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Preface

Within the past twenty years, the field of robotics has been finding
many areas of applications ranging from space to underwater explo-
rations. One of these areas which is slowly gaining popularity among
the users group is the notion of service robotics. This book is an in-
vestigation and exploration of engineering principles in the design and
development of mechanisms and robotic devices that can be used in the
field of surgery. Specifically the results of this book can be used for
designing tools for class of Minimally Invasive Surgery (MIS).

Generally, Minimal Invasive Surgery (MIS), e.g. laparoscopic surgery,
is performed by using long surgical tools, that are inserted through small
incisions at the ports of entry to the body (e.g. abdominal wall) for
reaching the surgical site. The main drawback of current designs of en-
doscopic tools is that they are not able to extend all the movements and
sensory capabilities of the surgeon’s hand to the surgical site. By im-
proving surgical procedures, training, and more practice, it is possible
for surgeons to reduce completion time for each task and increase their
level of skill. However, even in the best cases the level of performance
of a surgeon in Minimally Invasive Surgery is still a fraction of the con-
ventional surgery. Any dramatically improvement is usually driven by
introduction of new tools or systems that in turn bring totally new pro-
cedures and set of skills. This book studies problems associated with
MIS (e.g. laparoscopic surgery), and related tools, which leads to new
designs, prototypes, and developments of new tools and systems that
can improve the surgical performance.

From an engineering stand point this book addresses problems asso-
ciated with such surgery and ¢asts them based on engineering design
principles. The approach taken here can be followed for developing any
similar mechanisms, robotic device or man/machine systems which are
applied. to confined and restricted work-volumes. In addition, the ap-
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proach taken in this book is very general, so it can be used in the mechan-
ical design, optimal design, mechatronics systems and robot trajectory
planning and control.

This book studies some of the problems associated with laparoscopic
surgery, and its primary objectives and motivations are classified in two
major categories : a) dexterity enhancement, and b) remote manipula-
tion. The first class based on dezterity enhancement leads us to new
designs, prototypes, and developments that can improve the surgical
performance, in the themes outlined below.

Adding Dexzterity through the Design of Laparoscopic Stand: Position-
ing of tools, and keeping them in a fixed configuration is a routine task
in laparoscopy. This is usually done at the cost of having an assistant
surgeon in the operating room, which can also cause crowding of the
room. An alternative would be the use of a positioning stand. This
patented design provides a resting frame for the surgeon as well as a
rigid base for the end-joints to be moved and locked in a much more
controlled manner.

Adding Dexterity by using Flexible Stem Graspers: The present rigid-
stem laparoscopic tools provide only 4 degrees of freedom and lack 2
rotational movements at the surgical site. The challenge and difficulty
lies in creation of rotary joints on a stem, with only 10 mm diameter,
which have to be actuated inside the body. There are three basic designs
that are studied. The first one is a single-joint design based on a 4 bar-
link actuation mechanism, the second design is a multi-revolute joint
design which is actuated by screw mechanisms, and the last one is a
multi-spherical joint design actuated by tendon-like wires.

Adding Dexterity through the application of Semi-Automatic Devices:
One of the most difficult tasks in laparoscopy is the suturing task. The
new patented design allows the task to be performed semi-automatically
faster and easier. It comprises a needle with a circular arc shape, that
is moved in a circular path. The movement is provided manually by
continuous motion of one finger, and the surgeon has control over the
needle in the circular path both in terms of its position and direction of
movement. The external diameter of prototyped model is 33 mm, which
is further miniaturized to 12 mm diameter for laparoscopic applications.

The second class of designs is related to developments which increase
the ability of the surgeon in the remote manipulation of the surgical
tissue.

Grasper with force reflection: In laparoscopic graspers, the grasping
force is sensed poorly at the hand of the surgeon. This is mostly due to
friction, backlash and stiffness of all the intermediate mechanical link-
ages. The design and development of a grasper with force reflection is
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presented by using a tunable spring design. Experimental results have
shown the practicality of such design concept.

Robotic Eztenders for Laparoscopy: The direct hand control of laparo-
scopic tools through incision points is unnatural, remote, and physically
demanding for the surgeon. Improvements in surgical dexterity, compa-
rable to the level of open surgery, are studied through the application of
various robotic extenders. The proposed robotic extenders can be used
either as automated positioners(e.g. for changing the angle of laparo-
scopic tools to a desired orientation), or as the slave arm in tele-operation
systems.
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Chapter 1

INTRODUCTION

Since 1990, the field of Minimally Invasive Surgery (MIS) has expe-
rienced a period of rapid developments as an alternative to the conven-
tional open surgery(5]. In this method (MIS), the monitoring endoscope
and surgical instruments are fed through small incision points into the
body. Historically, the application of endoscopes for visual examination
of internal organs, such as colonoscopy, has a long history which dates
back several centuries[36]. However, MIS (also known as endosurgery)
evolved from the traditional endoscopy by using other surgical equip-
ments in conjunction with the endoscope to not only examine, but also
to perform surgical operations on different parts of the body. This has
resulted in the emergence of many fields within the endoscopic surgery,
such as arthroscopy, angioscopy, and laparoscopy (Table 1.1).

The field of laparoscopy is related only to operations performed on the
abdominal part of the body which are (or are becoming) the preferred
approach by general surgeons for many procedures. For example, laparo-
scopic cholecystectomy is now the treatment of choice in all patients with
symptomatic gallstone disease who in the recent past would have been
offered open cholecystectomy (the first successful laparoscopic cholecys-
tectomy was performed by Mouret in Lyons, France, in 1987 [55]).

This shift from open surgery to MIS (e.g. laparoscopy) is mainly due
to the following reasons:

m Shorter recovery time
m Lower risk of infection
m Less pain/ trauma for the patient

= Reduction in hospital stay/cost
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Table 1.1. Some of the fields of endoscopic surgery, and laparoscopic procedures.

Field Procedure Description

Colonoscopy Examination and tumor identification
in rectum and colon

Arthroscopy Examination and repair of skeletal or
joint disorders

Angioscopy Examination and un-clogging of blood
vessels
Laparoscopy  Cholecystectomy Endoscopic surgery performed on
Inguinal hernia repair abdominal organs
Appendectomy Gall bladder removal
Colectomy Repair of hernia

Removal of vermiform appendix
Removal of part or all of the colon

On the other hand, the percentage of cases in laparoscopic surgery which
have lead to complications, and mortality are in the reasonable low
ranges of 4-5%, and 0.1% respectively[5][62].

1. TYPICAL SET-UP FOR LAPAROSCOPIC
SURGERY

There are several possible arrangements for any laparoscopic proce-
dure[66], however the set-up shown in Fig. 1.1 can be considered as a
typical arrangement used for many different procedures[55]. In the set-
up, the surgeon stands on the side of the patient while camera holder
is on his/her left, and the chief assistant and the nurse standing on the
opposite side of the bed. There are usually one or two monitors placed
on mobile stands at eye level, so everyone has a clear view of the surgical
site(Fig. 1.1) where the dissected organ is located. The light source, the
camera control box, the insufflator, and the suction/irrigation systems
are placed on the lower racks of the monitors stands for clear view and
monitoring during the operation.

The arrangement in the operating room described above, considered
as the external set-up(Fig.1.1), is greatly influenced and dictated by the
internal set-up at the surgical site(Fig.1.2) for each specific procedure
[36]. Usually, in addition to the single incision point for the laparoscope,
at least two or more incision points.are made on the abdomen for other
surgical tools such as graspers, needle drivers, or scissors (Fig. 1.2). The
incision point on the abdomen should be sealed around the surgical tool
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Suctionf
irmigation
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Insufflator
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Surgeon
Camera operator
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Figure 1.1. The laparoscopic external set-up in the operating room.
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Figure 1.2. The laparoscopic internal set-up on the abdominal region.
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with minimal contact friction. This function is provided by the trocar
at the port of entry. In order to create the work-space at the surgical
site, carbon dioxide gas (CO;) is supplied at a safe pressure level by
the insufflator through one of the trocars[36]. The light system consists
of a source connected to the laparoscope by a light fiber-optic cable.
Visualization of the illuminated peritoneal cavity is achieved by a video
camera at the end of the laparoscope that relays the image to video
monitors.

Generally, selecting the location of the port of entry for the laparo-
scope with respect to the other ports of entries(for other tools) is crucial.
For example, in cholecystectomy and appendectomy the locations of the
incision points are indicated in Fig. 1.3 (where point 1 is for the laparo-
scope, and points 2, 3, and 4 for other surgical tools/instruments)[13]
(68](85]. However, generally in any procedure, the angle between the
laparoscope and the surgical tools must not exceed 45°. Otherwise there
would be a great decrease in the dexterity of the surgeon due to the loss
of hand-eye coordination[87]. To avoid this, the two ports of entry for
hand tools(e.g. points 2, and 3, Fig.1.3b) when connected to the port of
entry of laparoscope(point 1), forming a triangular configuration, must
be proportionally similar and its orientation should correspond to the
natura] triangle connecting the surgeon’s two hands to his eyes location
[62].

2. SURGICAL PROBLEMS IN
ENDOSURGERY

There are basically three categories of problems in endosurgery: a) Vi-
sual problems, b) Movements of hands/tools, and c) Force/tactile sens-
ing, which are described in the following sections:

2.1 VISUAL PROBLEMS

Laparoscopes generally use a video system where the visual informa-
tion is obtained through a long tube (about 10 mm in diameter and 300
mm in length)[32]. Two types of camera systems, prozimal and remote,
are available. In the proximal type, the CCD array is located at the tip
of the tube and signals are transmitted through the laparoscope, while
in the remote type, the 2D image is transmitted through fiber-optics or
lenses to the other end of laparoscope where the CCD camera is located.
Both types provide a clear field.of view up to 60°. Beside problems asso-
ciated with capturing a clear image, there are many unsolved problems
[32](87] such as:
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a)Cholecystectomy b)Appendectomy

Figure 1.3. The location of ports of entry for cholecystectomy and appendectomy
procedures.

m Lack of stereo-scopic view : In the case of 2D vision systems, even
for simple positioning tasks with endoscopic tools, it takes almost
twice the time to perform under direct monocular vision compared
to direct binocular vision, and it is even longer (almost 3 times) under
the laparoscope viewing condition[60].

» Limited field of view : Due to the size limitation of the monitor, as
well as the field of view of the laparoscope, the image does not give
the natural 150° field of view of human eyes. Therefore the view
is not perceived as a natural one, and does not provide a normal
working environment for the surgeon to perform the surgical tasks

[87][66].

s Limited resolution : As a trade-off, the visual resolution could be
increased by decreasing the field of view of the laparoscope. However,
in this case the resulting resolution is determined by the resolution of
the monitor, which is much lower than the resolution of human eyes
viewing from a distance[87].

m Limited contrast and color fidelity.
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There have been some technological advancements in the application
of 3D vision systems in the endoscopic surgery. 3D stereo endoscopes
available on the market, from quite a few different manufacturers, have
improved the depth perception and consequently performance [60]. How-
ever, this kind of vision system requires the surgeon to wear special
eye-pieces which might not be convenient for some.

On the other hand, there are some practical considerations that if
taken into account, can improve the performance greatly. a) Position
of the monitor: The distance of the monitor from the surgeon should
be arranged so that the angle of view of monitor is the same as the
angular field of view of the laparoscope. b) Position and orientation
of the laparoscope: It is important to adjust the axial position of the
laparoscope for the optimum resolution/magnification. On the other
hand it is even more important to select the proper incision points for
the laparoscope to give the natural viewing angle of the surgical site
and surgical tools(see Sec.1, Fig.1.3). Also, to have the proper viewing
orientation on the monitor, the laparoscope should be able to rotate
around its central axis, so that the general orientation of the vision on
the monitor would be the same as the vertical orientation of the surgeon.

2.2 MOVEMENTS OF HANDS/TOOLS

The requirement to perform the operation through small incisions lim-
its the available surgical movements, as well as the degrees of freedom
[66]. In general, the incision point and the trocar act as a spherical
joint on the abdominal wall that allows only three rotational move-
ments(around axes X, Y, and Z, Fig.1.4) and one axial movement(along
Z axis) at the joint[32]. The inherent problems associated with this
spherical configuration of movements are :

» Reverse Motion: The pivoting of the tool around the incision point
causes the effect of reverse motion at the handle. This means for
example when tools tip should move to the right, the surgeon must
move his/her hand to the left. It is a matter of long training and
practice to get used to this unnatural reverse motions.

