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by
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Abstract

This thesis presents the development and results of experiments studying the interaction between a
telesurgeon and an assistant local to a patient. In particular, a number of simulated laparoscopic
surgical tasks were performed under various conditions of teleoperator time delay and tool assignment
between the surgeon and assistant. The time delays ranged from no delay to 1.2 seconds. Tools used
in the tests included a laparoscope, laparoscopic grippers, shears and clip appliers.

To provide a setting in which to perform the experiments, a telesurgery system was assembled.
The central component is a three degree of freedom, bilateral force reflecting teleoperator with a two
d.o.f. teleoperated surgical tool without force feedback. The surgical tool can actuate a laparoscope,
laparoscopic grippers or shears. Other components include two surgical patient/task simulators,
one-way video and two-way audio communications hardware and a delay generation device.

The experimental results obtained using this system suggest that under delay conditions, telesur-
geons should act only by controlling the laparoscope and instructing, while delegating performance
of the manual tasks to the assistant. Improvements to surgical teleoperators could allow surgeons
to interact directly for low time delays, but, depending on the cost of increased completion time,
delegation may always be necessary for higher delays to obtain the best performance.
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Title: Ford Professor of Engineering and Applied Psychology
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Chapter 1

Introduction

The last three decades have seen the advent of “tele-medicine”, the provision of medical care over long
distances through the use of telecommunications. Until recently, this involved transmitting audio
and video signals and various forms of data (e.g., X-ray and MRI images). Now there are efforts
underway to develop teicoperator systems that will allow doctors literally to extend their reach and
perform examinations and surgery without needing to be personally present with a patient. There
are many issues that need to be resolved before medical teleoperator systems are used clinically.
The one that is addressed in this work is how to coordinate the interaction between a “telesurgeon”
and a less skilled assistant physically present with the patient.

Early reported work in telemedicine is that done by Murphy, et al. [MBBB70, MBBY73, MB74].
A two-way microwave TV link was set up between Boston’s Logan airport and Massachusetts General
Hospital following an airplane crash in the mid-1960s in which traffic prevented ambulances from
reaching the scene. With this system, a surgeon on call at MGH could visually examine patients
and instruct the para-medical staff at the airport on how to treat them.

Recently, Kavoussi, et al. [KBM*94] have been using a telerobotic arm to remotely control an
endoscopic camera in a form of telemedicine they call “telementoring”. In their system, a robot arm
holding a camera in a laparoscopic procedure is controlled by a surgeon facing a video screen in
another room. This surgeon is an expert in the procedure being performed, and is guiding the local
surgeon who is learning the procedure. While originally intended for use within a single facility, the
telesurgeon could easily be located in another hospital in another city. The potential for this system
as a training tool is clear, in that an expert in one facility can be “telepresent” in many others,
eliminating the time and financial costs of travel.

Being able only to communicate over an audio-video channel prevents a doctor, and especially a
surgeon, from using a significant portion of his or her skill set, notably the manual skills involved in

palpation and performing surgical tasks. To extend telemedicine to include manual interaction with
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the remote environment, various groups are developing teleoperators specifically designed for surgical
settings. One of the most advanced systems is being developed by a group at SRI International in
California [GHJS95]. Their telesurgery system uses a two armed, five degree of freedom (each arm),
bilateral force reflecting teleoperator system. The master manipulators are equipped with handles
like surgical tools and the slave manipulators are equipped with interchangeable gripper and cutting
tool tips. This system was demonstrated favorably in Washington, D.C. at the annual convention
of the Association of the U.S. Army, in 1994. A teleoperator system with seven degrees of freedom
for each arm is currently under development.

While the technology has been progressing, there has been little attention explicitly paid to the
interactions between the telesurgeon and an assistant. Early applications for telesurgery systems are
likely to be on the battle field, where rapid response to trauma is especially important [Sat94]. In
this case, however, the assistant will not be a skilled surgeon simply learning a new procedure. More
likely, he or she will be another soldier with limited medical training at best. In civilian telemedical
trama applications, the assistant might be a para-medic in an ambulance. In these cases, it is
not clear how best to make use of the abilities of the assistant. Clearly, this person provides an
extra bair of hands and eyes beyond what a telesurgeon has available, and can follow the surgeon’s
instructions. Further, the assistant is not encumbered by limitations of the technology, such as time
delays involved in video image compression and transmission, limits to the field of vision imposed
by the cameras and limited haptic feedback. There is a need for some sort of protocol to guide the
surgeon in what aspects of the surgical task set can or should be delegated to the assistant, and
which ones should remain under the direct control of the surgeon.

While there are many factors that would influence this decision, one of the more important is
the effect of communication time delay in the system. The SRI and other current prototype systems
. use high bandwidth communications channels over very short distances, and as such, do not have
to contend with non-trivial delays. However, currently available technology to do videoconferencing
typically uses channels that result in delays in the video signals of at least a half second, round-trip
(e.g- 600 ms for the Zydacron system [Zyd96)). If satellite communications are used, the delays
become even longer. In a recent test between Tokyo, Japan and Washington, D.C., the round
trip delay in the teleoperator system was 1.4 seconds [MWN*95]. Thus, in addition to deciding
what tasks to delegate under ideal conditions, guidelines must be developed when the system is
compromised by time delays.

One of the few studies of cooperation mediated by a telecommunications system was performed
by Weeks and Chapanis [WC76). In their experiments, a problem solving exercise, mediated either
" by teletype, telephone or two-way closed circuit television, was performed and compared with direct
interaction. They found no significant differences between any of the modes except teletype, which

resulted in longer completion times. However, their work did not involve physical interaction between
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the participants, did not deal with time delays, and the participants were not expert-novice pairs,
as they would be in a telesurgery environment.

A number of studies have been done on performance of manual tasks using teleoperators with
time delays. Two of these [She92, Bla70] showed that as loop time delays increase beyond 0.1 seconds,
operators begin to use a “move-and-wait” strategy to control the teleoperator. In move-and-wait, a
user makes an open loop motion, then waits for the feedback to catch up before initiating another
move. Because of this, when time delay increases, the time required to complete a task goes up.
When higher precision is required in a task, the number of small, open loop moves increases, also
increasing overall task completion time.

