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Abstract

Minimally invasive surgery (MIS) is performed today using hand held instruments
passed through small incisions into the body. The internal surgical site and instru-
ments are viewed remotely on a monitor using images obtained with an endoscopic
camera. It is well recognized that the marked therapeutic benefits of MIS must be
weighed against the increased technical difficulty for the surgeon and the ensuing risk
of surgical errors.

Here I describe the design, construction, and operation of teleoperated surgical in-
struments that solve several key problems in current minimally invasive surgical prac-
tice. These improvements are primarily achieved through 1) an increase in dexterity
and degrees of freedom, 2) force feedback to allow surgeons to feel instrument-tissue
interactions, and 3) the elimination of geometrical discrepancies between actual and
observed tool motions.

I present the design of two teleoperator slave manipulators for minimally invasive
surgery, the seven-degree-of-freedom Silver Falcon and the eight-degree-of-freedom
Black Falcon. Both systems were tested using an existing PHANToM™ haptic inter-
face which was modified for use as a master manipulator. Position based bilateral
force-reflecting teleoperation was implemented using sound cable design principles,
without force sensors. Through the design of system dynamics that accommodate a
macro-micro control schemc, a substantial reduction was achieved in slave endpoint
inertia and friction reflected to the user.

The Black Falcon was successfully used to drive surgical sutures along arbitrarily
oriented paths, a task which is rarely feasible using today’s instruments. This test
demonstrates successful kinematic design and range of motion, although the quality of
force reflection was not sufficient to be helpful when suturing soft tissue. Force reflec-
tion was found to be more useful during rigid contact tasks where force information
is not already available to the operator via visual cues.
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Chapter 1

Introduction

Minimally Invasive Surgery (MIS) is the practice of performing surgery through small
incisions or “ports” using specialized surgical instruments in order to reduce the
size of incisions required to access human internal tissues during surgery. During
conventional “open” surgery, the trauma created at the wound is typically greater
than at the operating site. Therefore it is argued that procedures performed using
MIS will have reduced bleeding, discomfort, patient recovery time, and cost.

However, MIS is technically more difficult for the surgeon. Surgeons must train
extensively, and there stili remains an increased risk of surgical complications which
must be traded off against the opportunity for reduced morbidity. MIS is therefore
limited to a number of relatively simple procedures such as cholecystecomy (gall blad-
der removal) for which there seems to be a consensus within the medical community
that it is in fact beneficial, (NIH, 1993). Due in part to the changing landscape of
medical reimbursement in the United States, there is a substantial push from medical
payer organizations (insurance companies, health maintainance organizations, and
hospitals) to introduce MIS to other procedures in order to reduce hospital stays
and therefore costs. Recoveries are typically faster and less painful which also means
patients are asking for these procedures.

In this thesis, I study and develop the design of a new class of surgical instruments
which I hope will relieve the surgeon of key difficulties in current MIS practice. The
goal is to perform current procedures more safely and with better results, but more-
over to allow new MIS procedures to be performed which are currently impossible
and by doing so to improve patient satisfaction and reduce the overall cost of these
procedures.

As new technology is introduced, we as a society must ascertain whether or not this
new technology is beneficial. In medical care, we must weigh the quality of patient care

19



20 CHAPTER 1. INTRODUCTION

against increased financial costs and possibly new risks. As an example, consider that
there has recently been a great deal of interest in minimally invasive coronary artery
bypass grafting, (Winslow, 1997), and several new approaches have been recently
introduced. In Appendix A, we try to estimate whether these approaches will be
beneficial by reviewing cost-effectiveness studies of several past cases: laparoscopic
cholecystectomy, coronary angioplasty, and open coronary artery bypass grafting.
These studies may give some insight as to how technology introduced in this thesis
will be treated.