» Movements Scaling: The ratio of the movement of the tool(AT) to
the movement of the hand (AH) is determined by the distance of the
incision point to the surgical site (i.e. L1 the length of tool inside
the body, Fig. 1.4) divided by the outside length of the tool (i.e. L2)
(32].

AT L1

=5 (1.1)
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Figure 1.4. The movement of laparoscopic grasper around the incision point.

Therefore, depending how much of the tool is inside the body, the
scaling factor of movements varies. This causes the surgeon to be
constantly in a state of uncertainty about the amount of required
movements, and as a result often makes mistakes in precise move-
ments.

» Fized Orientation: Basically, for the proper manipulation of the tis-
sue and the suturing needle, 3 degrees of rotational movement are
required at the surgical site (in addition to the available 3 DOF for
the positioning). With the current design of tools with a rigid stem,
only one rotational movement around the axis of the stem is possi-
ble. Especially in the case of complicated tasks (e.g. suturing), the
importance of the tool’s orientation at the surgical site is prominent.
For example, under identical experimental conditions(for both the di-
rect binocular vision and the indirect endoscopic vision[87]), suturing
a square knot with laparoscopic tools took almost twice as long as
hand tools used in open surgery.
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2.3 FORCE/TACTILE SENSING

Force sensing at the tip of a surgical tool is an important feature
for the more efficient and safer performance of tasks such as: cutting,
testing, moving, and suturing tissues. Due to the length of laparoscopic
tools, and the presence of friction and backlash in its linkages, forces
are transmitted very poorly to the hand[66][67] [82][83]. In addition, the
lever effect of the tool around the incision point changes the magnitude
and the direction of these forces (F2/F1 = L1/L2, Fig. 1.4).

Also the tactile sensing is important for sensing the surface texture,
and detecting small movements such as pulses in an artery. In laparo-
scopic tools all of the information is lost and only the grasping force
of the tool is sensed to some extent by the surgeon. Of course even in
this case, its magnitude and stiffness is altered by all the intermediate
mechanical linkages[22][82][83][90].

3. RESEARCH OBJECTIVES

The scope of problems mentioned in the previous section provides the
motivation for research in various fields such as:

1. Mechanism and machine design

2. Man-machine haptic interface

3. Robotics and tele-operation

4. New sensor and actuator technologies
5. Optics and endoscopic vision systems

6. Task analysis(time and motion studies) of laparoscopic procedures

However, the focus of this book is within the first three themes which
address some of the issues and problems described in Sec.2.2 (movements
of hands/tools), and Sec.2.3(force sensing).

Within the above-mentioned research themes, the primary objectives
and motivations of this book are classified in two major categories: a)
dexterity enhancement, and b) remote manipulation, which are described
in the following sections.

3.1 DEXTERITY ENHANCEMENT

Even with extensive training and practice, the dexterity of the surgeon
in laparoscopic surgery is a fraction of that in open surgery when using
the current design of tools and systems[87]. This could be improved by
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enhancing the current design of surgical tools, and techniques, as well
as introducing new designs.

Generally, equipments used in the laparoscopic surgery can be divided
into two categories of : I) external equipment (which provides support for
the surgeon without being directly used inside the body at the surgical
site, e.g. the bed, tables, anaesthetic machine, etc.), and II) internal
instruments (which are used or applied inside the peritoneal cavity, e.g.
laparoscope, grasper, needle, etc.). In this regard, new tools/devices
for dexterity enhancement can be developed with ezternal or internal
functionality types as follows:

= Adding External Dexterity Through the Design of Laparo-
scopic Stand

In order to perform laparoscopic surgery efficiently for a long period
of time, there is a need for a proper working environment for the
surgeon to perform surgical tasks[23][26] [28]. The laparoscopic posi-
tioning stand provides the ezternal support which helps the surgeon
to perform the tasks with more ease and dexterity(Ch.2).

» Adding Internal Dexterity by Additional DOF

The current design of laparoscopic tools(e.g. graspers, needle drivers,
or scissors) with rigid stems allows only 4 DOF inside the abdominal
cavity compared to what is available through the human hand in open
surgery with more than 36 DOF[66]. In Ch.3, three types of flexible
stems [25][32], which can provide at least two additional DOF for the
dexterous manipulation of tissues or needles at the surgical site, are
discussed and compared.

s Internal Automated Devices for Set of Tasks

Another method of improving the internal dexterity of the surgeon
is by developing new devices that can perform a group or set of mo-
tions automatically(e.g. motions which are required in suturing or
knotting). Chapter 4 describes the development of a new type of the
suturing device which can help the surgeon to perform the suturing
and knotting tasks better and faster [24][32].

3.2 REMOTE MANIPULATION

Due to the remote location of the surgical site in the endoscopic (e.g.
laparoscopic operation, most of the sensations which are naturally avail-
able in an open surgery are eliminated. Hence the control of the mo-
tion/force of various manipulating tasks is more difficult to achieve[66].
The following would provide better force reflection and remote manipu-
lating control for the surgeon.
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Grasper with Force Reflection

The sensation of the grasping force is not reflected properly by laparo-
scopic forceps[82] [83]. Also, the mechanical linkages provide only a
fixed ratio of the transmission of the force from the grasper to the
hand(and vice versa), which does not provide an adjustable propor-
tional force reflection. In addition, it is not possible for the surgeon
to set a certain maximum limit on the grasping force with current
laparoscopic graspers when manipulating soft tissues. In Ch.5, the
design of a grasper with the force reflection capability is studied and
designed[1][22] [27] [33], which can regulate both the force transmis-
sion ratio, as well as controlling the maximum limit of grasping force.

Robotic Extenders

For better manipulation of tissue remotely, or better viewing of the
surgical site, robotic end-effectors with advanced mechanisms, actu-
ations, and control can be designed. The robotic extenders can be
used either as (e.g. for changing the angle of endoscope’s view to
a desired orientation), or as the slave arm in tele-operation systems
[29] [31][32]. In Ch.6, kinematic models of such robotic extenders
are studied for free motion, and constrained motion cases. The con-
strained motions involve two cases of: a) fized orientation, which the
extender moves while its orientation does not change with respect to
the base frame, b) fized position, when the orientation of the extender
is changed but the position of its end-point remains the same.

The related literature, and current industrial developments in each
the above mentioned systems are reviewed at the beginning of each

chapter. Moreover, in each chapter, different steps of design synthesis,
simulation, and experimental results, as well as discussions are provided.
Finally in Chapter 7, the contributions of the research are reported, and
suggestions for future research work are summarized.

4.

BOOK OVERVIEW AND
CONTRIBUTIONS

Laparoscopic Positioning Stand: With the motivation of creating
a supporting environment for the surgeon to perform the laparoscopic
surgery with ease and efficiency, the positioning stand as a new pas-
sive system has been designed and developed[23][28]. The patented
design[26] comprises a novel application of a concentric multi-link
spherical joint as the wrist mechanism, as well as modular arms.

Flexible Stems: Three different types of flexible stems have been
developed for applications in laparoscopic graspers, needle drivers,
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retractors, and other tissue manipulators, as well as flexible view-
ing laparoscopes[32]. The study has also led to a new comparative
workspace analysis of flex stems[25], as well as mathematical models
for joint friction[30]. The mathematical models allow us to evaluate
accurately the level of forces required to move or lock various types
of joints(i.e. cylindrical pin joints, or spherical joints).

Suturing Device: a new class of design for suturing devices has been
patented[24] and developed, which can improve the performance of
the surgeon in completing both the suturing as well as the knotting
tasks.

Laparoscopic Grasper with Adjustable Haptic Interface: This
is a new approach to the haptic interface of laparoscopic graspers to
the hand of surgeon [1][22] [27] [33]. The force transmission ratio
from the handle to the grasper, and the maximum grasping force
is regulated through a novel application of tunable springs coupled
with the linkage mechanism of the grasper through a specially de-
signed controller. An experimental prototype of the haptic grasper
has been developed, and its experimental performance has been com-
pared with the related analytical and simulation results.

Robotic Manipulators/Extenders: The design configuration of
robotic manipulators for laparoscopy with up to 4 and 6 DOF was
studied, and kinematic models of such manipulators in free or con-
strained motion were also analyzed[29][32].



Chapter 2

PASSIVE ROBOTICS:
LAPAROSCOPIC STAND

In laparoscopic surgery, the reverse hand movements and the limited
force sensing of the remote surgical site, in conjunction with the indirect
vision and the straining body posture of the surgeon, decrease his/her
dexterity dramatically compared to open surgery. One possible method
of enhancing dexterity is by ezxternal mechanisms which provides support
for surgical tools outside the body.

This has been the motivation for a number of research groups [29][34]
[64] [86], as well as industrial companies[Andronic, Canada][Computer
Motion Inc., USA][Armstrong Projects Ltd., UK] to design/develop dif-
ferent types of external mechanisms. These attempts could be classified
under two main classes:

I) Passive Tool Positioners : These are passive mechanical designs
consisting of serial multi-link arms, which are moved manually by the
surgeon. The revolute or spherical joints of linkages can be locked
individually (e.g. by manual locks) or simultaneously (e.g. by pneu-
matic or hydraulic locks)[2]. The main function of such an arm is
simply to hold the surgical tools in its proper position, or to retract
the tissue/internal organ. However, the application of this type of
tool positioner is limited to “stationary” tools (such as retractors
and endoscopes which are normally stationary), rather than “mov-
able” tools (e.g. graspers and needle drivers) which are normally
moved during the operation and locked only when needed.

II) Active Tool Positioners : In this type, the controlled actuation
of the tool pesitioner.could . provide many new features such as auto-
matic repositioning of the tool to the previously stored locations (e.g.
for changing the angle of laparoscope’s view to a previously stored
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orientation) such as AESOP commercial system by Computer Motion
Inc.[14], or controlling the field of the laparoscopic view by the head
movement of the surgeon (such as EndoSista commercial system by
Armstrong Projects Ltd.[3][34]). However, the application of these
actuated tool positioners is also limited to “stationary” tools.

Both types of tool-positioners described above are designed for some
specific tasks only (e.g. locking tools, or automated repositioning of the
endoscope, etc.), without considering other aspects and requirements of
laparoscopy.

In general, every human activity requires a suitable environment to
be performed properly. For instance, consider a typical activity such as
writing. For writing, not only a pen and paper are needed as the primary
tools, but also a table and chair are required to provide the necessary
environment and resting frame to perform the task properly and effi-
ciently[47][69]. However at present, this is not the case in laparoscopy.
Here, the surgeon has to carry and manipulate several tools while per-
forming the operation. This is also done in an awkward physical posture
which lasts for a long time. In this thesis, one objective is to investigate
different designs of external supports to create the environment by con-
sidering surgical needs and requirements, rather than only one or two
specific aspects. This has led us to the design of a multi-arm system
which provides support, as well as the capability to lock several movable
tools in various positions (i.e. in general at least three or more tools are
required for a typical laparoscopic procedure). In addition, the design
should satisfy the following requirements :

1. to avoid obstruction of the workspace of the surgeon,
2. to avoid interference with other surgical tools,

3. to comply with the kinematic constraints of the incision points at the
abdominal wall.

The design should also provide a resting frame for the surgeon to
manipulate all the surgical tools (either “stationary”or “movable”) in a
much more controlled manner with higher dexterity. In the following
sections, the design steps of such a laparoscopic stand are described
through the synthesis of the wrist and arm mechanisms, as well as their
integration in a multi-arm passive system.

1. KINEMATIC SYNTHESIS

The_overall objective is the optimal design of a passive multi-arm
positioning stand, such that each arm serves one of the laparoscopic
tools (Fig. 2.1), which consists of:
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a) The end-effector, or the wrist, which holds and orients the surgical
tool through the incision point toward the surgical site.

b) The positioner, or the arm, which positions the wrist/end-effector
along with the surgical tool over the incision point.