In studying telesurgeon/assistant cooperation, laparoscopic surgery was chosen as a context. In
this form of surgery [KC93], a patient’s abdomen is inflated with carbon dioxide gas, and sealed
tubes called trochars are inserted through the abdominal wall. A laparoscope, a tube with fiber optic
bundles and an attached TV camera, is inserted through one trochar, and surgical tools are inserted
through the others. Often two or more tools and a camera must be manipulated simultaneously.
Because of this, a surgeon cannot perform the operation alone, so the choice of laparoscopy provides
a type of surgery that requires cooperation. Another characteristic of choosing laparoscopy is that
the fulcrum created by the trochar in the abdominal wall constrains the motion of the tools, reducing
the complexity required in a teleoperator controlling the tools.

In the course of this research, a teleoperated laparoscopic surgical tool was developed, as was a
surgical simulator. A set of simulated tasks was performed by surgeon-assistant pairs under - arious
time delay conditions. The details of the system components, the experiments and the results

obtained are presented in the following chapters.
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Chapter 2

Telesurgery Apparatus and

Experiment Design

2.1 Experimental Apparatus

Figure 2-1 shows a diagram of all of the major system components in the Human-Machine Systems
Laboratory telesurgery simulator system. The central components are the slave teleoperator with
a teleoperated surgical tool, and surgeon’s master control and tool handle. The other components
include the surgical simulator, the audio/video communications equipment, including a delay gen-
erator, and the computer hardware used to control the tele-operator and perform image processing.

These elements will be described in turn.

2.1.1 Teleoperator System:

The teleoperator used in these experiments consists of a pair of PHANToM haptic interface arms, one
used as a master, the other as the slave (see Figure 2-2). The PHANToMs were designed to provide
force feedback from virtual environments. Ours is the first known use of a pair of PHANToMs in a
master-slave mode. The PHANToM arms are 3 degree of freedom robot arms (all revolute joints),
providing force feedback to the user in x, y, and z directions. Our system is a bi-lateral, force
reflecting teleoperator, so when a force is exerted by the slave on the remote environment, an equal
and opposite force is displayed to the user at the master site. The potential to scale motions or
forces or both between master and slave is available, but was not employed, as it was intended that
the surgeon act as if using normal surgical tools without any special augmentation. Some groups
(e.g. [HDLC93]) have done work on hand tremor attenuation, and force and geometric scaling, but
this was outside the scope of the current research.

Because the arms are identical kinematically, control of the arms is less computationally intensive
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[ SURGEON'S |
MONITOR

Figure 2-2: Telesurgery setting, with master and slave, simulator and video monitors. The apparatus
on the right would be located remotely from the patient.

than would be the case if extensive forward and inverse kinematic calculations had to be performed.
This is important because fewer calculations mean that the computer control loop can run more
quickly, allowing a higher bandwidth of force information to be sensed and displayed to the user.
The sensitivity to vibration in the skin of the hand is highest at approximately 200 Hz [SCS6]
and since the control loop runs at roughly 500 Hz, a significant range of the sensorium is available
through the master-slave system. The control software for the arms was developed by Hu [HRTS96],
and allows the arms to be used in a proportional-derivative control mode without time delays, and
with a variety of other control modes which stabilize the system when time delays are present. The
software was run on a 90MHz Pentium PC which also housed the interface cards for ecach arm. Time
delays were generated in the control loop by buffering incoming commands for the desired amount of
time. Thongh not used in these experiments, the system can also be run on two separate computoers,
one each for the master and slave, using an ethernet connection between the two.

The PHANTOMs include a number of safety switches to prevent damage to the system or injury
to the users. A “dead-man” foot switch near the slave arm is used by the assistant to cut off power to
the motors when released. A hand-held dead-man switch for the surgeon is part of the tool handle,

described below.
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Figure 2-3: Laparoscopy tools: gripper, clip applier and shears. Finger wheel on handle controls roll
motion. scissor grip actuates gripper/shear action.

2.1.2 Teleoperated Surgical Tool and Tool Tips:

To provide a surgeon with access to the remote environment, a special end etfector and a control
handle had to be built for the slave and master arms respectively. To provide the functionality of
the laparoscope and tools such as laparoscopic grippers and shears (see Figure 2-3), the roll axis of
a tool and the motion of the tool tip need to be controlled. Also, the end effector must support use
of any of these tools. To meet these criteria, the tool and tool handle shown in Figures 2--1 and 2-5
were designed and built. (See also Appendix A for hardware and users’ manual).

The tool is made up of a base unit, which includes the motors and encoders to drive and measure
the position of the tools, aud three interchangeable tool tips, one each for the gripper, shears and
laparoscope (see Figures 2-6 and 2-7). The roll axis of each tool is driven by the small motor on the
base unit through a simple pinion-gear mechanisin. The gripper/shear motion is driven by a rod
moving along the inside of the main shaft of the tool. The large motor drives this motion, using a
lead screw to convert the motor’s rotary motion to the linear motion of the rod. The base unit is
attached to the slave PHANTOM using the gimbal wrist supplied with the arm. Also supplied with
the arms were three additional current amplifiers and encoder counters (beyond those for the first
three axes), and two of these are used to drive the base unit motors and receive inputs from the

encoders.
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Figure 2-4: Teleoperated (slave) laparoscopy tool.

The gripper and shear tools were modified from tools like those in Figure 2-3. keeping the main
shaft and part of the handle. To mount them to the base unit, lexan blocks were machined to
accomodate the tool parts, the motion of the lead nut in the base and holes for thumb scerews to
hold the tip to the base. It was found during construction that the length of travel of the drive rod
for the gripper/shear action was shorter for the gripper tip than for the shears tip. Becanse of this,
a calibration scheme for the tools was developed, and different gains are used in the control program
to match the tool position to the master handle position. The details of the calibration scheme and
control functions are described further in Appendix A.

The laparoscope tip is a modified CCD desktop video camera mounted to a 3/8” acrylic plastic
shaft. Real surgical laparoscopes use a CCD camera mounted to the “outside” end of a tube
containing optics which bring light to the surgical site inside the abdomen and transmit an image
back to the external camera. In these experiments, the camera never had to be removed from the
surgical simulator, so it was not necessary to use expensive optics, and the camera was mounted
to the "inside” end of the shaft (note the trochar in Figure 2-7). As described later, the simulator
uses ambient room light to illuminate the surgical field, so it was not necessary to add a light source
to the laparoscope tool tip. The camera is a fixed focus device, but has a small aperature, so it
provided sufficient depth of field (approximately between 1.57 and 47 away from the objective lens)

to complete the experiments.
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Figure 2-5: Surgeon’s (master) tool handle.