1.1 Current Minimally Invasive Surgery

Perhaps the most common form of MIS is laparoscopy, which is minimally invasive
surgery within the abdominal cavity. Another common form is arthroscopy, min-
imally invasive surgery within the knee. A rapidly emerging field is MIS cardiac
surgery for coronary artery bypass graft surgery (CABG). Others are being named
as they are developed with the prefix referring to the body cavity under investigation
(hysteroscopy, sinoscopy, pelviscopy, etc.) During laparoscopy, a patient’s abdomen
is insufflated with CO9, and cannulas (essentially metal tubes) with pneumatic check
valves are passed through small (approximately 1-2 ¢m) incisions to provide entry
ports for laparoscopic surgical instruments.

The instruments include an endoscope for viewing the surgical site (a CCD cam-
era/lens combination with a slender shaft), and tools such as needle-holders, graspers,
scissors, clamps, staplers, and electrocauteries. The instruments differ from conven-
tional instruments in that the working end is separated from its handle by an approx-
imately 30 cm long, 4-13 mm diameter shaft, see Figure 1-1.

The surgeon passes these instruments through the cannula and manipulates them
inside the abdomen by sliding them in and out, rotating them about their long axis
and pivoting them about centers of rotation defined roughly by their incision site
in the abdominal wall. Typically a one-degree-of-freedom (DOF) device (gripper,
scissors, etc.) can be actuated with a handle via a tension rod running the length of
the instrument. The surgeon monitors the procedure by means of a television monitor
which displays the abdominal worksite image provided by the laparoscopic camera.

There are several disadvantages to current MIS technology.

1. Visualization of the surgical site is reduced. The operating site is viewed on
an upright, two-dimensional video monitor placed somewhere in the operating
room. The surgeon is deprived of three-dimensional depth cues and must learn
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Figure 1-1: Above: A typical needle holder for open surgery. Below: A typical MIS
instrument, an Ethicon disposable Babcock (soft tissue grasper).

the appropriate geometrical transformations to properly correlate hand motions
to tool tip motions.

2. The surgeon’s ability to orient the instrument tip is reduced. The incision
point/cannula restricts the motions of the instrument from six DOF to four.
As a result, the surgeon can no longer approach tissue from an arbitrary angle
and is often forced to use secondary instruments to manipulate the tissue in
order to access it properly or to use additional incision sites. Suturing become
particularly difficult.

3. The surgeon’s ability to feel the instrument/tissue interaction is nearly elim-
inated. The instruments are somewhat constrained from rotating and sliding
within the cannula due to sliding friction from the air scal, and the body wall
constrains pivoting motions of the instrument shaft. The mechanical advantage
designed into MIS instruments reduces the ability to feel grasping/cutting forces
at the handle.

Despite surgeons’ considerable skill and ability to work within the constraints of
current MIS technology, the expansion of minimally invasive medical practice remains
limited by the lack of dexterity with which surgeons can operate while using current
MIS instruments,

1.2 Teleoperators as the next step in MIS

We propose teleoperation as a general solution to these problems. Our goal is to
improve the dexterity possible during MIS procedures through the use of teleoperated
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surgical instruments and in certain cases to improve the surgeon’s dexterity over that
when using conventional instruments during open surgery.

1.2.1 What are Teleoperators?

Teleoperators are machines designed to allow a user to manipulate objects in a loca-
tion remote from his own. They have historically been used to allow people to work
remotely in dangerous or inaccessible environments such as nuclear reactors, the deep
sea, and space.

A teleoperator consists of two mechanical systems of linkages, a master manip-
ulator and a slave manipulator, (typically arms with grippers on the ends). These
are connected either (a) mechanically, for example by cables or linkages, or (b) by
servoactuating both the master and slave (e.g. using electric motors) and controlling
each manipulator via computer. Motions are transmitted from the master to the slave
so the user may manipulate the slave environment remotely.

There are many variations on this basic idea including the addition of other sensory
modalities and inputs. For example sound, and tactile stimulus can be transmitted -
from the slave environment to the user. In particular, it is useful to transmit forces
and motions from the master to the slave, and forces and motions from the slave back
to the master. This is known as bilateral force-reflecting teleoperation.