The positioning of each arm is performed mainly at the beginning
of each procedure when the incision points are made (e.g. for chole-
cystectomy and appendectomy see Fig. 1.3)[13][68][85]. While orienting
the wrist, along with the tool, is performed through out the surgical
procedure. These two tasks (i.e. positioning, and orienting tools) are
different both in terms of the type of movement (i.e. ideally transla-
tional for positioning and rotational for orienting tool), as well as their
time of application during the procedure. Hence an optimum design not
only should be able to perform both tasks, but also it should minimize
or eliminate any interdependence of joints movements between arms and
wrists mechanisms. In other words, the orientation of surgical tool is per-
formed through wrist joints, while its positioning would be accomplished
through joints on the arm. To achieve this, the positioning mechanism
(i.e. the arm) and orienting mechanism (i.e. the wrist) should be kine-
matically independent or decoupled. In the following sections (Sec.1.1,
and 1.2), first the wrist, and then the arm (Sec.2) mechanisms are type
and size synthesized. Finally in Sec.3 through 6, different aspects of the
system integration and prototyping are described and discussed.

1.1 TYPE SYNTHESIS OF THE WRIST

In laparoscopic surgery, the abdominal wall acts as a kinematic con-
straint and provides a pivoting point. Through this point the surgeon
moves the tool in a conical workspace with the following degrees of free-
dom :

a) two angular DOF at the incision point in the range of £70° from
the vertical axis passing through the incision point,

b) one rotational DOF around the longitudinal axis of tool in the range
of £180°, and

c) one translational DOF in and out of the abdominal cavity.

This conical workspace is centred on the spherical movement of tool
around the incision point, which is the inherent and the primary kine-
matic_constraint.in_laparoscopic.surgery, and any design of the wrist
should be able to provide these required degrees of freedom[62]. As a
result, the wrist should have the same DOF as a spherical joint at the
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Passive Robotics:Laparoscopic Stand 17

Figure 2.2.  The wrist with spherical joint.

incision point, in addition to the linear translational movement through
the incision point.

Based on requirements of the design of the wrist, the following type
synthesis is limited only to those mechanisms that can provide the re-
quired spherical movements:

Type I- Spherical joint: This is a spherical joint with socket-ball de-
sign. Here, the tool passes through the center of the joint and then
through the incision point (Fig. 2.2).

Advantages: 1) it is a compact and light design, 2) it has minimum
number of moving parts, and 3) it is simple to design/manufacture.

Disadvantages: 1) it has a low range of movement (much less than the
required range of £70°), 2) its center of rotation is not at the incision
point, but at a distance (h, Fig. 2.2). As a result, this design makes it
difficult_to rotate the tool as a spherical joint about the incision point,
and 3) in the case of actuated wrist, it is not very feasible to actuate the
socket-ball around the three axes of rotation of the joint.
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Figure 2.8. The wrist with spherical links mechanism.

Type II- Spherical links: In this design, the linkages are circular arc-
shaped with the same radius, where all axes of the joints pass through
a central point, i.e. the incision point. To provide two rotational DOF,
a spatial five bar spherical linkage could be designed (Fig. 2.3).

Advantages: 1) it provides exactly spherical movement at the incision
point, and 2) it has adequate range of angular movements (£70°).

Disadvantages: 1) it does not provide sufficient rigidity, especially
when the mechanism is extended to extreme angles, 2) it is prone to
clogging and difficult to manipulate due to the clearance of joints, and
the misalignment of linkages under the load, and 3) it is bulky, and
requires massive joints and linkages in order to increase its rigidity.

Type III- Concentric Multi-link Spherical Joint: This design consists
of six linkages and eight rotary joints, which simulates exactly a spherical
joint at the point of incision (Fig. 2.4). It can create a large angular
range of movement in either directions. The proportions of linkages
and locations of joints with respect to one another are in such a way
that the orientation of the tool is always toward the fixed point O (i.e.
incision_point)[43].. Hence, the tool can be made to rotate about the
point O around the three perpendicular directions (i.e. X,Y, and Z
axes, Fig. 2.4), which is similar to a spherical joint.
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Advantages: 1) it can exactly create the spherical movement about
the incision point, 2) it has a wide range of angular movement (more
than £70°), and 3) it can be made very compact which does not occupy
too much of space (specially in the horizontal plane above the abdominal
area) compared to Type IL.

Disadvantage: The only disadvantage could be lack of absolute rigidity
due to the higher number of joints. To minimize this, special attention
should be given to the joints clearances at the stage of detailed design.

In summary, comparing the above three types of wrist mechanisms
and considering the disadvantages of each, the concentric multi-link
spherical joints has multiple advantages as a better type of wrist end-
effector, which is size synthesized in the next section.

1.2 SIZE SYNTHESIS OF THE WRIST

To determine the size of mechanism and its geometry, the following
parameters are defined based on Fig. 2.4 :

L, is the distance of joints B and E from the incision point (point O)
along axes Y and Z respectively.

L, is the size of linkages AB, CD, FD, and EG.

L3 is the distance of EG, and AB from axes Z, and Y respectively.

L, is the the size of linkages AC, BD, ED, and FG.

¢ is the bent angle in the shank of linkages FDB, and CDE at the
point D.

The kinematic derivations of the mechanism by Hamlin[43] , lead us
to the following equality constraints, which should be satisfied in order
for the concentric multi-link spherical joint[43] to function exactly like a
spherical joint:

ta,n¢=&, Sin¢=-L—3
L,

From the above equations, it is evident that size L, does not play
any role in the kinematics functionality of the mechanism. However,
it will be shown later that size L, is an important parameter in the
kinetic analysis of the mechanism. In fact, the magnitudes of quasi-
static reaction forces, which can act on all the joints under the influence
of an external load, are greatly influenced by size L.

To demonstrate this, let us consider the case when joints A and H
are locked to prevent the mechanism from any movement (Fig. 2.4). Let
external_.moment.-M be.applied.-to.the linkage GE. In order to find the
reaction forces (F;, and F3) at joints (A,B,C,E,F,G, and D respectively)
to the external load, we can write the equilibrium equations for links
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Figure 2./. The concentric multi-link spherical joint

CDE and FDB, and then solving simultaneously we can obtain:

F = M __M orFl—2
' Tosin®’ "2 L,sin8' ~ F, L,

The above equations show that forces at the joints F; or F, approach
infinity if either the size of Ly or L4 approaches zero. Therefore to avoid
extreme forces at joints, we must limit the links ratio % Here, the ratio
of 2 is considered as the extreme factor on non-uniformity of reaction
forces at different joints in order to proceed with the design, which leads
us to the following constraint ratio of linkages:

9> Las 1 (2.1)
- L, 2
Other constraints of the mechanism can be written as:
Ly >80™™, Lz > 20"" (2.2)

Where L; > 80 represents.the space required for the trocar from
point O to E (Fig. 2.4), and L3 > 20 represents the expected space
requirements of the joints at points A,B.E, and G.
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The objective of the following optimization is to minimize the overall
size of the wrist mechanism, which could be achieved by various objective
functions. One approach would be minimizing the length OH (Fig. 2.4).
Since, OH = OB’ + A'B’' + A’H where, A’B' = L,,OB’' = L4, and to
avoid interference between joints C and H when 6 approaches 180° we
define A’H > L4 , hence the minimum value of OH can be defined as:

L
Minimized :OH = Ly + Lo+ Ly = L1+ Lo + ;:5 =L (2.3

The above objective function is solved numerically subject to the in-
equality constraints (2.1), and ( 2.2). The optimal values are obtained
to be: Ly = 80mm, L, = 41mm, L3 = 20mm, Ly = 82mm, ¢ = 14°, and
L =204mm .

On the other hand, the rotational movement of the tool about X-
axis (in CCW direction, Fig. 2.4) is constrained by the inclination of
the base shaft HB’ (with the angle « relative to the horizontal plane).
In order to maximize the range of the rotational movement of the wrist
about X-axis, the angle v should be minimized. Since length L is already
known, to minimize angle « it is necessary to find the minimum value of
distance V, which is the vertical distance of joint H above the abdomen.
In general, it is not desirable to get the lower part of the arm any closer
than 50 mm to the patient’s abdomen (in order to prevent any possible
contact between the abdomen and the arm when it is moved in the
horizontal plane). As a result, by choosing V' = 50mm: vy = 14.2°, and
the projection of wrist in the horizontal plane would be: W = 198mm.

In the literature, there are other planar designs with some similarity
to the wrist mechanism described in this book. For instance, Neisius[64]
has proposed and motivated a planar arm mechanism for laparoscopic
tele-operation systems. However, the concept is not presented by any
specific design. However, Taylor[86] has proposed in detail a parallelo-
gram multi-link system which geometrically is a special case of the design
described above (when the angle ¢ = 0). This means linkages FDB, and
CDE are straight without the bend, consequently for the mechanism
to perform exactly as a spherical joint at the incision point, we must
have Ly = Lysin¢ = 0 [43]. This lack of offset L3 results in spatial
interference of joints F and G with the stem of surgical tool (Fig. 2.4).

In addition, both of the above referred planar mechanisms [64][86]
have been designed and are intended to be used as a single positioning
arm...Consequently, these designs (as described by the authors as ma-
nipulator arms) can not be considered as wrist mechanisms similar to
the proposed design here, which is solely designed as a wrist mechanism,
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where several of them can be installed on a multi-arm stand to be used
in the same limited workspace (Fig. 2.12).

2. SYNTHESIS OF THE POSITIONING ARM

The general requirements for the design of the positioning arm, as a
multi-arm passive mechanical system [29][62], are: a) to be a statically
balanced mechanism, b) to be easily movable by a hand, c) to be lock-
able at any location, d) to occupy the least space in the operating area
and not to interfere with surgeon’s working area, and e) as a multi-arm
system, different arms should not interfere with each other.

There are infinite design possibilities for such positioning arms. In
some positioning stands and manipulators such as HISAR surgical robot
by Funda[37], redundant axes are incorporated in the design of a single
arm. This can provide more flexibility and more degrees of freedom to
move the arm. On the other hand, any redundant axis can make the
system heavier, bulkier and more difficult to manipulate since any addi-
tional axis requires stronger and heavier joints/linkages prior to that axis
(consequently higher inertia, mass, gravitational and frictional forces).
Here the number of axes are kept as few as possible and redundant axes
are not included.

To position the end of a manipulator/robot in a three dimensional
space, at least 3 degrees of freedom are required. Fig. 2.5 shows different
schematic configurations of 3-axis arms with rotary and/or prismatic
joints [23][27] [28].

Based on the above stated requirements, there are several mechanisms
in Fig. 2.5 that can be considered as good candidates such as No. 12,
13, and 41. No. 12 and 13 are different configurations of three prismatic
joints arms (PPP) where X and Z directions of motions are in horizon-
tal plane. Hence, it can be moved easily (since gravitational forces do
not have any components in these directions). In addition Y axis could
be balanced by the use of counter-balancing mechanisms (e.g. weight
pulleys/ pneumatic weight compensators/electric motor balancing sys-
tems) or by using self locking lead screw mechanisms. The disadvantage
of No.12 and 13 is that prismatic joints can become bulky/massive, and
can introduce higher frictional/inertial forces than rotary joints. In ad-
dition, both designs are overhead mount, that makes them less attractive
from point of view of portability, ease of installation, and maintenance.

The design No.41, on the other hand is a (PRR) SCARA configuration
(for Selective Compliant Articulated Robot for Assembly) where the two
rotary joints are parallel along the vertical Y axis. The arm is naturally
balanced, and can be moved in the horizontal plane, which is parallel
to the surface of the operating table. The linkages of the arm can be
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selected to be short, light, with low friction rotary joints which can
be moved manually. All these make the SCARA configuration very
attractive for this application.

By selecting SCARA type, the next design issue is related to the
workspace that such an arm should reach. In this respect, the max-
imum operating area over the abdomen with a rectangular shape of
500 x 350 mm can be considered, which is divided equally in to two
areas of 250 x 350 for each arm (left and right). The surgeon is on the
opposite side of the operating table that uses each arm by one of his
hands (Fig. 2.12). The surgeon in general should be able to: a) manip-
ulate the arms to the desired positions easily, and b) the dimensions of
the arms should allow them to reach their entire work space. To satisfy
these requirements, two main topics of manipulability and reachability of
the arms are subsequently studied as parts of the related size synthesis
in the next two sections.