2.1.3 Telesurgical Tool Handle:

The input device for the tool (see Figure 2-3) was also modified from a real laparoscopy tool. Optical
encoders are used to measure the position of the roll axis and the scissor action of the handle. Becanse
the roll axis encoder is attached to the tool shaft, turn of the finger wheel and turn of the handle
as a whole are both measured. As a safety deviee, a “dead-man” switch is also attached to the
handle, which, if released during operation, causes the entire system to shut down. The switch on
the handle was used, rather than a foot switch or a switch in the surgeon’s other hand, so that if
the system became unstable, it would be very difficult to maintain a grip, and the surgeon would
naturally release it.

The tool handle does not provide force feedback for either the gripper axis or the roll axis. As
will be apparent later, the simulated surgical tasks for which it was used do not require fine control
over gripper force or roll axis torque. Further, laparoscopic surgeons tend to use visnal feedback as
their primary source of feedback, and the force feedback provided by tools used in the operating
room is poor at best. Improved manual tools and enhanced teleoperated tools are being designed

[FPN95], but these are not currently in clinical use.
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Figure 2-6: Tool components. Base unit houses drive motors (note thrust bearings for gripper
action). Pinion meshes with gear on tool tip blocks. lead nut socket holds drive rod pin.

2.1.4 Kinematic Degrees of Freedom and Constraints:

The PHANTOM arms provide control over only three position axes, and the tool handle controls
one orientation axis. If the tool handle were moved in free space there would be two uncontrolled
degrees of freedom. However at the slave end the fulerum provided by the hole in the patient’s
abdominal wall constrains two degrees of freedom. To make the handle kinematics be the same and
to constrain the last two orientation DOFs, a “pscudo port™ (shown in Figure 2-3) was constructed
to play the same role for the master. Figure 2-8 shows that this port is placed in the same place
relative to the master’s base as the real trochar is relative to the slave's base. In this way the tool

handle always maintains the same position and orientation as the tool itself.

2.1.5 Patient (Abdomen) Simulators:

During the course of this research, two laparoscopic patient simulators were constructed. The first
(Figure 2-9) is modelled after typical laparoscopy training devices [BIZ91, Mug92] and includes
typical features: an opaque lid to prevent direct viewing of the simulated surgical task field and a
number of ports through which trochars and tools are inserted. Two other features of this simulator

include the shape of the lid which is intended to approximate that of the inflated abdomen of a
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Figure 2-7: Tool tips. Laparoscope with CCD and supporting hardware, gripper and shears.

laparoscopy patient, and the transparent sides which permit an external view of the operation by
observers or by an extra video camera.

A platform was constructed to be used in the simulator which supports the “task boards™ (see
section 2.2) with the individual elements of the test set-ups. A position sensing unit was attached
to it which can measure the motions of a laparoscopic probe within the simulator. The platform
.an be seen inside the simulator in Figure 2-9.

The second simulator was built. for demonstration purposes. It is a slightly modified CPR training
mannikin (see Figure 2-10), which has space inside for part of the task board equipment, and holes
located at the umbilicus and just below the “rib-cage” on the right and left sides for the trochars and
tools. As the mannikin is opaque, light is provided by placing a lamp at the lower end, shining in
through the large access hole. Surgical drapes are used to cover the mannikin to provide additional

realism.

2.1.6 Audio/Video Equipment:

Beyond the CCD laparoscope, a number of components provided for verbal communication between
the telesurgeon and assistant, displaying the video images from the camera, performing some basic

image processing, and generating the audio and video time delays.
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Figure 2-8: Geometric similarity in placement of slave/patient and master/pseudo-port.

Figure 2-9: Laparoscopy simulator for experiments. Note opaque lid with trochar ports, transparent
sides showing platform and task board.
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Figure 2-10: Demonstration simulator. Light source at lower left illnminates interior through access
hole (hidden under drapes).

Audio communication was conducted by using two pairs of headphones with boom microphones.
The microphone inputs were amplified using the left and right channels of a sterco home audio
amplifier. Two 21 inch video monitors, one each for the surgeon and assistant, were used to present
the camera images. An SGI Indigo2 Extreme workstation with a Galileo video card was used to
overlay a mouse pointer on the video images seen by the participants. This pointer was controlled
by the surgeon, who used it as an additional tool to direct the assistant.

Time delays in the audio and video communications were generated by using a device which
buffers incoming signals for a period of up to two seconds. It is often used by television and radio
broadcasters (who use units with higher capacity) to synchronize signals and to provide tine to
block inappropriate language from being transmitted. The delay buffer inclides two audio channels
and one video channel. Verbal communication used one channel in each direction (i.c. to or from the
surgeon), and the video signal returning from the remote site was sent through the video channel.

No video information was sent from the surgeon’s site.
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2.2 Experimental Tasks

Surgery is not an exercise that lends itself well to detailed quantitative analysis. Most forms of
evaluation employ the times required to complete operations and rates of success or failure. One
group [CSJGI5] has attempted to break down the time requirements for different tasks within
operations by video recording multiple views of activities in an operating room. They analyze them
afterwards to determine the proportion of time spent on each aspect of the operation.

Since it was not intended that the research include animal or clinical trials, a set of simpler, related
tasks had to be found. Requirements for the tasks included ease of measurement in quantitative terms
and recognizable similarity to laparoscopic surgery to give face validity to the tests. [SHC94] have
developed a set of basic training exercises for medical students learning the elements of laparoscopic
tool manipulation. They do not specify how they evaluate the tasks, but by recording the view from
the laparoscope on video tape, the elemental tasks can be evaluated for speed of completion and
frequency of errors committed. As they are specifically for use in developing laparoscopic skills, the
tasks also meet the validity requirement. A subset of the training tasks was chosen which covered
a variety of the skills required and which could be performed with the available equipment. These

are described in the following sections.