1.2.2 Teleoperators used for MIS

What follows is our vision for how teleoperators will be used for MIS, see Figure 1-2.
First, instead of standing at the operating table, the surgeon will sit at a console
where they will view the procedure via monitors which provide them with a three-
dimensional image of the operating site. Mounted within this console will be a pair of
master manipulators, one for each hand, which will control a pair of slave manipulators
at the operating site. On the patient side of the system, the slave manipulators will
be mounted adjacent to the operating table and positioned such that the distal end
of the slave passes through a cannula in the body wall in order to access the surgical
site. Different quick-release slave end-effectors would be available to duplicate the
surgeon’s current array of instruments such as needle drivers, tissue graspers, and
clamps. In addition there will be a seperate slave arm which holds an endoscopic
camera through which the image of the opcrating site will be transmitted to the
surgeon.

The surgeon will have several advantages when using such a system:
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Figure 1-2: In MIS Telesurgery, the surgeon will sit at a surgeon’s console within
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the OR. He will remotely control a surgical slave manipulator and a camera slave

manipulator using a master manipulator. Most likely, he will control two surgical
slaves using two surgical masters. The monitors and console will be arranged such

that his hand and wrist motions are similar to those used during open procedures. The

slave must be designed with sufficient degrees of freedom to perform these motions.
The goal is to create the illusion, with the accompanying increase in manual dexterity,
that he is performing open surgery. The door is opened to enhanced modes of surgery
where motion scaling, force scaling, and visual and haptic overlays are used to make

dexterity better than that possible during open surgery.
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By viewing a three-dimensional image of the slave instruments geometrically
aligned with his own hands which are manipulating the master manipulators,
the illusion is created for the surgeon that he in fact directly manipulating
the slave instruments. The surgeons hands appear connected to the actual in-
struments which he views, since hand motions are directly correlated to the
instrument motions as they are when a surgeon manipulates conventional in-
struments during open procedures. This illusion was created very successfully
by SRI with their open surgical teleoperation system, (Hill et al., 1994).

We will show that the slave can be designed with additional degrees of free-
dom by adding additional “wrist” joints beyond the cannula. It is easier for
the designer to do this than in the case of hand-held instruments because the
joints are servoactuated. The endpoint mobility of the instruments can then
be increased to six degrees of freedom to provide greater access to the tissue
and hence greater dexterity. The goal is for the surgeon to be able to suture
naturally, that is in the same fashion as when performing open surgery.

Finally, if accurate force and tactile information can be transferred back to the
surgeon, this will improve the illusion.by making him feel as though he were
manipulating the surgical instruments or the tissue itself directly by hand. We
will find that this goal, in particular in a system with 7 or 8 degrees of freedom,
is by far the most difficult.

Success in these areas would give back to the surgeon dexterity which was lost when
procedures were converted from open to minimally invasive, and would expand the
type and number of MIS procedures possible. But the door to additional capabilities
is opened. Consider that:

1.

o

Motions and forces could be scaled. For example, if a 1 mm slave motion is made
to correspond to a 5 mm master motion and if the image of the operating site
is magnified correspondingly, it will appear to the surgeon that the operating
site has been enlarged, thereby allowing finer absolute motions. 1 mm vessels
would appear to be 5 mm vessels. Also, if forces between the instrument and
tissue are scaled up and accurately transferred to the surgeon, the illusion will
be even more convincing.

Semi-autonomous behaviors could be introduced into the slave manipulators
and the camera, if it were mounted on a seperate controllable arm. For example,
the camera and slave manipulators could be programmed to track moving tissue
such as a beating heart. In the case of beating heart surgery, the heart would
now appear stationary, thus allowing the surgeon to perform delicate tasks such
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as suturing without having to stop the heart from beating and using cardio
pulmonary bypass as in conventional heart surgery.

3. Graphic overlays could be placed in the surgical workspace to aid visualization
of the operating site. For example, if a liver tumor must be removed but is
viewable only using MRI, an image of the tumor could be overlayed on the
surgeon’s actual image of the liver so that he would know where to operate.
This concept has been used sucessfully in brain surgery (Grimson et al., 1996),
where ihe images are overlaid on a 2-D monitor placed in the operating room.