2.1 MANIPULABILITY OF THE ARM

The ease of moving the passive arm by the hand of the surgeon de-
pends not only on the friction at each joint, but also on the configuration
of the arm, and the size of linkages. The purpose of this section is to
study the manipulability (which represents the magnitude of manipulat-
ing forces at the tip of the arm at a given position in the workspace),
and isotropy (i.e. the uniformity of the manipulating forces in different
directions at a given position in the workspace) of the arm, in order to
optimize the size of its linkages, and the range of movements of its joints.

There are several works in the literature that are related to this study
with well known concepts such as manipulability [53][98], and isotropy of
manipulating forces [38][50][73]. These concepts have evolved from the
definition of Jacobian matrix of manipulators! (J), the absolute value
of the determinant of Jacobian? as a measure of manipulability, and the
condition indez/number of the transpose of Jacobian®. However, the
determinant and the condition index of Jacobian matrix, as measures of
manipulability and isotropy do not represent any physical design param-
eter. In this section, a new measure of manipulability (i.e. the ratio of
the maximum and the minimum manipulating forces at different points
of the reachable workspace) is derived as a physical interpretation in-

! Jacobian matrix (J) is defined as the translator of the velocity state of the joints to the
velocity state of the endpoint of the manipulator (i.e. X = J&) [4][78].

%i.e. m = |det(J)| as the measure of manipulability for non-redundant manipulators [98].
Siee. C(JT) =|| JTT || | JT || as the measure of isotropy[50].
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Figure 2.6. Manipulating forces acting on the arm.

stead of the condition index, to the special case of the passive arm with
constant frictional torque at the joints.

Based on the notion of singularity, a design of a mechanism loses at
least one DOF, when the determinant of Jacobian approaches zero. For
two-link mechanism (Fig. 2.6), the Jacobian would be:

J= —Ll sin 01 +L2Sin(02 - 91) L2 sin(02 —-01)
- L] Cos 01 + L2 COS(02 - 01) L2 COS(02 bl 01)

and det (J)=—L;Lysinf; = 0 when §, = 0, and ~.

The manipulability measure (m) for a non-redundant mechanism is
the absolute value of determinant Jacobian [53][98]: m = |det(J)|.
Therefore at 6, = 0 and =, the manipulability measure m = |det(J)|
would be zero. Also the arm is not manipulated easily due to lack of
isotropy as we get close to the singularity points [38][73]. So not only the
singularity points (i.e. 62 = 0,7) must be avoided, but also 63 should
be limited to the range that the manipulability of the two link system is
in_an_acceptable range. To formulate this, let us consider joint torques
relationship: 7 = JT F, where F is the applied hand force acting at the
end of arm, at an angle ¢ (Fig. 2.6) :



26 ENGINEERING APPROACHES FOR MIS
T [ Fcos¢
] [end =
The reaction torque at joints 1 and 2 is basically Coulomb frictional
torque, and its maximum limit can be considered to be Tpmae (so |71| and
|72| € Tmaz). Hence the minimum force required (in any direction) to
move either joint 1 or 2 by producing enough torque (7,,,;) depends on
the normal distance of acting force F, to the joint (Fig. 2.6). To find
the minimum and maximum forces to move the arm, the following cases
are considered:
I) Case OA > AB: In this case joint 1 is the first joint to move since it
has the longest distance from the manipulating force (i.e. OA, Fig. 2.6).

To find the magnitude and direction of the minimum force (Finin) that
can move joint 1, we have (from Eq. ( 2.4)):

TL = Tmaz = Fcos@[—Lysinb + Lysin(6, — 61)]+
Fsin ¢[Ly cos 0, + Lacos(f2 — 61)]

Since Lysinf; = L;sin(6; — 6;) (=BC in Fig. 2.6), then the above
equation reduces to:

Tmazx
F= 2.5
sin ¢[L, cos @y + L, cos(b; — 61)] (2:5)

Here F,,;n, happens when ¢ = +% , and by substituting this in( 2.5):

T
F o= mazx 2.6
m Ly cosy + Loycos(8; — 6,) (2:6)

On the other hand, the maximum force (Fp,q.z) required to move
joint 1 or/and 2 should have the minimum distance from joint 1 and
2 (BH=OK, Fig. 2.6). Any other direction makes the perpendicular
distance of force F from either joint 1 or 2 more than BH or OK. Con-
sequently the force required to produce torque 7o, around that joint
would be less than F,,,;. The angle of F,,,; (i.e. ¢maqr where BH=0K,
Fig. 2.6) can be obtained analytically by inserting 7 = £Tma, and
T2 = FTmaz i ( 2.4) to obtain following equations:

+Tmaz = FrazSin @maz|[Ly cos by + Ly cos(6; — 61)]
FTmazr = FmazL2 Sin(02 - 01 + d’max)

by dividing the above equations and simplification, we get:

cot Gpmar = —2 cot(f, — 6;) — cot(6) (2.7)
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Yoshikawa[98] stated the optimum linkage size for manipulability of a
two link system is when L; = Lo, that leads to: 8; = 6;/2 (Fig. 2.6).
By substituting this in ( 2.7):

COt Pqar = —3 cot(62/2) (2.8)

Also from ( 2.5):

T
Fraz = = mer 2.9
sin ¢maz[L1 cosO; + L, COS(02 — 01)] ( )

The ratio of ( 2.9) over ( 2.6) would be:

Fmaz‘ _ 1

Fmin sin (bmaz

(2.10)

And by substituting ( 2.8) in ( 2.10), the ratio of maximum and min-
imum manipulating forces when OA > AB can be obtained as:

?m«lm: — /1 +9C0t2(02/2) — \/2(1 +C0592)(5 + 4C0802) (211)

sin 62

II) Case OA < AB: In this case joint 2 is the first joint to move. The
magnitude and direction of the minimum force that moves joint 2 with
torque Tpq, according to equation ( 2.4) is: 7 = Tpap = FLosin(f; —

6, + ¢), hence:

Tmax
F = 2.12
L2 sin(02 - 91 + (]5) ( )

And F,,;, happens when sin(6; — 6, + ¢) = 1:

.
Frin = —2= 2.13
- (2.13)

The magnitude and direction of F,,, can be established in the same
way as the previous case, which also leads to equations ( 2.8) and ( 2.9).
So the ratio of maximum and minimum forces when OA < AB, for the
case Ly = Ly and 6, = 65/2 would be:

Fma.:t _ \/1 + 9C0t2(02/2) _ \/5 + 4COS€2
Frin 2cos(62/2) - sin 05

(2.14)
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Figure 2.7.  Fraz/Fmin vs. 02

I;m' as a new local measure of manipulability (or isotropy) is plotted

against 8, in Fig. 2.7, to able the designer to choose the best range of
6, that the isotropy of manipulating forces is in the acceptable range.
For the design of the positioning arm let the initial range of the above
manipulability measure to be: 5 > T,M-l >2

According to Fig. 2.7, this leads to  the following range of 6, based on
equations ( 2.11), and ( 2.14): 168° > 6, > 60°.

However, the upper limit of , should be decreased further to 135°,
due to the constraint caused by the requirement for the orientation of
the wrist (which is discussed in Sec. 3.). Therefore the final range of
6, that would be acceptable for the local manipulability, as well as the
wrist orientation would be : 135° > 63 > 60°.

2.2 REACHABILITY OPTIMIZATION

The objective of this section is to minimize the arm’s size while ensur-
ing it still can reach the entire operating area of 350 X 250mm subject
to the manipulation and orientation constraints 135° > 6, > 60°.

The. variables.of this.optimization are the arm’s base position (a and
b, Fig. 2.8), and the size of linkages (L, and L;). For a given position
and linkage sizes (i.e. @, b, Ly, and L), in order for the the arm (ABC)
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350

Figure 2.8.  The arm’s variables (a,b, L, and L».)

to reach the farthest point (M or N), we need to have:

|1§(92 = 60°)| > MAX(AMorAN),

this leads to :
L 4+ L2+ L Ly > MAX[a®+ (b+350)2%, (250 — a)? + (b+350)?] (2.15)

To reach the nearest point (P):
]R(02 = 135°)\ < AP, This leads to:

L2+ L2 = V2L, Ly < b? (2.16)

These two inequality constraints ( 2.15), and ( 2.16) ensures that
thearm can reach all the points in its workspace without violating the
manipulability constraint 135° > 6; > 60°.

The objective function for this optimization is to minimize the overall
size of the arm. One way of achieving this is by minimizing the distance
of the base point A from the central point of the workspace (i.e. point
O, Fig. 2.8). Hence the objective function can be formulated as :
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Figure 2.9.  The wrist with orientation toward point S.

MIN : f(a,b) = AO? = (a — 125)* + (b + 175)? (2.17)

Subject to the inequality constraints ( 2.15) and ( 2.16), the results
are obtained to be: a = 125,b = 287,L; = L, = 375mm.

3. MULTI-ARMS INTEGRATION

To minimize the obstruction caused by the planar linkage mechanism
of the wrist in the operating area of the surgeon, it is desirable to have
the orientation of wrist (W) always pointing toward the surgeon at point
S (Fig. 2.9). In other words, the wrist mechanism (W) should be con-
figured in such an orientation that it would always be located on the
opposite side of surgeon. Here the incision point (C) is considered as the
center point in between [23] [28][62].

Ideally joint D could be an actuated joint, so that angle a could be
controlled based on the configuration of the arm in such a way that wrist
W always points toward the surgeon when point C is moved. Another
design could be when joint D is considered as a fixed joint with con-
stant angle a. This design would be satisfactory if the deviation of the
orientation of the wrist from its initial orientation (i.e. OS, Fig. 2.9) is
in an acceptable range (e.g. £45°) for the entire operating workspace.
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This could be verified by finding the fixed value of @, 8, and L} when
C is at the center of the operating area while W is pointing toward S
(where z, = 0 and y, = 500). Using the optimized values of a, b, L;,
L,, and W from previous sections, and using basic geometric analysis
we can obtain: a = 58°, § = 27°, L, = 230mm

As shown in Fig. 2.9, the orientation of the wrist does not deviate
(from its initial orientation OS) more +45° for extreme points of the
operating area (e.g. points M,N,Q, and R). Also wrist W does not
interfere with the operating area of the other arm when approaching the
symmetrical axis of Y. Therefore for a passive positioning arm, a fixed
joint at D at constant angle o could be considered as a suitable type,
and also the simplest solution.

Another result of adopting joint D with angle o = 58°, is limiting
further the rotational range of joint B (i.e. 135° > 6, > 60°, Sec.2.1).
This is due to the fact that angle DBA should be greater than 15° in
order to avoid interference of joint D with link AB. This angle (i.e.
> 15°) added to S = 27°, would cause angle 6, to be limited to the
maximum value of 135°. Therefore the final range of 6, that satisfies
both manipulability, as well as the wrist-orientation would be: 135° >
6, > 60°.

4. FEATURES OF MECHANICAL DESIGN

The laparoscopic stand is a passive system whose joints have locking
mechanisms. When needed during the operation, it is possible to main-
tain its configuration in a locked position. For the two joints of each
arm (i.e. A, and B, Fig. 2.9), as well as two joints of the wrist (i.e. H,
and A, Fig. 2.4), there are different possibilities and types of locking
mechanisms. The main requirements for the locking mechanism are :

1. To be compact and light,

2. To be directly mounted on the joint,

3. To have sufficient locking torque, and

4. To provide easy actuation without any contamination.

The locks must resist torques caused by hand forces (up to 50N)[15]
exerted by the surgeon. Based on the configuration of the arm and the
wrist, this would create maximum torques (r = F.L) up to 35 and 10
Nm on the joints of arms and wrists respectively. Magnetic commercial
breaks for this range of torques are relatively massive, and do not satisfy
the first requirement. The hydraulic breaks are very compact and light,



32  ENGINEERING APPROACHES FOR MIS

Labyrinth Seal
__‘_\Grooves

-7
<7
/

Cyl. Chambeg,/

/
e !
i
\
ppm—

0-Ring Seal

™~ Compliant leaf spring
Piston Disk

Figure 2.10.  The locking mechanism of wrists joints.

however due to possible leakage, are not suitable for surgical environ-
ment. The pneumatic locks are considered the solution which satisfies all
the requirements. However they are relatively larger than hydraulic locks
due to lower operating pressure (i.e. maximum of 7 Baras 0.7M Pa).
The internal design of locks for the wrists joints, and the arms are
shown in Fig. 2.10 and Fig. 2.11 respectively. The designs consist of a
piston disk and cylinder chamber, which each are connected to one of
the two links of the joint. When the cylinder chamber is pressurized,
the piston disk is frictionally engaged with the bottom of the chamber.
The frictional locking torque in both cases can be approximated by :

Tfric = u.FCyl.D/Z = u.(Pm‘,..Acyl).D/Q = ,u.Pm‘r.ﬂ'DS/S

Where, D is the diameter of cylinder, P,;, is the operating air pressure,
and p is the Coulomb coefficient of friction (minimum value assumed to
be ~ 0.2 for unlubricated metal to metal contact). By applying the
above values of u, 7 and P, the diameters of cylinders for the wrists
and arms locks can be calculated as 53 and 80mm respectively, which is
relatively compact for the design.