2.2.1 Grasp and Transfer (G&T):

This task provides experience in manipulation of gripper tools and control of the laparoscope. Two
grippers are used, first to grasp an object from a cup with one gripper, transfer it to the second
gripper, then to place the object in a second cup (Figure 2-11). In the version used in the experiments,
six foam rubber ear plugs were transferred from the left hand cup (as viewed through the laparoscope)
to the right, then the six were transferred back again. The cups were placed so that they could not
both be seen completely at the same time, making it necessary to move the lap-aroscope to see either
cup entirely.

The time between the surgeon’s command to grasp a given plug and it’s successful placement in
the second cup was recorded for each transfer. When the surgeon was the first to pick up a plug,
timing began when the surgeon started moving the tool towards the plug. Errors were judged to be
any event which did not correspond with the task or the instructions given by the surgeon. Examples
of these include dropping the plugs, knocking plugs out of either cup, picking up more than one plug
at a time and picking up a plug other than the one indicated by the surgeon (assistant only). When
a plug was dropped during a transfer, it had to be picked up with the tool that dropped it, or by
the donor tool if the drop occurred in mid-transfer, and the task was then completed.

This task was modified from the original training task in that the ear plugs were used in place of

short segments of dental swab. Both items are of similar size and weight, and both deform somewhat



Figure 2-11: Grasp and Trausfer apparatus.

under grasping force. Also, the original task did not specify the spacing between the cups.

2.2.2 Grasp and Transfer with Orientation (G&TwQO):

A slightly more complex task than G&T, this task uses paper clips instead of car plugs, bat is
otherwise very similar (Figure 2-12). Six paper clips were transferred from the left to the right cup
and back again. Timing was judged as in G&T. However, the clips had to be grasped only at their
ends rather than along the sides (where there were two parallel lengths of wire). The surgeon also
specified one end or the other that had to be grasped by the assistant. In completing the transfer
between the cwo grippers, the receiving gripper had to grasp the free end of the clip.

Errors include those listed for G&T, and also grasping a clip at the end not indicated by the
surgeon, grasping the clip along the sides and receiving the clip by grasping the end already held by

the other grasper. Recovery from dropping errors was carried out as in G&T.

2.2.3 Use of Clip Applier (CA):

The laparoscopic clip applier is a commonly used tool to control fluid flow (blood or other) in ducts
or vessels that are to be severed. A smoall titaninm clip is loaded into the jaws of the tool, and then

squeezed around the desired structure. In a gall bladder removal for example [BIZ91], the cystic

26



&

)

it

R

.
K4

Figure 2-12: Grasp and Transfer with Orientation apparatus.

duct and a number of blood vessels leading away from the gall bladder are clipped on either side of
the locations to be cut. This stops Huid low, after which the vessels can be cut by varions means
including laparoscopic shears, electro-cautery or fiber optic laser. Blood vessels, nerves and other
structures are often found together in “neurovascular bundles” [Grad9)], so it is important that only
the desired structure is clipped, excluding the other adjacent ones.

In this task, five sets of three adjacent rubber bands were placed around the cup (Figure 2-13).
The bands were red, blue and light brown, roughly representing an artery, a vein and & duct. In this
experiment, the “duct” was the structure to be clipped and cut. The clip applier jaws were placed
around the “duct” at a surgeon-specified location along the band, then the clip was placed on the
band. Another clip was placed at a second location and the shears were used to cut between the
two clips. Timing began when the surgeon indicated the first location to be clipped or when the
surgeon began to move the clip applier towards the band. It ended when the band had been cut.
When the assistant controlled either the clip applier or the shears, the surgeon had to be satisfied
with the placement of the tool and give a verbal confirmation before the assistant could complete
the subtask.

Errors for this task included: placing a clip at a location other than the one specified; placing the
clip before the verbal confirmation had been received; catching either the “vein” or “artery” in the

clip; cutting at a location other than the one specified; cutting a structure other than the “duct”;
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Figure 2-13: Use of Clip Applier apparatus. Note clip already placed on band.

and cutting before receiving confirmation.

The arrangement of the bands, beyond placing them around the cups, was not originally specified.
Further, bundles of bands were used instead of the single bands of the [SHC9] training task. The
change was made to more closely simulate real structures. The last change was that when the
surgeon was using the teleoperator (for which there was no clip applier tip) the gripper tip was used
in its place. Black marks were made on the “duct” in the locations where clips should be placed,
and the surgeon’s success in closing the gripper at the correct spot was determined from the video

tape. In this mode, the assistant was instructed to make a cut between the two black marks.

2.2.4 Use of Scissors (UoS):

As with oper surgery, sutures can be used laparoscopically to bring sections of tissue together.
While sewing laparoscopically is a very difficult task, and beyond the ability of a surgeon working
through a one-armed teleoperator and an unskilled assistant, removing excess suture material after
knots have been tied is possible. In this task, a grasping tool was used to hold the end of a piece of
suture material, and the shears (scissors) were used to cut at a specified location between the gripper
and the point of attachment (Figure 2-14). The suture segments used in this task were alternately

colored light and dark, in 1/4 inch sections, and cuts were made only in the light colored sections,
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Figure 2-14: Use of Scissors apparatus. Note banding on suture material.

When the assistant used the shears, the surgeon had to give verbal confirmation that the shears
were placed correctly before the cut was completed. Six pieces of suture material were available at
the beginning of each set of tasks.

Timing for this task began when a given piece of suture was indicated or when the surgeon
began moving towards a suture. It ended after the suture had been cut and the cut segment
placed in the central cup. Errors recorded included grasping the wrong suture, grasping two sutures
simultaneously, cutting in either the wrong light section or in a dark section, cutting two suture
pieces at the same time, not waiting for confirmation before cutting, allowing the suture segment
to slip out of the grasp of the grasper and dropping the cut segment somewhere outsiae of the cup.
While in a real procedure, dropped segments of suture would have to be recovered, in these exercises
timing for the dropped suture was stopped and the remainder of the exercise was completed.

The only modifications from the original training task were the banding of the suture segments
and the mounting method. Banding made the decision of what constituted a position error in the

cut easier and the mount made setting up for further repetitions more efficient.
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Figure 2-15: Observation task apparatus.