4. Haptic overlays could be placed into the surgical workspace to help guide the
surgeon by feel. For example, since the master manipulator will be actuated,
we could implement a virtual funnel to guide the surgeon towards a tumor. Or
if some part of the anatomy such as a nerve bundle must be avoided, a virtual
tube could be placed around the nerve bundle so that the surgeon cannot cut
it with the slave manipulator.

We refer to the overall package as enhanced teleoperation. All of these areas present a
variety of exciting research topics in the next generation of surgery, in teleoperation,
and in haptic and force feedback devices.

1.3 Thesis Scope and Overview

This thesis concentrates on teleoperator slave design. Control methods are studied
for such systems in order to better design them. We present designs of two force-
reflecting teleoperators for minimally invasive telesurgery, the Silver Falcon and the
Black Falcon. We discuss the important issues involved with making such systems
work from both controls and mechanisms perspectives, and focus in particular on
design for force reflection. Our goal is not to use these systems on humans, thereby
relieving us of certain safety, sterilization, and tool interchangeability requirements.
These issues are kept in mind, however, in particular during our second design, to
allow future extension to human surgical practice.

1.3.1 The Silver Falcon Teleoperator Slave

Our first system is called the Silver Falcon and is described in Chapter 5, and shown
in Figure 1-3. This is a seven-degree-of-freedom teleoperator slave which consists of
two major subsystems, a wrist unit and a base positioner. The wrist unit incorporates
five motors to actuate a small three-degree-of-freedom-wrist and gripper mechanism
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Figure 1-3: Our first teleoperator slave, the Silver Falcon.

which is placed at the end of a long slender shaft. This instrument shaft is designed to
pass through an incision into the patient. The wrist unit also rotates the shaft about
its long axis and controls insertion of the shaft into the patient. Power is transmitted
from the motors to the wrist throngh a series of miniature stainless steel cables.

The second subsystem is a two-degree-of-freedom base positioner which orients
the wrist unit in pitch and in yaw about the incision point. It is designed to keep one
point on the shaft stationary and coincident with the incision point.

This system was connected via a controller to a PHANToM Haptic Interface which
we modified to allow us to use it as a master manipulator for our slaves. This complete
master-slave system allowed us to prove that macro-micro control would enable force
reflection on a full master-slave system designed for minimally invasive surgery. It
also showed us that using a small dextrous wrist coupled to a larger positioning
mechanism would allow us to perform intricate tasks such as suturing.

There were a number of areas where the Silver Falcon was limited however. The
wrist kinematics allowed us to use macro-micro control in only two out of three
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directions meaning that there was always one direction in which the surgeon could
not feel forces. Obviously we would like the surgeon to feel forces in all three directions
equally well. There were also practical issues such as excessive structural flexibility,
insufficient base servo performance, and the lack of sufficient grip strength to hold
needles securely. Finally the wrist was designed as an integral part of the system
and is not interchangable with other instruments or sterilizable. All of these are
important problems to be solved if we intend to understand teleoperated minimally
invasive surgery in an actual operating room environment.

1.3.2 The Black Falcon Teleoperator Slave

Our second telesurgical slave, the Black Falcon, is shown in Figure 1-4 and is fully
described in Chapter 7. This eight-degree-of-freedom system is structurally stiffer
and stronger in terms of actuator capacity. The system is counterbalanced for safety
by placing all of its actuators at its base and using a combination of stainless steel
and Spectra fiber cable transmissions to actuate the wrist and gripper. This also
allows the wrist unit to be detatchable to allow future development of wrist-units
which perform other functions, such as cutting, grasping tissue instead of needles,
and cauterizing. This basic concept also allows the wrist-unit to be sterilized. The
wrist was redesigned with an additional degree of freedom to allow forces to be felt
in all three directions.

We found that the system had the appropriate kinematics and range of motion
to allow suturing along arbitrarily oriented suture lines. Force reflection was however
inadequate to help the suturing task. Force reflection is more useful during rigid
contact tasks where force information is not available to the operator via visual cues.

During the course of this work and experimentation with both the Silver Falcon
and the Black Falcon, we learned a great deal about 