints during the tool manipulator performing
obstacle avoidance were analyzed in co-simulation, the simulation results indicate that each
robot’s joint can be smoothly controlled when imposing a disturbance on the redundant joint.
Combining visualization and operability, a shape optimal algorithm for controlling the
redundant manipulator is developed, which drive the dual arms and the endoscope to satisfy
eye-hand triangle formation during manipulation. Three experiments are performed to verify
the performance of pediatric surgical robot. In the 1% experiment, the tool manipulator was
driven to bend 45°, while the positioning manipulator was fixed. Since the utility of universal
joint in the bendable joint, therefore, the max error of the tip of the manipulator is up to 3 mm.
By compensating the backlash of the universal joint, the tool manipulator can reach
positioning precision within 1mm. In the 2™ experiment, the surgical manipulator was driven

into a 30x30x30 mm surgical cavity, and the tip was forced to bent 30° in order to satisfy eye-
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hand triangle formation, the experiment data show that combination of positioning
manipulator and the tool manipulator can well track the master’s instruction. In the 3™
experiment, the author manipulate pediatric surgical robot without/with redundant DoF
control algorithm. The visual feedback demonstrates that utility of redundant DoF control

algorithm can get better visual field and closest to eye-hand triangle formation.

6.1.3 Handedness Control with Pediatric Surgical Robot

Considering the proficiency of hand use for surgeon, a novel method to offer surgeon
for an easy operation with skilled hand was presented in chapter 5. Corresponding to the
configuration of the master-slave surgical robot system, a control algorithm that can
alternatively match the correspondence between the master input, the slave arms and the
visual module depending on the surgical task was illustrated. The goal aims to guarantee the
robot user could maintain preferred hand use for important task even at the moment that the
unskilled hand should be used for operation in normal correspondence of robot system. The
experiment result with pediatric surgical robot verified the effectiveness of the proposed

control system.

6.2 Future Work

In this overall research, the author developed a surgical robot to assist surgeon to
perform tissue manipulation in narrow workspace for pediatric surgery, and proposed a
control strategy to map the trajectory of the slave manipulator. As the future work, the
pediatric surgical robot still have improvements in the following points:

1. Construct the power transmission model to compensate the precision loss of the
bendable joints in 3D bent motion when loaded at the distal of the tool manipulator.

In this thesis, the author developed a tool manipulator with external diameter of 8§ mm.
The tool manipulator includes two segments of bendbale joints, which consists of two
bending linkages and one base linkage. The bending linkage, connected with motor by a

flexible shaft, is composed of a left-handed screw, a universal joint and a right-handed screw.
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By rotating the bending linkage, the left-handed screws and the right-handed screw will “bite”
into or “retreat” from the nut simultaneously, which will drive the distal of the manipulator
bend based on the base linkage. Currently, the author use experiment to verify the
manipulator could obtain high position accuracy in 3D bent motion when loaded within 20g at
the tip. When the load suspasses 20 g, the flexible shaft will be deformed due to the stall
torque created by the friction in screw pair.

In order to fit heavier load for accuracy position control, the power transmission
model should be constructed. By modeling the power transmission path, the controller sends
out appropriate conpensation signals to the corresponding motors.

2. Image processing for smooth transition when the visual module exchanged in
handedness control.

In the handedness control system, two visual modules are located at both sides with
respect to the plane, which includes the two tool manipulators. When the correspondence
between the master Phantom Omni and the slave manipulator changed, the visual module
capturing surgical sence image for visual feedback will directly be exchanged corresponding
to the master/slave match. In order to reduce the visual mutation for surgeon, image
processing for smooth transiting the image in monitor when the visual modules exchanged
will be considered.

3. Evaluate pediatric surgical robot by in vivo experiment.

The surgical robot system should be performed in the in vivo experiment to verify the
benefits of dexterous manipulation and the function of the handedness control.

4. Spread the control strategy and the handedness control for other surgical robot

systems.
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Appendix A

Aurora System
(Aurora V3, NDI)

A.1 Description

Aurora V3 is manufactured by Northern Digital Inc.(NDI), Ontario, Canada. NDI is a
global measurement technology systems, with over 45,000 installations worldwide. Today,
the Polaris® optical measurement system, Aurora® and 3D Guidance® electromagnetic

tracking systems are trusted by the industry’s top medical equipment manufactures.