2.2.5 Observation (Obs):

One task that was not included in the set presented in [SHC94] concentrated on controlling a
probe and the laparoscope to make observations/identifications. This task required the telesur-
geon/assistant team to expose specific sides of various polyhedral dice. A probe tool (gripper with
Jaws closed) was used to roll the dice to expose a given side, then to expose the opposite side (Fig-
ure 2-15). The surgeon was aware of which numbers had to be shown but did not reveal this to the
assistant, instead using the mouse pointer to indicate which face to push and in which direction.
This simulated a surgeon examining specific locations on a structure that must be manipulated to
show surfaces that may be hidden. This turned out to be more of a test of the ability to roll the
dice correctly rather than an exercise in evaluating laparoscope control. The task required precise
control over forces exerted through the tools to avoid rolling the dice in uncontrolled ways.
Completion time was the only variable recorded in this task, and is started when the first desired
side was positioned face up and finished when the opposite side was shown face up. The results will

be shown, but no extensive analysis was performed on them.
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2.3 Experimental Procedure

In these experiments, a number of factors were held constant or were not variables that could be
changed easily. Firstly, the same surgeon, Dr. James Thompson, M.D., served as telesurgeon for
all of the subjects (assistants). Presumably there would be variations between surgeons based on
innate ability and training. However, bringing other surgeons in would have increased the number
of trials geometrically. Second, there was only one teleoperator system available for use. Use of a
one-armed manipulator with only partial force feedback would very likely yicld different results from
a two-armed device with full force feedback.

The first independent variable in the study was the level of round-trip (closed loop) time delay
in the teleoperator system. Three levels were considered: zero seconds, 0.6 seconds and 1.2 seconds.
The zero second level of delay represented use of the teleoperator in cases where the master and
slave are connected through the same control computer and theie are no delays in the audio and
video communications. Alternately, this case simulated the use of a very high bandwidth communi-
cations channel between the two locations (e.g. T-1 or T-3 phone lines at 1.5 and 45 Mbits/second
respectively).

The 0.6 second delay level represented the delay inherent in the use of three ISDN telephone
lines simultaneously (called fractional T-1, 364 kbits/second). A commercially available video con-
ferencing system, acquired for use later in this project, employs an image compression chip set which
adds a delay of 0.3 seconds between the master and slave, and another 0.3 seconds for the return
trip [Zyd96). In the experiments, the control program buffer in the Pentium and the audio/video
delay generator were synchronized so that when the tele-surgeon made a motion, he would see, feel
and hear the results all delayed by the same amount.

The 1.2 second delay was included to demonstrate the effects of further delay in the system, such
as those that would be experienced if satellite communications were employed between the master
and slave [MWN+95]. The delay was made up of a 0.6 sec. delay from the master to the slave, and
another 0.6 sec. to receive feedback from the remote site.

One additional “delay” case was included as a “gold standard” for comparison purposes, namely
that of direct interaction of the surgeon with the tools and simulator (i.e. unmediated by the teleop-
erator). This represented the case of a surgeon being physically present in the operating room with
the patient rather than being “tele-present”.

The second independent variable in these tests was the tool assigned to the surgeon. For the
G&T and G&TwO tasks, the surgeon used either the laparoscope or the right gripper (as seen
through the laparoscope) with his right hand. As mentioned earlier, the surgeon also controlled the
mouse pointer, which was held with the left hand.

When the surgeon controlled the laparoscope, the assistant controlled both grippers; when the

surgeon controlled the gripper, the assistant controlled the other gripper and the laparoscope. The
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assistants were instructed to hold their tools in the hands that felt most comfortable. Because the
laparoscope was positioned to the right of the assistant’s gripper, this meant that some subjects
performed the task with their arms crossed in front of them. The effect of handedness and usage of
the tools in this sense was treated as an uncontroiled, random variable.

For the CA and UoS tasks, the surgeon used either the laparoscope, the shears or the gripper
(or clip applier for CA, direct interaction mode) and the assistant controlled the remaining tools.
When controlling either the shears or the clip applier/gripper, the surgeon used the right hand
trochar (laparoscope point of view) and the assistant’s tool was inserted through the left trochar.
The instructions for the assistant regarding which hand to use for which tool were the same as for
the G&T tasks.

In the Obs task, either the surgecn or assistant controlled the laparoscope, and the other partner
controlled a probe, in this case a gripper tool with closed jaws. When the surgeon controlled the
probe, he used the right hand trochar, while the assistant used the left trochar when using the probe.

Each task was performed under all of the time delay and tool assignment modes described above.
Thus, for the Obs, G&T and G&TwO tasks, there were eight combinations of time delay and tool
assignment, and for CA and UoS, there were twelve. Pretesting and early subjects showed that the
CA and UoS tasks were very difficult and fatiguing under time delay conditions, and that the Obs
task was impossible to perform when the surgeon controlled the probe under time delay. Because
of this, three bands (of five) in CA and four sutures (of six) in UoS were used when the surgeon
controlled tools other than the laparoscope. Under time delay conditions in Obs, the surgeon only
performed the laparoscope control case.

The subjects were six male students between the ages of 20 and 30. Each subject was tested
over the course of two 3-1/2 hour sessions on different days. In the first session, an untrained test
of each subject’s ability was performed, followed by a training session. The subject then performed
all of the tasks under direct interaction and teleoperation with no delay. In the second session, the
two time delayed cases were performed.

The pre-training tests were of ability to perform the Obs and G&T tasks with the surgeon
controlling the laparoscope with the undelayed teleoperator. The subject was shown the function
of the gripper by the experimenter before beginning the tests, and the surgeon described what had
to be accomplished once the test had begun. Upon completion of the pre-testing, the subject was
shown a video tape of a real laparoscopic gall bladder removal. During the video, he was told how
the tasks he would be performing related to the operation being shown. Afterwards, the assistant
was taught how to perform each of the tasks correctly. He practiced all of the tasks under the
observation of the experimenter to ensure that he could perform them properly.

During the post-training experiment sessions, the individual tasks were performed in the order

Obs, G&T, G&TwO, CA and UoS. The order in which tools were assigned within the delay cases
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was varied between subjects to provide partial counterbalancing. Rest breaks of a few minutes were
given between each tool assignment case to permit the experimenter to change tools and to prevent

fatigue.
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Chapter 3

Results

The measurements taken from the video recordings of the experiments were the individual task
completion times and the number and types of errors committed by the telesurgeon/assistant pair.
The time data will be presented first, followed by the error data, both by task. A more complete

listing showing the statisticzl data can be found in Appendix B.