When the cylinder chamber is pressurized, the cylinder and the piston
would have a small axial movement (i.e. 0.2-0.5mm) with respect to each
other in order to get frictionally engaged. The freedom of movement for
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Figure 2.11.  The locking mechanism of arms joints.

the relative axial movement is assured by: a) the compliance of the
spring links in the wrists locks (which holds the chamber rigidly in all
directions except the axial direction, so the chamber can move slightly
in the axial direction, Fig. 2.10), and b) the axial slots in the arms locks
(so the piston disk and its shaft can move slightly Fig. 2.11).

In order to minimize the frictional torque due to seals (e.g. O-ring or
lip seal on the periphery of the piston), the sealing is provided by : a)
a labyrinth seal consisting of several parallel grooves on the side of the
piston (which causes gradual pressure drop through each groove), and
b) the O-ring seal at the bottom surface of disk which prevents any final
leak.

5. PROTOTYPE DEVELOPMENT AND
EVALUATION

Based on the synthesis of the wrist and arm mechanisms, a prototype
of the laparoscopic stand has been developed (Fig. 2.12). The arms are
supported by a single vertical column which also provides the vertical
adjustment of the arms through a lead screw and handle mechanism.

The stand performs all the initial design requirements of a) having
spherical movement at the remote center of rotation, b) reaching the
entire work-space (i.e.350 X 500mm? for the two arms), c) locking effec-
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Figure 2.12.  The laparoscopic stand with two arms.

Figure 2.13. Experimenting with the laparoscopic stand in Jack Bell Centre.

tively all the joints (both kinds of joints for the wrists and arms) with
sufficient stiffness, d) being able to manipulate and move freely the arms
and wrists for their entire prescribed range of movements.

The prototype has been evaluated at the animal surgical laboratory
of Jack Bell Centre[62] during laparoscopic training sessions of surgeons.
Some of the positive comments are:

aparoscopic tools/instruments freely
e operation compared to the con-
n only hold stationary tools).
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m The size of wrist mechanisms did not create interference problem with
other tools, or with each other over the body.

m The locking of joints were sufficient under the loads (e.g. weight of
laparoscope or stiffness of the abdominal wall), and firm without any
excessive backlash/play.

m The range of angular movements of the wrists was large enough to
accommodate for all surgical movements.

On the other hand, the negative aspects are:

m The mounting base of the stand (comprising of a frame attached on
the top of a pallet-jack for mobility) was not compatible with the
base of surgical bed, causing positioning and reaching problems for
the arms over the incision points.

m The column structure and its base takes too much space on the bed-
side, and is not acceptable for the surgical environment.

s The tool holders at the tip of wrist mechanisms should be in the
form of a grasper, so that the tools attachment to the wrist can be
performed fast with relative ease.

m The whole design and especially positioning arms require further
miniaturization in order to become compatible with space require-
ments of the surgical work-space.

6. DISCUSSIONS

The prototype was designed and developed for evaluation of the de-
sign concepts related to the wrist and arm mechanisms. Although it
functioned successfully, and met the initial design objectives, it requires
further developmental enhancements. By studying the experimental
feedbacks, the following possible changes and improvements can be sum-
marized :

» The reachable space for both arms (i.e.500 x 350mm) was initially
chosen rather conservatively to cover the whole chest and abdomi-
nal area. However, as a result of the experimentation it is essential
to miniaturize the prototype further. Consequently the actual min-
imum size of the reachable space for different procedures should be
determined and to be used as the initial design parameters. Any re-
duction in_this area would result in direct proportional reduction in
the overall size of the arms. This can provide 30 — 40% reduction in
the size of each arm.
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In the case of miniaturization of wrist mechanisms, the parameter L,
can be substantially reduced if the current trocar design is modified
with less overall length. This can be implemented, resulting up to
40% in reduction of sizes for the wrist mechanisms.

Another general method to reduce the size of joints, and linkages
cross sections, is by choosing higher strength material. For example,
instead of aluminum in the prototype stainless steel can be a good
substitute for this purpose.

The overall diameter of locks at each joint can be reduced if the above
size reductions are applied.

One of the main concerns of surgeons regarding the stand was its
space requirement along the bed-side, which can be addressed by
revising the design in either of the following ways:

1. To use an over head positioning arm such as Type 12 (Fig. 2.5)
as described in Sec.2.2.

2. To compromise the naturally balanced SCARA arms with some
other unbalanced arm types, such as 82 or 83 (Fig. 2.5), in order
to be able to mount each individual arm to the bed-side. This
modular design of each arm as a separate unit without any need to
a separate mounting base is further described in the final chapter
as part of future work.



Chapter 3

FLEXIBLE STEM GRASPERS

Since the earliest times, humans have used tools to extend their ability
to reach and move objects. One main application of tools has been to
move objects for the purpose of a) positioning with three degrees of
freedom (DOF), and b)orienting with an additional three DOF. The six
DOF of the movement is defined as manipulation of the object [92].

In some tasks, due to the remoteness of the site, the object manip-
ulations can not be performed directly. The remoteness could be due
to: 1) a physical barrier (e.g. protective walls of a nuclear facility, or a
high temperature furnace), or 2) the distance (e.g. in the case of deep
under-water, or space exploration).

Based on the interpretation of the definition, laparoscopy could also be
considered as a remote operation, which must be performed behind the
barrier of abdominal wall. Moreover, the port of entry at the abdominal
wall acts as a spherical pivot which permits 4 DOF (3 rotational around
the three mutually perpendicular axes XYZ, and one translational along
the Z axis, Fig. 3.1), for surgical eztenders. The term eztenderis defined
as any surgical instrument being used to extend/transfer the capabilities
of the surgeon (such as, manipulating/cutting the tissue) to the surgical
site, or transfer sensations (e.g. force/tactile signals) from the surgical
site to the surgeon.

One aspect of the dexterity problem associated with laparoscopic
surgery arises from the fact that the present rigid stem extenders can
only approach the surgical site with some fixed orientation (determined
by the connecting line between the position of the surgical site and the
port.of entry). Lack of 2 DOF doees not allow the desired orientation
of the surgical tool and prevents the surgeon from having the required
dexterity and agility at the surgical site. By adding rotary joints on the



38  ENGINEERING APPROACHES FOR MIS

s \,
/ ,

SURGICAL
SITE

Figure 8.1. Body posture of the surgeon with rigid stem graspers.

stem, the required internal DOF in orienting the tool can be achieved,
hence providing more dexterity for the surgeon.

On the other hand, the dexterity of the surgeon is also affected by
another ezternal aspect related to the awkward and un-relaxed body
posture of the surgeon. This is due to the fixed outward orientation of
rigid stem tools from the surgical site through the ports of entry on the
abdomen. This fixed orientation of tools usually puts the surgeon in
an awkward body posture (Fig. 3.1) for the duration of the operation,
which could affect his/her precision and dexterity greatly. However, if
the stem has additional rotary joints inside the abdomen (as internal
DOF), then the location of ports of entry could be selected independent
of the tools orientation, so that the surgeon’s body posture is closer to a
normal/relaxed state (Fig. 3.2). In other words, we want to decouple the
internal requirement (i.e. the desired orientation of extender’s tip) from
the ezternal requirement (i.e. the normal body posture), by creating
additional DOF on the stem.

There have been a lot of developments in the field of the design and
development of endoscopic flexible stems in the last few years [58] [59]
[71] [81] [95]. Also, there are commercially available graspers such as,
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Figure 8.2. Body posture of the surgeon with flexible stem graspers.

“Steerable Fiberscopes” by Karl Storz-Endoskope[80], or endoscopic re-
tractors and graspers as “EndoFlex” instruments series by Surgical In-
novation Ltd.[84], as well as industrial patents [44] [56] [57] for flexible
endoscopes.

Although the above provides detailed information about different de-
sign possibilities, they are all dealing with special designs with specific
design focus, and there is a lack of general study of flexible laparoscopic
extenders with wider design approach. The objectives of the design can
be stated as:

» Development of a general type synthesis of joints rather than focusing
on one type.

» Formulation of the workspace requirements for laparoscopic extenders
inside the abdominal cavity.

» Comparative study of different designs in search of the optimal design
(s)-

In order to address the above issues, the attempt in this chapter is to
develop a systematic approach for the design of joints and their actua-
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tion mechanism (Sec. 1). Also, we define and formulate the dexterous
workspace for laparoscopic extenders with a flexible stem for finding the
optimum design (Sec. 2, and 3). Finally, integration aspects of the
designs and their evaluation are discussed in sections 4, and 5 .

1. SYNTHESIS OF FLEXIBLE
LAPAROSCOPIC EXTENDERS

For the type synthesis of the flexible stem, first we need to know what
type of joint provides the range of rotary motion, and the required DOF.
In general, there are two classes of rotary joints a) revolute joints (with
1 DOF), and b) spherical joints (with up to 3 DOF). The challenge
and difficulty lies in the design of these joints on a stem which a) has a
diameter of only 5-10 mm, b) has to be actuated deep inside the body,
and c¢) the mechanical design still should provide some room for the
linkages and connectors to pass through the joint(s) and to the other
moving elements! or receptors? at the other end of the extender.

However, there could be many variations in designs. Here three new
designs are studied, where two are revolute, and one is spherical types.

Type.1- Single-revolute joint design : This design is based on a
4-bar linkage mechanism, that actuates a single revolute joint on
the stem (Fig. 3.3, for more details see Ap.B, Fig.B1). This can
provide a simple and robust joint mechanism with one additional
DOF. The difficulty is in the designing of a single revolute joint that
can provide all the wide range of rotation (e.g. from 0° to 120°).
This design constraint could be the major cause that none of the
research groups have worked on this type, and only one commercial
product (i.e. a tissue stapler by Ethicon) has used this design with
very limited joint rotation (0° to 45°). However, in our new design
(Fig. 3.3), by moving the axis of the main joint to one extreme side
of the stem, as well as by using concentric tubes for the actuation
of the 4-bar linkage mechanism , both problems of actuation and
accessibility to the end of the tool are resolved, while providing the
joint with a wide angular deflection up to 120°. The combination of
this design and the rotating grasper head (with one additional DOF,
described in Sec.4, Fig. 3.13), provides a viable design with a total of
6 DOF (Fig. 3.15).

Type.2- Multi-revolute joints design : This is the most applied
type of design among different research groups [64][71], as well as

le.g. grasper, or stapler, etc.
2e.g. fiber optics bundles for the objective lens of the laparoscope.
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Figure 8.8.  4-bar linkage actuated single joint design

commercial developers [56][84]. This is due to the fact that the angu-
lar deflection of each joint is quite limited (30° to 45°), so to provide
sufficient articulation of the extender at its tip, there must be several
joints in series (minimum of 2 to 4 joints). This creates another chal-
lenge for actuating all the joints simultaneously. Among the above
developers almost all are using some form of tendon actuation mecha-
nism. However, in the proposed design of this chapter, another more
unconventional approach for actuation is employed. It consists of
left /right handed lead screws that drives two nuts connected to each
link (Fig. 3.4, for more details see Ap.B, Fig.B2). To transfer the ac-
tuation motion to all the joints, the end of each successive shaft are
connected in series by helical spring couplings. The input rotation of
the first lead screw actuates all the connecting joints to the maximum
angle of 45°. Another additional DOF of the rotary grasping head
(described in Sec. 4), provides a total of 6 DOF for the integrated
design (Fig. 3.16).