A.2 Important Feature

e Geometric dimension (in mm): ¢1.8x9

o Degree of Freedom: 6
e Measurement rate: <40Hz
e Metal resistance: cobalt-chrome alloy, steel DIN 1.441, titanium (TiA16V4), 300

series stainless steel
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A.3 System Component

® Field Generator
® System Control Unit (SCU)
® Sensor Interface Unit (SIU)

Serial cable to host computer

System Control Unit

Field Generator —
g —— e ———
\

\—/-'-)
- Sensor Interface Unit //—’/
—

.
-

Tool containing sensors

Figure A. 1 Aurora system.
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A.4 Mesurement Volume

Figure A. 2 Aurora system measurement volumes.

A.5 Aurora System Accuracy

Table A- 2 Cube volume- position errors

SDOF 6DOF
Position Errors RMS {mm) 95% CI (mm) RMS (mm) 95% Cl (mm)
Position Accuracy 1.4 2.6 0.9 .8
Position Precision I.1 2.1 0.7 )
Position Trueness 1.0 1o 0.7 1.2
Table A- 1 Cube volume- orientation errors
5DOF 6DOF

Orientation Errors RMS (%) 95% CI (°) RMS (°) 95% CI (°)

Orientation Accuracy 0.3 0.5 0.4 0.6

Orientation Precision 0.1 0.2 0.2 0.4

Orientation Trueness 0.3 0.3 0.4 0.6
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Posion Exior [mm]

Onentation Erfor [deg]

Accuracy RMS
Precision RMS
Trueness RMS
Accuracy 85% ClI

60
Sensor Orientation [deg]

T 200
Sensor Distance [mm]

Figure A. 3 System accuracy (6DoF sensor)
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Super Extra Fine 2.9mm
Industrial Video Borescope
(HNL-2.9CAM, SPI ENG Co,, Ltd)

B.1 Description

SPI ENGINEERING Co., Ltd, specializes in industrial video endoscopes by using

CMOS camera and image processing technologies.

B.2 Main Feature

e Geometric dimension (in mm): ¢2.9

« Pixels: 160,000
e 2 High-Intensity white LEDs
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B.3 Specification

Table B- 1 Specification of HNL-2.9 CAM

Mode| HRL—2 90 Ak

Sen=or 1107 SO S Sensor

Fesoltions 400 = 400

Light Source 2'White LED= (Adjustable LED intensityw)
Ciamera probe

diameter 28mm

fhegke of wiew 30 deegrees

Focal Distance foproximately 0.19% (Smm)

Frobe Leneth 3281t {1m) *Extendable up to 9. 841 (3m)
Tube Mone (PYWC electric cable)

High-Quality Imaging Sensor
Employed with No Fiber

Figure B. 1 Super extra fine 2.9 mm industrial video borescope.
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Appendix C
PHANTOM Omni

(SensAble Technologies, Inc.,
USA)

C.1 Description

The sensible Technologies PHANTOM product line of haptic devices makes it
possible for users to touch and manipulate witual objects. The PHANTOM Omni
mode is the most cost-effective haptic device available today. Protable design,
compact footprint, and IEEE-1394a FireWire port interface ensure quick installation

and ease-of-use.

C.2 Highlighted Feature

o Six degree-of-freedom positional sensing
o Protable design anf compact footprint for workplace flexibility

e Stylus-docking inkwell for automatic workspace calibration
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C.3 Specification

Table C- 1 Specifications of Phantom Omni

Nominal Position Reseclution » 450 dpi ~0.055 mm

Workspace ~54wx48h = 160w x 120 h x 70 d mm
x28din

EBackdrive Friction < 1oz <026N

Maximum Exertable Force 0.75 Ibf 33N

Continuous Exertable Force (24 hrs) » 0.2 IbF 08BN

Stiffness

X axis > 7.3 |bsin
Y axis > 13.4 Ibs.fin
£ axis » 5.9 1bs./in

X axig » 1.26 N/ mm
Y axis » 2.31 N/mm
£ axis » 1.02 N/mm

Inertia (apparent mass at tip)

~ 0101 Ibm

~45g

Footprint ~ES8wxB8din ~ 168 w x 203 d mm
Waight* Jlbs 150z ~1.47 kg

Operating Temperature 50° to 95°F 10° to 35°C
Storage Temperature -40* to 149°F -40* to 65°C

Relative Humidity

20% to B0% (nencondensing)

Force Feedback

3 degrees of freedom (x, v, 2)

Position Sansing

X, v, Z (digital encoders)

Pitch, roll, yaw (£ 5% linearity potentiometers)

Interface

IEEE-1394 FireWire® port

Input Voltage

100-240 VAC (Use supplied power supply only AD-740-1180)

Input Frequency

50-80 Hz

Input Current

14

Warranty

Three months

* Does not include power supply or cables.
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