3.1 Completion Time Data

3.1.1 Grasp and Transfer:

This plot (Figure 3-1) shows the combined data for all subjects partitioned by the time delay case
and by the tool assigned to the surgeon within each delay case. Plotted are the mean completion
times, bars showing one standard deviation from the mean and the range of completion times. For
direct interation (DI), no statistical difference was found between the case of the surgeon controlling
the laparoscope and the surgeon controlling one of the grippers (t-test, p=3.1%). Assuming that .
the surgeon is already proficient at the task, this suggests that training was sufficient to bring the
subjects to a fairly high level of proficiency.

In all three of the teleoperated cases, the task was performed more quickly when the surgeon
controlled only the laparoscope (t-tests, p=3.5E-4, 2.5E-9, 6.0E-16 respectively). With the sub-
ject performing the task under direction, the completion time remained constant from no delay to
1.2 seconds delay (t-test, p=48%). This is encouraging because it indicates that there was little or
no additional learning by the subject after the training session. Another interpretation is that the
increased speed due to learning was offset by increasingly poor performance by the surgeon using
the laparoscope. However, the placement of the laparoscope was not usually critical. Further, the
surgeon often anticipated the completion of a task by moving the mouse pointer to the location of

the next plug to be picked up in advance of actually giving the command. These two factors suggest
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Figure 3-1: Aggregate (6 subjects) Grasp and Transfer task results by time delay mode and surgeon’s
tool assignment.

that the former interpretation is likely to have a larger effect than the iatter.

When the surgeon participated by controlling a gripper, completion time increased with time
delay. With only three data points, a detailed relationship between completion time and delay is
difficult to determine. However, a very good least squares linear fit can be performed, with a slope
of 14.0 seconds longer completion per second of time delay, an intercept at 0 sec. delay of 14.5 sec.

completion time and an R square value of 0.996.

3.1.2 Grasp and Transfer with Orientation:

The format of this plot (Figure 3-2) is the same as that for G&T. Again, no difference was found

under direct interaction between the surgeon using the laparoscope and the surgeon acting through

the teleoperator (t-test, p=22%).
The results for G&TwO are similar to those for G&T. Performance when the surgeon controlled

the laparoscope remained constant (p=59% between 0 sec. and 1.2 sec. delay), and performance
became worse with increasing delay when the surgeon controlled the gripper. The slope and intercept

for a least squares fit are 19.6 sec./sec. delay and 20.4 sec., respectively. Again, the fit is very good,

with an R square of 0.995.
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Figure 3-2: Aggregate Grasp and Transfer with Orientation task results by time delay mode and
surgeon’s tool assignment.

3.1.3 Use of Clip Applier:

With three experimental cases, the comparisons became more complex. Comparisons were made for
all combinations of all three tool assignment cases using t-tests (Figure 3-3). In the case of direct
interaction, there was no difference in performance between the surgeon controlling the laparoscope
and the surgeon controlling the shears (p=19%). When the surgeon controlled the clip applier,
the time was shorter than either laparoscupe or shears (p=1.6E-5 and p=4.4E-4 respectively). As
with the two previous tasks, completion time when the surgeon controlled the laparoscope remained

constant across all delay modes. However, when the surgeon controlled the clip applier, performance

_degraded rapidly (slope = 157 sec. longer per sec. of time delay, intercept = 26 sec., R square = 0.979).

A less severe increase occurred for the surgeon when using the shears (60.1 sec. longer/sec. delay,
38 sec. intercept, R square = 0.997).

Of particular note is how the task differed under the various tool assignments. When the surgeon
controlled the clip applier/gripper, he had to place two clips with precision. When using the scissors,
only one cut had to be made, and the positioning task was easier because any location between
the clips was acceptable for cutting. Since the assistant’s contribution was made very quickly in
comparison with the time delayed surgeon, the main reason for the difference between performance

with clip applier/gripper vs. shears is that twice as many more difficult positioning subtasks had to
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Figure 3-3: Aggregate Use of Clip Applier task results by time delay mode and surgeon’s tool
assignment.

be performed.

3.1.4 Use of Scissors:

The same comparisons were made for UoS (Figure 3-4) as they were for CA. For DI, performance
was quickest when the surgeon controlled either the gripper or the shears; there was no statistical
difference in performance between the two (p=22%). In fact, under all teleoperatc1 modes, there
was no difference between the cases where the surgeon controlled the gripper or the shears. In
comparing this task with CA, one notices that the positioning task for both the gripper and the
shears were of similar difficulty, and each tool was used only once, versus the clip applier being used
twice in CA. Times were also lower because tool positioning was easier than in CA; suture segments
were not in bundles, so no nearby structures needed to be avoided in most cases.

Completion time fell slightly when the surgeon controlled the laparoscope (p=0.12%), from 26 sec.
to 21 sec. between teleoperation with no delay and 1.2 sec. delay. One possible explanation for this
is that training on this task was insufficient, so a performance plateau was not reached before the
experiments began.

The least squares fits of performance degredation versus time delay for surgeon using the gripper

and shears are very similar: slope = 47.9 sec./sec. delay, intercept = 19.3 sec. R square = 1.000 for
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Figure 3-4: Aggregate Use of Scissors task results by time delay mode and surgeon’s tool assignment.

gripper; slope = 47.7 sec./sec. delay, intercept = 21.1 sec. R square = 1.000 for shears.

3.1.5 Observation:

As mentioned earlier, the Observation task was not as successful as the other tasks. What can be
shown from the data (Figure 3-5) is that in general, the task was completed more quickly when
the surgeon controlled the probe. This is borne out in paired t-tests which compare times for each
surgeon/assistant pair under the two tool assignment cases (p < 5%). Two exceptions were T0s, 6-
sided, in which there was no difference (p=19%) and TO0s, 12-sided, where performance was actually
better when the assistant controlled the probe (p=2.4%).

While the task does not provide any insight into laparoscope use, it does show that a task
requiring fine force control requires more experience than was provided during the training session.
Also, with time delays in the teleoperator system, the surgeon was unable to perform the task
at all when controlling the probe. Because the surgeon’s actions and their associated reactions
were separated by a delay, and because the delay compensation scheme prevented most of the fine

resolution force feedback, the surgeon was not able to reliably maintain control over the dice.
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Figure 3-5: Aggregate Observation task results by polyhedral die, time delay mode and surgeon’s
tool assignment.