Type.3- Multi-spherical joints design :

A spherical joint can provide up to 3 DOF, which makes it attractive
for application in laparoscopic extenders. However, problems such as
the actuation, locking, and controlled motion of such spherical joint,
have prevented the use of this type of joint for laparoscopic extenders.
In this work, the possibility of the design of multi-spherical joints
actuated by tendon wires is investigated as an alternative design for
laparoscopic extenders (Fig. 3.5, for more details see Ap.B, Fig.B3).
However, there are some design challenges which can be stated as:
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Figure 8.5. Tendon actuated multi-spherical joints design

m To access the end of the tool, there should exist a central bore
that, when the joint is actuated, will be partially blocked as the
spherical joints rotate with respect to each other. In order to
have a minimum central passage (e.g.3-5mm in the case of our
prototype with O.D.18mm), the joints’ deflection must be limited
to the range of 20° to 30°. As a result, at least 3 to 5 joints are
required in order to provide sufficient dexterity at the tip of the
extender.

»_Each spherical joint in this,design has only 2 DOF since the ten-
dons prevent rotation around Z axis (Fig. 3.5), which is actuated
by two sets of double tendons near the periphery of the stem. On
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the other hand, the high number of joints creates redundancy in
the actuation. For example by actuating the tendons there will
be control over the orientation of the end point, but there will
not be control over the orientation of each individual intermedi-
ate joints. The problem can be addressed partially by installing
spring wires parallel to tendons which are attached to the base of
the stem. This causes the joints to be almost synchronized and
deflect uniformly as well as returning to an initial straight state
after the tendons’ tension are released. In addition, by adding a
rotary grasping head (similar to Fig. 3.13), the maximum DOF
of such an extender inside the abdominal cavity would be 3 DOF
(plus the other 4 DOF at the port of entry, the total would be 7
DOF).

m The rotation of spherical joints is caused by differential tension
in the tendons, and their locking can be obtained by equal high
tension in all tendons (causing locking due to Coulomb friction at
the joints). In this regard, friction models of spherical socket-ball
joints (as well as revolute pin joints) [30]for controlled actuation
and locking purposes should be developed (see Ap.A). However,
the work here is limited only to the control of the movement
of tendons through a mechanical type joy-stick (Fig. 3.17) for
manual control.

For further comparative study of above designs, the reachable and
dexterous workspace for laparoscopy is formulated in the following sec-
tion.

2. LAPAROSCOPIC WORKSPACE
FORMULATION

For any manipulator or robotic arm, being able to reach a “prescribed
workspace”, is an important and essential requirement. This also has
to be done early in the design stage. Here we defined the Desterous
Workspace as a subset of Reachable Workspace where the grasping
head can reach with any arbitrary orientation[65]. This classification is
very useful and relevant to the design of the flexible stem graspers. In
this section, first we define the Reachable, and Dexterous Workspaces
in laparoscopic surgery. Then a general parametric model of flexible
extenders is formulated. A new dexterity measure of the single and
multi-joint designs is then examined.

As was mentioned, in laparoscopy due to kinematic constraints at the
incision point, not only the movement of the tool is limited to 4DOF,
but also its range of motion. For instance, in the case of rotational
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Figure 3.6.  Laparoscopic reachable workspace

movement around X and Y axis (Fig. 3.1), due to limited compliance of
the abdominal wall, it is possible to rotate the tool only in the range of
+75° around these axes (Fig. 3.6). Also, the maximum penetration of
laparoscopic tool is limited to its total length minus the external length
of trocar (i.e. Rz = 350mm — 7T0mm = 280mm, Fig. 3.6). Finally,
the internal extension of trocar creates additional limit to the minimum
penetrating length of laparoscopic tool (i.e. R; = 80mm, Fig. 3.6).
This makes the laparoscopic reachable workspace to be a conical section
bounded by two spheres with radiuses R; = 80mm, and Ry = 280mm,
with the total cone angle of 150° (Fig. 3.6).

On the other hand, the flexible extender can be considered generally
as a long stem of length L with N joints where intermediate linkages have
the size of Ly, and the end link with grasper has the size of Lg (Fig. 3.7).
In general, in the plane of extender, to reach a point in the reachable
workspace, with the depth coordinates of [R, ©], and orientation ¢, the
stem has to deflect to an angle a , and penetrate length L (as shown in
Fig. 3.7) beyond. the last joint, while the multi-joints are deflected each
by the equal angle 3.

The variables used in this formulation can be defined as:
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a) Workspace Variables: R, 0, ¢

Endoscopic workspace of a flexible stem tool.

b) Design Variables: Ly, Lg, 3, N.
The constraints on the design and the objective function can be de-

fined as :
I) Inequality Constraints:

Reachable Workspace : 80 < R < 280;

a < 75°%

Lg Z le;

Ln 2 ln;

/B Sﬁmaz;
N < n;

Design Parameters :

penetration range of surgical extender.
flexibility range of abdominal wall.
minimum size of intermediate links.
minimum size of end link.

maximum range of joints deflection.
feasible range of joints number.

Based on the three types of designs which are previously discussed,
the parameters Bpaz, ln, le, and n are the limiting values of variables 3,
Ly, Lg, and N, that are defined in Table 3.1 :
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Table 3.1.  The design variables of 3 types of flexible stem.

Type Bmaz In le n

1 90. 0. 70. 1
2 45. 28. 60. 2-4
3 30. 10. 50. 3-5

IT) Equality Constraints:

For a flexible stem to reach point A in the reachable workspace, with
coordinates [R, ©], and orientation ¢, the kinematic model of the flexible
extender as a multi-linkage system results in the following geometric
equality constraints:

Lsina+Ly[sin(a—p)+...4+sin(a—(N-1)8)]+Lgsin(a—NpS) = Rsin©
and
L cos a+Ln{cos(a—f3)+...4cos(a—(N—-1)8)]+Lg cos(a—NG) = Rcos©

Or in the following form :

L sin & cosa no 17
I: Ly ] f‘;lsin(a—iﬂ) ﬁ]lcos(a—iﬂ) =R[ sm@ ]
Lg sin(a — NG) cos(a — Nf3) €08

III) Objective Function:

In the planar formulation of the laparoscopic workspace (Fig. 3.7), we
defined three workspace variables (or coordinates)[R, ©, ¢]. The objec-
tive is to find the maximum approach angle ¢ for any given point in
the reachable space[R,©]. This is casted as an optimization problem
where the objective function is to maximize ¢, for different values of R,
and ©. The objective function can be formulated by geometry of the
triangle OAB (Fig. 3.7), where the angle N.§ = ¢ + @ — ©, which can
be rearranged as:

Maximize: p = N.G+0 — «

Which is solved numerically in the next section for all the points
covering the entire reachable workspace with a small spatial increments
as defined in the section.

3. OPTIMAL DESIGN OF THE FLEXIBLE
STEM

The proposed formulation has been solved for 546 points in the reach-
able workspace (i.e. a 26 X 21 mesh of 3° increments in O direction, and
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Figure 8.8. The workspace of Type 1.

10mm in R direction). In the case of Type 1, the results are plotted for
@ vs. ©, and R as shown in Fig. 3.8. In this figure it can be seen that, ¢
increases as R increases (this is expected since the tool would have more
room for bending as it penetrates deeper). However, as © increases, ¢
remains constant first, and then it decreases sharply as soon as the base
of the stem reaches the angular limit of a (i.e. 75°). Same trend for
¢ is observed for all of the designs, with different ranges and maximum
limits of ¢. In some cases, the range of ¢ is from 0 to a maximum value
of 120°.

In general, a manipulator is defined to be dezterous at a specific point
in its reachable workspace, if it can reach the point from any orienta-
tion. This definition of dezterity can be modified for applications that do
not require all the possible set of orientations at a specific point in the
reachable workspace. For example, when the end-effector of a manipu-
lator is approaching a point on a solid surface, its orientation relative
to the normal vector of the surface can vary in the range of zero up to
190° theoretically. Practically, the maximum deviation from the normal
vector is even less than 90° in this case, due to the interference of the
joints and the side of the end-effector with the surface. This is similar to
the case we have in laparoscopy, when the flexible extender approaches
the surgical site. The maximum dexterity the extender can have is in
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Figure 8.9. Type 1 with 1 joint.

the range of 0 to 90°. However, a flexible extender could be considered
dezterous if it can approach a given coordinate[R, ©] with a minimum
approach angle (i, in the range of 30° — 90°3. As an example, an
average value of ¢,;;, = 60° is chosen to be the minimum requirement
for the approach angle. Therefore by choosing the minimum limit of 60°
for angle ¢, in Fig. 3.8, only the portion of workspace which is above
the limit (i.e. ¢ > 60°) can be considered as the dezterous workspace.
The projected view of this dexterous workspace (i.e. R vs. ©) is shown
in Fig. 3.9 in comparison to the total reachable workspace.

The same procedure is performed for design Type 2 with 2,3, and
4 joints, and for Type 3 with 3,4, and 5 joints, as shown in Fig. 3.10,
and 3.11 respectively. This provides the basis for comparison of their
dexterous workspace, with the number of joints as the criterion for the
type synthesis of these different types of designs.

In order to compare the performance of multi-linkage systems locally
(i.e. at some specific location) or globally (i.e. in the entire reachable
workspace), performance measures are used in the literature to quan-
tify different performance characteristics of the system. For example,
Yoshikawa[98], introduced m = |det(J)| (where J is the Jacobian of the
manipulator) as a measure of manipulability for comparing manipulat-
ing forces, or Doel and Pai[20], have defined several new measures for
inertia, and redundancy of multi-linkage systems.

3Depending on the required level of dexterity this limit could vary in that range (i.e. 30° —
90°).
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Figure 8.11.

To.be.able to.compare dexterous.workspaces of designs with different
number of joints, and to evaluate different types of designs with respect
to each other, a new Dezterity Measure is defined. This measure is
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Figure 8.12. Dexterous workspace of Types 1, 2, and 3.

the ratio between areas of dexterous and reachable workspaces occupy
(Fig. 3.9):

Dexterous Workspace Area

Dexterity Measure = (3.1)

Reachable Workspace Area

For example, the ratio of the shaded area to the rectangular area is the
dexterity measure of Type 1 (the planar workspace shown in Fig. 3.9).
The ratio is dimensionless and always between 0 and 1, since the dex-
terous workspace is always a subset of reachable space. This provides a
global dexterity measure that indicates what percentage of the reachable
workspace is dexterous. Furthermore, since the reachable workspace is
the same for all three types (Fig. 3.12), the ratio could be used for com-
parison of their dexterity with respect to each other, as shown in Table
3.2.

Table 8.2. Dexterity measures of Types 1, 2, and 3.

Type 1 2 3

Joints, N 1 2 3 4 3 4 5
Dexterity Measure 51% 43% 45% 34% 56% 64% 59%
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The formulation of dexterity measure could have also been based on
the ratio of the actual volume of dexterous workspace, divided by the

volume of reachable workspace. In this case the volume of a workspace
(Fig. 3.6) would be :

Ry /)
V= / 97 Rsin ORdOAR
R, 0

Taking the simple case of a plain conical workspace where 8 is a con-
stant and independent of R, the above integral reduces to :

_27r

|
3

(R3 - R3)(1 - cos 6)

From the above equation, it is evident that the workspace volume is a
function of R to the third power. This makes the volume-based dexterity
measure very biased toward tools that have better dexterity at greater
depths although they do not have any dexterity at shallow depths (e.g.
design 2 with 2 joints for R < 160mm, or design 3 with 3 joints for
R < 130mm, Fig. 3.10, and Fig. 3.11 respectively). On the other hand,
the dexterity measure used in this section based on “workspace area”
(Eq. 3.1) is equally related to the first power of both R, and 6, hence
providing a non-biased measure with respect to the workspace variables.

Based on the calculated dexterity measures of Table 3.2, the following
conclusions regarding different types and their number synthesis could
be reached :

m The optimum number of joints, to provide the highest dexterity, for
design Type 2, is 3 joints.

m The optimum number of joints, to provide the highest dexterity, for
design Type 3, is 4 joints.

®» Type 3 is the most dexterous compared to the other two designs.

m With the exception of relatively shallow depths of operation (where
R < 130mm), Type 1 provides almost the same dexterity measure as
Type 3 (Fig. 3.12), while in comparison, it is much simpler in design,
and easier to actuate.

m Type 2 does not have any dexterity advantage compared to the other
two designs.

In the following section, other mechanical design features related to
the grasping head of laparoscopic flexible extenders are discussed.
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Figure 8.13. Functional movements of grasping head by flexible shaft design.