3.2 Error Data

Table 3.1 shows the distribution of errors by task, time delay mode, tool assignment and by who
made them. These errors do not include errors in communication, such as the assistant placing a
surgical clip or making a cut before receiving verbal confirmation from the surgeon. The numbers
shown are the sums of errors for all six subjects. In the CA and UoS categories with time delay,
where fewer repetitions of the tasks were performed, the real numbers of errors have been weighted
(by 5/3 and 3/2 respectively) to make them comparable with the no-delay cases. In those cases, the
real values are in parentheses.

A first comment is that in using only six surgeon/assistant pairs, there are not enough data
points to develop a good estimate of probablilities of errors in these tasks. However, in examining
the table, a number of trends are suggested. First the number of errors committed by the surgeon
was not very much different from the number committed by the assistant. For G&T, they were
equal, for G&TwO and UoS the surgeon made 18% and 22% fewer errors, and in CA, the surgeon
made 22% more errors than the assistant. Next, for G&T, G&TwO and CA, fewer errors were made
when the surgeon controlled the laparoscope than when controlling the gripper (or clip applier).
However, in CA, the fewest errors were made when the surgeon controlled the shears, and in UoS,

the fewest (though by a small margin) were made when the surgeon controlled the gripper.

40



Something to note in these results is that when controlling the laparoscope, the surgeon could
not be charged with any errors as defined in the tasks. While this explains the zero entries for all of

the laparoscope-surgeon blocks, it likely skews the data in the surgeon’s favor.
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Interaction Mode
Error Direct Int’n Teleop. 0.0s Teleop. 0.6s Teleop. 1.2s
Task by || Sc | Gr Sc | Gr Sc| Gr Sc Gr
G&T | Surg. || 0 | 3 0] 3 0 5 0 0
" Ass’t | 0 | O 313 2 0 3 0
Totals: Surg. | 11 Sc.| 8
|| Ass’t | 11 Gr. | 14
G&T | Surg. || 0 | 9 01 0 9 0 12
|| wO | Asst | 3] 9 7| 6 7| 5 7 6
Totals: Surg. | 41 Sc. | 24
“ Ass’t | 50 Gr. | 62
CA | Sc[CA] Sh [Sc{CA| Sh |Sc| CA Sh | Sc CA Sh
"Surg. | 0] 4 | 0 0] 5] 0 [0]33@ | 0 |[o0][17(n| O©
Ass’t 1 6 | O 3 3]0 1 4 0 1.71) | 1 0 0
Totals: Surg. | 24 Sc. | 14 Sh. | 5.67
Ass’t | 19.7 CA.| 24
UoS Sc[Gr | Sh |Sc| Gr | Sh |Sc| Gr Sh | Sc Gr Sh
Surg. | 0 | 1 0 0| 3 1 0 |15(1)]453)| 0 6 3
Ass't | S 1 5 5| 0 1 2 0 3(2) | 2 0 1.5(1)
Totals: Surg. | 20 Sc. | 14 Sh. 19
Ass’t | 25.5 Gr. | 12,5

Table 3.1: Summary of error results. Aggregate numbers of errors over 6 subjects. Values in
parentheses are unweighted. Non-verbal errors only.
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Chapter 4

Discussion and Conclusions

In a real surgical operation, both the length of the procedure and any errors made during the course
of the procedure would have some sort of cost associated with them. Weighting of these measures
probably depends heavily on factors such as the condition of the patient (e.g. critical or not) and
potential for serious consequence due to error. In addition, the relative weighting of time and error
could vary widely even within a given operation as conditions change. While developing a dynamic
cost function is well outside the scope of this project, some tool assignment recommendations based
on the data collected here can be made.

The completion time data clearly show that the best performance under teleoperator conditions
is achieved when the surgeon controls the laparoscope and directs the assistant to perform the
tasks. In nearly all cases, fewer errors were committed under the same conditions. Because of this
result, any linear cost function with positive coefficients would indicate that the surgeon/laparoscope
combination is the best.

The direct interaction case, however, shows the opposite result, at least in terms of completion
time. The teleoperator system used was not ideally suited for performing surgical tasks, leading to
the question of what changes might be expected from a better system. For example, the SRI system,
which gives the surgeon control of two tools and provides force feedback in all degrees of freedom,
elicited good reviews from surgeons who used it, to the effect that they felt as if they were directly
performing the operation. It seems likely that with such a system, teleoperation without delay (at
least) would show results more like those under direct interaction. If so, one can then ask what the
time delay value is where a cross-over between direct telesurgeon participation and telementoring
should occur. Based on the results obtained, it is likely that this cross-over delay will fall under 0.6
sec. Determining the cross-over with more precision would require experiments with an improved
teleoperator, and more data on probabilities of errors and their relative costs. A related issue (to

the cost of time and errors) is the responsibility for the outcome of an operation. Would a surgeon
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reserve most of the manual tasks for him or herself when coping with a delay, or have faith in the
assistant to accomplish a task when time delay would make it more difficult/costly for the surgeon
to perform it? Beyond a cost in quantitive terms including time and errors, whenever delegation
of tasks to an assistant is considered, less tangible but no less important factors such as public
acceptability, insurance, the Hypocratic oath and the surgeon’s own morals must also be included.

In comparing the data presented with earlier work, it is encouraging to see that they are consistent
with the results obtained by Ferrell [She92] and Black [Bla70] from our laboratory. Not only does
completion time increase with increasing delay, but the tasks requiring more precision (e.g. CA)
take much longer to perform than less precise ones (e.g. G&T). A quantitative value for precision
required for each task would be difficult to obtain, but it is quite easy to determine qualitatively that
difficulty increases in the order G&T, G&TwO, UoS and CA, which corresponds with increasing

times required to complete the tasks.
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Chapter 5

Recommendations for Future

Work

Telesurgery is a very young field, and these experiments are among the first to examine the inter-
action between a telesurgeon and an assistant. They point to further work that will more closely
approximate real surgery, and will examine in more detail some of the effects of time delay on the
surgeon/assistant interaction. To get, the most out of further experiments, improved evaluation
methods and improved apparatus should also be developed.