4. FEATURES OF THE MECHANICAL
DESIGN

For any laparoscopic extender with a flexible stem, in order to be able
to function effectively (beside the flexing motion of the joints on the
stem), it is essential that its grasping head would be able to have the
required movements/actuations. There are two functional movements
which are required for the grasping head as follows :

1. The actuation of the grasper: Usually this is a reciprocating scissors-
like motion of a set of jaws for grasping, cutting, dissecting, etc.

2. The axial rotation of the head: For the proper alignment of the jaws
of the grasper with the tissue or the needle, the grasping head re-
quires rotary motion around Z-axis (Fig. 3.1). In current laparo-
scopic graspers, this function is performed by ihe rotation of the
rigid stem itself. However, in the case of flexible stem extenders, the
axial rotation of the grasping head can not be performed from the
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base of stem?. Hence, the rotation of the tool-head can only be per-
formed locally by having one additional axial rotary joint (i.e. axis
C’, Fig. 3.13) after the flexing joint (s) on the stem (e.g. joint A’).
This provides one additional DOF for orientation of the extender.

A design challenge is to transfer the above two functional movements
(i.e. grasping, and the head rotation), from the handle to the grasping
head considering the spatial limitation at the flexing joint (s). There
could also be numerous design variations for this motion transmission
(e.g. by wire, or hydraulic lines, etc.). A compact and suitable solution
that can transfer both movements on a single cable (2-3 mm in diameter)
is a push-pull flexible shaft design (Fig. 3.13). Basically the flexible shaft
consists of a central flexible element (i.e. usually a spring wire), which
provides the linear reciprocating motion (for the grasping action), and a
helical outer shell (like a helical extension spring) that can transfer the
rotary motion to the head(74].

The additional advantage of this flexible shaft design is that the trans-
mission of the motion and the force between the handle and the grasping
head is achieved without exerting any significant load on the flexing joint
(s) on the stem. This design has been successfully developed on a pro-
totype with the single-revolute joint design as shown in Fig. 3.13 (for
more details see Ap.B, Fig.B4), which can also be applied to the multi-
spherical joints design (Type.3, Fig. 3.5, and 3.17). However, in the case
of multi-revolute joints design (Type.2, Fig. 3.4, and 3.16), the passages
through the joints are not wide enough to allow the flexible shaft to pass
through. Hence, for the development of Type 2 (Fig. 3.4), another design
consisting of a tension wire is used to close a normally-open spring-loaded
grasper, as well as to rotate the grasping head (Fig. 3.14). This design,
although very compact, suffers from the following limitations:

» Excessive friction in the grasping movement due to the contact, as
well as its bending at each joint.

m Low stiffness and excessive backlash in the rotational movement of
the head.

» Exerting external load on the flexing joints of the stem, due to bends
in the tension wire, which causes undesired jerking motion of the
grasping head (due to inherent clearance at each pivoting joint).

4since the orientation of the tool-head is different from the tool-stem due to the actuation of

flexing joints.
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Tension Wire

Return Spring

Figure 8.15. Prototype of Type 1 design with 6 DOF.

5. DISCUSSION

» Type 1 satisfies all the functional requirements of a) having a flexible
stem with sufficient dexterity (in this case it has 120° articulation at
the joint), b) havmg the addltlonal DOF for the tip of the tool to

otate 2 hile the joint at the stem is articulated,

he articulated joint, and d) having a

. However, for clinical trial, further
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Figure 8.16.  Prototype of Type 2 design with 6 DOF.

Figure 8.17. Experimental prototype of Type 3 design with 7 possible DOF.

developmental work is required to enhance the current prototype by
reducing the length of the end-link (i.e. L.) from 50mm to 20-30mm,
(Fig. 3.7, Fig. 3.15). The new prototype would be compatible with
the limited space inside the abdominal cavity, and would be able to
rotate its stem to reach the entire dexterous workspace (Fig. 3.9).

Size L. could not be reduced in the current prototype due to a) the
relatively large diameter of the available flexible shaft (i.e. 3.5mm),
which requires a larger bending radius, and subsequently longer end-
link (i.e. L.). However, by using more compact flexible shafts avail-
able from a recent supplier[74] it is possible to overcome both of the
above-mentioned problems.

ompared to other two types due to
is not robust, and requires frequent
of its high number of moving parts.
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Although the actuation of its joints was possible, but very much prone
to fatigue, as well as clogging at the lead screws. Therefore this design
was abandoned, and is not considered for further development.

Type 3 proved to be a viable design with high DOF and dexterity.
However, it has to be further miniaturized in order to be applicable for
laparoscopy. The miniaturization involves a) the reduction of joints
and stem diameters (from the current size of 18mm to 10-12mm), and
b) the small scale implementation of the joy-stick actuation mecha-
nism on the handle. Furthermore, the actuation of tendons can also

be performed through servo-controls for robotic applications as will
be described in Ch.6 .



Chapter 4

AUTOMATED DEVICES

Generally, in most surgical procedures it is required to make incisions,
and sometime to remove defective tissues (e.g. gall bladder removal).
Thus, it is essential to perform accurate ligation of bleeding points, and
re-approximate any incisions made during a surgical dissection, in order
to complete the surgical procedure [75]. In laparoscopy, the tissue re-
approximation and ligation is achieved primarily by different techniques
of suturing (e.g. single stitches, or multi-running stitches), and knotting
(e.g. square knots, or slip knots)[75][85]. In some cases special tools
such as staplers, clips, and ring applicators are used [21][80].

The suturing and knotting are performed by a pair of needle drivers!,
and the surgical needle. However, suturing and knotting are considered
some of the most difficult and time-consuming tasks of surgery?. These
results were obtained based on motion/time study of the actual surgery,
and a survey of 78 surgeons[13]. In summary, the level of difficulty and
time needed for suturing and knotting are due to the following factors:

I) Numerous movements required for each subtask: There are a
total of 11 subtasks for the suturing and knotting tasks. Each subtask
involves several movements of the tool in order to be performed (i.e.
for suturing 29, knotting 10, and cutting suture 5, with a total of 44
movements[13] for each stitch, see Table 4.1).

II) Required internal dexterity: Most of the movements require a
specific orientation of the tool in order to be performed successfully

li.e. especially designed graspers for mari~ulation of the needle and suture

2These tasks take between 3.5 to 6 minu.cs to be performed for each single stitch.
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(e.g. grasping the needle, or piercing the needle into the tissue).
This is especially difficult with the current rigid stem graspers which
require a lot of time and effort (e.g. to manipulate the needle until
it has the proper orientation toward the tissue).

Dexterous graspers with the flexible stem, described in the previous
section, could provide more dexterity to perform the suturing and knot-
ting tasks. However, the sheer high number of movements in these tasks
still makes them very time consuming and tedious to perform. The diffi-
culty of suturing in laparoscopy arises from the fact that surgeons, based
on their past experience, are used to perform these tasks almost with
the same techniques, and manual movements, as used in open surgery.
In laparoscopy, they are faced with using two long graspers (instead of
free hand), indirect vision, and having no haptic force feedback from the
surgical site[Ch.1].

The great difficulty of performing such a routine task motivated us to
develop special purpose devices that can perform them semi-automatically.
For example, suturing and knotting tasks are carried out primarily through
controlled manual movement of the needle. The objective of the design
is to develop a suturing device which can generate a set of movements
for the needle automatically. The surgeon simply guides the device for
passing the suturing thread through the tissue faster, with much more
ease, and dezterity. However, to determine the basic requirements of
such a development, first we have to study the details of subtasks[13]
involved in the manual suturing in Table 4.1:

Table 4.1.  Duration of suturing subtasks in laparoscopy.

Subtasks No. of  Ave. duration (sec):
movements Novice Expert
1- Position needle 3 103 51
2- Bite tissue 4 15 20
3- Pull needle thru 5 25 17
4- Re-position needle 4 35 13
5- Re-bite tissue 4 22 15
6- Re-pull needle thru 5 23 13
7- Pull suture thru 4 32 24
Total 29 255 153

By combining similar tasks in the above table, the subtasks can be
summarized in the following categories:
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Table 4.2. Categories of subtasks in suturing task.

Categories Subtasks % of total time
I) Capturing and orienting the needle 1 and 4 40-60%
IT) Penetrating Tissue 2 and 5 15-25%
II1) Needle re-capturing 3 and 6 15-20%

From the above, it is evident that : 1) almost 50% of the time is spent
to capture and orient the needle to a specific orientation, 2) secure the
grasp on the needle and penetrate the tissue to some desired orienta-
tion, which takes about 20% of the total time, and 3) re-capturing the
emerging needle from the other side of tissue takes another 20% of the
time.

The above results indicate that the suturing device must have the
following functional features in order to be faster, and easier to perform
the tasks compared to the manual suturing.

1) Fixed needle : The needle should have some specific fized position
and orientation on the device initially, so half the total time would
not be lost for its capturing and orienting.

2) Controlled penetrating motion : The device should also provide
the penetrating movement of the needle in the desired trajectory.

3) Recapturing mechanism : The device has to recapture the needle
as it emerges from the other side of tissue, and provide the initial fixed
orientation of the needle for the next cycle of suturing.

These are a very demanding set of requirements for a small mecha-
nism with the diameter of 5-10mm to operate inside the body. There
exist several proposed types of designs in the literature [58] [59][63] [64].
Among these designs, those which were implemented successfully are
basically related to a single type of design based on reciprocating actua-
tion. For example, Neisius and Melzer developed the linear reciprocating
jaws (Fig.4.1a) where a needle is transfered and intermittently locked
between the two jaws pneumatically. The needle has a central cross
bore for the thread which is passed through the tissue in each actuation
cycle. They modified the design to another more compact version with
pneumatically actuated. rotary jaws similar to the design of a grasper
(Fig.4.1b). Similar design concepts have been employed by U.S. Sur-
gical in the commercially available device called Auto-Suture[91] where
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Figure 4.1.  Suturing device with reciprocating jaws and needle.

actuation is done manually. Another version of reciprocating suturing
devices is proposed, by Laurus Medical Corporation[52], which uses a
small “shuttle needle ”, that passes through the tissue by an arc-shaped
carrier to a capturing port (Fig.4.2) .

The above mentioned developments, based on reciprocation of needles,
satisfy all the three requirements mentioned above. However, they face
some draw backs due to reciprocating motion that can be stated as :

a) Limits on the thickness of the tissue to be sutured. This is due to
the limitation on the length of the stroke.

b) Possibility of tissue damage due to reciprocating motion of jaws when
they are closed.

c) Possibility of failure in recapturing the needle by the other jaw due
to lateral suturing forces.

d) In the case of pneumatic actuation, there would be lack of control
on the movement/force of the needle while penetrating the tissue.
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Figure 4.2.  Suturing device with reciprocating shuttle needle.

To avoid these short-comings another class of suturing device based on
continuous circular motion (CCM) with an arc shaped needle is studied
in the following section.

1. NEW SUTURING DEVICE WITH CCM
DESIGN

Arc shaped needles are the standard and the most common type of
needle used in surgery(75]. This is due to the fact that the needle can
penetrate and exit the tissue in one stroke of circular motion, without
the need to re-orient the needle in order to exit the tissue. In this re-
search, based on the existing manual suturing technique that surgeons
are quite familiar with, another class of suturing device is studied and
prototyped (Fig.4.3 to 4.7) [24][32]. This semi-automated suturing de-
vice for laparoscopy provides the surgeon with an ideal continuous su-
turing motion similar to the manual stitching used in open surgery. The
primary.challenges of this design and development are: a) the guidance
tracks for the needle, and b) the actuation mechanism of the needle
around the circular path, which are described further in the followings:
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a)

b)
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Guiding Tracks : The circular arcs of both the needle and the
guiding tracks must be greater than 180° (by at least a safe mar-
gin of 45° — 60°), so the tip of needle would re-enter the tracks again
after its penetration of the tissue is accomplished (Fig.4.5b)[24]. On
the other hand, if the opening of the suturing head tracks is less than
120°, there may not be sufficient space for placing the tissue into the
head. Hence, an arc angle of 240° both for the needle and guiding
tracks was selected to ensure that at any position of needle, at least
half of the length of the needle is guided and actuated on the tracks,
while the other half is engaged in suturing.

The structure of tracks is shown in cross-sectional view in Fig.4.3b,
which consists of two circular guiding plates each mounted on the
top and bottom frames of the suturing device. The function of the
guiding plates are: a) to keep the needle securely behind the guiding
plates so it does not disengage from the head, b) to provide the
radial support for the needle so the belt can exert radial force on it,
which in turn causes tangential actuation by the friction force, c) the
slit between the two plates acts as the guiding track for the circular
cross section of the needle, and d) the slit provides an opening where
the suturing thread can be pulled out after each cycle of the needle
around the tracks (Fig.4.3b). There are also two additional top and
bottom supporting plates (Fig.4.3b) which prevent the needle from
any movements and misalignments in the normal direction to the
plane of the circular arc.

Actuation Mechanism : The actuation of the needle is provided
by a friction belt which due to its tension, snugs around the needle
tightly for an angular contact of 240° (Fig.4.3a)[24]. This is obtained
by a series of 5 guiding rollers which guide the belt around the track
as well as pressing the belt further to the needle. Type of the belt and
its method of actuation by frictional traction of the needle around the
path are further discussed in the following section.

FRICTION ANALYSIS OF THE BELT
MECHANISM

Type and size synthesis of the belt are the crucial design steps since it

plays a central roll in guidance and actuation. In this regard, the friction
belt, as the simplest type of belt, is initially studied in this section. This
flat belt, which passes through the gniding tracks and several idlers, also
wraps around the drive pulley (Fig.4.3a). The primary objective in this
section is to verify the possibility of actuating the belt around the path



Automated Devices 63

Idler Roller  Needle
Guiding Plate/

AT,

Top Frame

Top Support
Guiding Plates

ar,<]

Needle
Bottom Support

Bottom Frame

Drive Pulley
Top View A-A
a p b) 2472
) ) Cross Section

Figure 4.8.  Suturing device with circulating needle.

by friction traction of the drive pulley. The equation for tension in a flat
belt actuated by a frictional drive pulley[19] can be written as:

Ty = Tye " (4.1)

where Ty and T are the tension before and after the drive pulley with
the Coulomb frictional coefficient y, and @ being the wrap angle of the
belt around the pulley. A similar equation can be used to estimate the
tension of the belt while wrapping around the 240° arc of the track. The
only difference here is the use of the dynamic coefficient of friction pq
due to the relative motion of the belt and needle with respect to the
stationary track.

In order for the pulley to be able to actuate the belt without slippage,
the tension difference of belt before and after the pulley (T; and T:
respectively) must be greater than the resisting forces in the loop, that
can be written as:

T, -1 > ATf + 2AT; + 3AT, (4.2)

where ATy is the incremental increase in tension due to friction be-
tween the belt and tracks, and ATy and AT, are the frictional resistance
of idlers (Fig.4.3a). To simplify the above inequality, the unknown pa-
rameters AT} and AT can be removed to obtain:
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T - T, >> ATy (4.3)

Using Eq. (4.1) we can also write :

T —T,= Tl(l - e"“292)
ATf = T1(1 - 6_“161)

Where u;, and 6, are the coefficient of friction and wrap-angle of the
belt around the track, while us, and 6, are same parameters of the belt
around the drive pulley. By substituting the above equations in the
inequality (4.3), and after simplification we get :

u202 >> ,ulBl (44)

From the previous section, the value of #; was selected to be 240°
in order the device to function. On the other hand, the values of u,
and po are not reliably known in the wet and lubricated conditions of
surgical site, which causes their values to drop to low values in the
range of 0.05 to 0.1[7]and vary significantly depending on the amount
of lubrication caused by bodily fluids at the surgical site. Therefore,
by substituting §; = 240° in Eq. (4.4), and having the conservative
assumption p; = pug = 0.05 would result:

62 >> 240° (4.5)

Even by using extra idlers in order to maximize the contact angle (6;)
of the belt around the drive pulley (close to 240°), still it is not possible
to satisfy Eq. (4.5) and subsequently Eq. (4.2). This means that friction
pulley can not be a practical solution despite some patented claims[10]
for suturing devices with friction belt drives.

Therefore, the next design belt type would be the timing belt, which
by positive engagement of the toothed belt with pulley provides suffi-
cient actuation force without any slippage (Fig.4.4). The details of the
transmission mechanism and related prototyping issues are described in
the following section.

3. LARGE SCALE EXPERIMENTAL
PROTOTYPE

The first experimental prototype was built with external diameter of
33mm, which is a scaled up version of laparoscopic size (by a factor of
3 compared to the acceptable size range of 10-12mm for laparoscopy).
This enlarged prototype.is.for the purpose of studying the mechanism, as
well as * e proof-of-concept for the device functionality, while avoiding
following problems of miniaturization :
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Figure 4.4. The design assembly of suturing device with circulating needle.

a) Avoiding high precision machining and fabrication which exceeds the
available machine shop resources.

b) Avoiding miniature special parts, such as miniature timing belts,
bevel gears, etc, by using larger standard parts already available off
the shelf.

The exploded view and internal details of the prototype are shown
in Fig.4.4 . The path of the timing belt and guiding tracks have the
same configuration as shown in Fig.4.3 . The timing belt is a standard
size (4.5mm wide, 1.2mm thick, with a tooth pitch of 2.07mm) made of
polyurethane and reinforced with polyester cords[79]. The tension of the
timing belt is adjusted by a movable “tension idler”, which is secured
in place on the main frame by a locking screw (Fig.4.4). The actuation
of the belt is provided by the timing pulley, which is turned by a set of
bevel gears. The rotary motion of the gears are transfered by a shaft
which is connected to a hand wheel at the handle for manual actuation.

The additional design feature of the suturing device is related to the
tissue grasper. This small grasper provides the required support for
delicate and compliant tissues which are difficult to pierce by the needle
without _deflecting them _away. This can be added to the device, and
perform the suturing task much more effectively as shown in Fig.4.5a-c.
The first step of suturing using the device would be to open the compliant
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Figure 4.5. Different steps of suturing and knotting with the new device.

jaws of the grasper (Fig.4.5a) by pushing in the “grasper opener”, and
letting the tissue to get in between the open jaws. Then by closing the
jaws, the tissue is secured, and held firmly in a fixed position with respect
to the suturing head, while the needle can penetrate it (Fig.4.5b). The
last step would be to open the grasper and release the tissue after the
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Figure 4.6.  The first prototype of the suturing device.

suture is passed through by 360° rotation of needle (Fig.4.5c). Same
can be performed to the other side of the tissue to be approximated
(Fig.4.5d), and then knotting can be executed by looping the needle
around the other end of suturing thread (Fig.4.5d, and Fig.4.5e), which
creates a slip knot. By repeating same knotting procedure once more
and pulling the two ends of the thread, a square knot can be formed,
which can securely approximate and hold the two sides of tissue together.

With the enlarged prototype (Fig.4.6), it has been possible to per-
form both suturing and knotting tasks within one minute, with the least
amount of effort, by experimenting on tissue-like medium (e.g. urethane
foam). This encouraging result verified the functionality of the suturing
device, compared to laborious manual technique (which takes on average
5-10 minutes to perform each suture and knot by two graspers[13]). This
motivated us to move to the next level of experimental development of
the actual-size prototyping of such a device.

4. MINIATURIZATION CHALLENGES

Con51der1ng the fact that the current laparoscopic tools and instru-
e e in the range , for the next stage of prototyping
ded to work on the possibility of a
> proved quite challenging, both in
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Figure 4.7. The miniaturized prototype for laparoscopy.

terms of precision machining, as well as obtaining suppliers for special
parts such as timing belts or bevel gears.

It has been possible to address partially the high precision machin-
ing problems, by obtaining funding and purchasing a small precision
turning/milling machine.

The bevel gear transmission was replaced by the smallest size of avail-
able timing belts (i.e. 3mm wide, and 1.2mm thick) to transfer rotary
motion from the handle to the miniaturized suturing head (Fig.4.8).
However, the transmission belt could not be used to actuate the needle
directly due to its high thickness (1.2mm), as well as its requirement
for the minimum diameter of its idler (> 5mm). Hence, two pulleys are
fixed together (on a common shaft) to transfer the rotational motion
from the transmission belt to another much thinner belt (i.e. 0.4mm
thick) called the actuation belt (Fig.4.8) for actuation of the needle.

Several types of timing belts have been studied as candidates for the
actuation belt. For example, metallic timing belts were considered as
a promising alternative, since they are much thinner than plastic belts.
However, due to the high stiffness of steel belts, the minimum bending
diameter around idlers is limited to:

d > 200t (4.6)

In addition, the suturing head diameter D is subject to the following
a i nt.

2(d + 2t) (4.7)
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Figure 4.8.  The design of miniaturized prototype.

Where w is the width of opening on the suturing head for the tissue
to be sutured (Fig.4.8). The minimum acceptable limit of w for the
suturing head with diameter D = 12mm is considered to be in the range
of w > 6mm. Parameters (d + 2t) represent the total diameter of the
two main idlers (diameter d) and belt around them (2t). By applying
these values in Eq. (4.6) and (4.7) we obtain:

12 > 6+ 404t =t < 0.015mm

This range of value for belt thickness is not viable for the metal belt,
due to stress concentration at the engaged teeth, as well as the minimum
belt thickness supplied by the manufacturer of such belts[9] starting from
0.07mm.

The next alternative was polyester flat belts with Neoprene coating
[79]. It can be converted to timing belt by perforating the belt for our
application. The promising aspect of this kind of belt is its relatively
low thickness (0.4mm) and high flexibility. Thus the minimum bend
diameter can be in the order of : d > 5t for a limited operating life cycles.
Substituting this constraint in Eq. (4.7) would result: ¢ < 0.43mm which
is in the range of the actual belt thickness.

Based..on.the.above,.a.second.prototype with idlers of 2mm in di-
ameter, and the polyester belt with 3mm width has been developed
(Fig.4.7). However, the attempt to convert the flat belt to a timing belt,
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Figure 4.9. The design of miniaturized prototype with open end belt-drive.

by perforating it with 0.8mm holes at a pitch distance of 3.2mm, did not
provide satisfactory results. The belt became mechanrically too weak due
to its small width and added perforations, which failed under operating
tension in very limited numbers of cycles.

The next attempt was to use similar flat belt material (polyester)
in an open-end configuration that the ends are attached to cable wires
(0.3 mm thick). The wires actuate the belt by pulling its ends, and the
wires in turn are actuated by a multi-revolution screw-pulley (Fig.4.9).
The trade-off in this type of actuation is that, due to the open end
configuration of the flat belt, the maximum number of revolutions of
the needle is limited to the length of the belt (i.e. maximum of 8-
10 revolutions for the design, compared to 4 revolutions required for
tissue penetrations and square knotting of each stitch). This approach
resulted in successful actuation of the needle by the belt around the
track. However, this could not be developed to a working prototype for
clinical trial, due to the high level of friction still present between the belt
and the tracks. This makes the actuation difficult, which requires high
forces combined with repetitive cloggings. Further development of the
miniaturized suturing device requires a suitable flat belt material with
sufficient flexibility and strength. An example of such material would
be high tensile nylon, reinforced with longitudinal glass fibers, which
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requires to be manufactured as special order by related manufacturers
for the final development of the suturing device.




Chapter 5

FORCE REFLECTING GRASPERS

Due to the physical barrier of the abdominal wall in laparoscopy,
the operation is based on remote manipulation.  Hence, in contrast
to the open surgery, direct sensation of the surgical site and palpation
is not possible. There have been attempts [16][35][70] to compensate
for this lack of tactile sensing by using an array of tactile sensors that
measures the pressure distribution (or small-scale shape distribution),
and recreating this by using an array of tactile displays on the hand of
surgeon. The design of tactile sensors is even more complicated if we
want to incorporate sensations of temperature and vibration as part of
the tactile sensing.

Another important missing sensory feedback is the sensation of the
grasping force which is not reflected properly by laparoscopic forceps.
Recent studies [83][82] indicates that the ratio of the grasping force to
the handle force (which ideally must be constant and equal to the trans-
mission ratio of the forceps from the grasper to the handle) varies greatly
depending on the mechanical properties of the object to be squeezed.
Also, other studies[41][40] show that forces at the handle, grasper, and
the hand muscle while manipulating with laparoscopic forceps are si<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>