In terms of increasing realism, tasks that include dynamic aspects such as the effect of a beating
heart or breathing should be included. For example, in the SRI demonstration [GHJS95], a bleeding
vessel was simulated through the use of a bulb of "blood” and a tube leading into the field of the
operation. Breathing could be simulated by moving the apparatus in a periodic fashion. Even in
the static case, a more comprehensive procedure should be simulated which would include the skills
tested in each of the training exercises studied. One of the training tasks in [SHC94] that was not
used involved the dissection of a section of porcine intestine with attached mesentary tissue. Such
a test might go as far as including tool changes for the surgeon during the course of the operation,
if, for example, the cress-over delay indicated that the surgeon should use the laparoscope for part
of a procedure and some other tool for the rest.

When judging performance on more realistic simulations and real surgical procedures, it is de-
sirable to have an accurate and reliable cost function or performance index. As mentioned, such an
index would likely include time and errors, and might include factors such as fatigue of the surgeon
or assistant. Variables that would alter the weighting within the cost function, such as patient
condition and nature of the procedure, would also have to be considered.

Looking at the interaction itself, there are a number of modes of cooperation between surgeon

and assistant that were not tested. One subject frequently suggested that he help the surgeon in
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grasping objects or in moving obstacles out of the way. He was restrained from doing so to make his
results comparable with those of the other subjects, but modes such as this one could be more useful
than the arbitrarily limited ones in these experiments. Another mode that might be especially useful
under time delay conditions is for the assistant to guide the surgeon’s tool close to a target. The
surgeon would then make the final fine motions and the clip placement or cut. This mode suggests
itself from the observation that a non-trivial amount of time was spent by the surgeon making gross
motions towards the intended target.

Improvements to the teleoperator system are also important. Giving the surgeon full use of both
hands is vital to further research, as a real telesurgery system would very likely do so. In addition,
a two-handed system should have force feedback in all degrees of freedom, rather than the partial
feedback system used in these experiments.

One possibility for improving performance is suggested by the nature of the telecommunications
system being used to transmit the audio, video and data signals. In planned demonstrations, a
commercial video-conferencing system will be used to carry signals between master and slave. This
system performs image compression on the video signal, introducing a delay of 300 msec. each way.
The audio and data streams require little or no compression, and therefore could be transmitted
with little or no delay. While the experiments used synchronous A/V and data communication, this
does not have to be the case. By giving up synchrony between the data and video signals, it may
be possible to control the teleoperator system and provide force feedback with negligible round-trip
delay, improving stability and the quality of the force feedback given to the surgeon. Whether the
asynchronous feedback causes more or less difficulty than a consistent delay may be discovered in
the demonstrations.

Ultimately, after simulated experiments have been performed to demonstrate the capabilities
of telesurgery systems, the real test will be their function in animal trials and in clinical use with
humans. While the time frame for such systems is still unclear, it seems very likely that they will

eventually be a factor in saving lives that otherwise would have been lost.
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A.1 Introduction

In the course of developing a strategy to study cooperation in telesurgery, the model of laparoscopic
surgery was chosen as a subset of surgery in general. To perform laparoscopy teleoperatively, a
master and slave tool system had to be developed which would, at a minimum, provide the surgeon
with the ability to give position commands to a teleoperated tool via a master input device. Ideally,
force feedback would be provided to the surgeon through the master device, however it was not
initially felt that this was necessary and was not included in this design.

Most common laparoscopy tools (e.g. graspers and shears) provide the surgeon with two axes
to be controlled (beyond position in cartesian space). These are control of the tool roll axis and an
additional “axis” to control the action of the gripper or shears. The tool that was built provides
position control of both of these axes. When the tool is used to control the laparoscope, which uses
only the roll axis, the gripper axis is disabled.

The tool is designed to be used with a pair of “shoulder-scale” PHANToM haptic interface arms
(SensAble Devices, Inc.), controlled as a master-slave teleoperator pair. The tool and handle replace
the standard gimbal mount at the ends of the arms. By using the auxilliary encoder and amplifier
ports on the PHANToM amplifier boxes, interfacing the tool with the controlling PC is easy to do,
and control functions take the same form as those used to control the regular PHANToM axes.

Control functions were written in Borland C++ (some functions are not included in ANSI C).
The control method used for operation is P (proportional) control with additional logic to protect
the motors from over-current situations. An automatic calibration routine is available which uses
P+I (proportional plus integral) control, but it was found to be more convenient to calibrate the
tool manually. The calibration methods will be discussed later.

Manufacturer’s specifications on the motors and encoders used can be found in Appendix A.7.

A.2 Hardware

The teleoperated tool consists of an instrumented tool handle which serves as the master, and a slave
tool actuated with DC motors. The master and slave were designed with a laparoscopy simulator

built in-house in mind, so the simulator and related equipment will also be described.

A.2.1 Handle:

The tool handle is shown in Figure A-1. The connections for the encoders and dead-man switch are
listed in Appendix A.5.

The handie is a modified EndoGrasp (Auto Suture Co.) laparoscopy tool instrumented with
optical encoders taken from a PHANToM gimbal provided with the PHANToM arm. One encoder
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Figure A-1: Teleoperated tool handle (master).

measures the position of the scissor grip, while the other measures the angular position of the shaft
of the tool. The shaft can be rotated either by rotating the tool, or by turning the thumb-wheel.
Either motion is detected by the roll encoder.

In the interest of safety, a dead-man switch is provided on the handle. This switch must remain
depressed at all times during operation. If it is released, the amplifiers are shut off and a digital
signal is sent to the control code permitting the program to be shut down in a convenient manner.

In laparoscopy, the tools are inserted through ports (trochars) inserted through the patients
abdominal wall. These ports constrain the motion of the tools in two degrees of freedom (D.O.F.),
creating a fulerum point. Since the PHANTOM arms can control only three D.O.F.| and the tool,
as designed, controls only one spacial D.O.F. {the gripper axis does not contribute to tool position
control), a method was required to provide two degrees of constraint for the master. The pseudo-
port discussed in section A.2.3 provides the constraints when the shaft extension, attached to the
roll encoder, passes through it. The shaft extension uses the portion of the original EndoGrasp shaft
which was cut to permit mounting the handle to the roll encoder. It is detachable from the encoder

if necessary.
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Figure A-2: Teleoperated laparoscopy tool (slave).

A.2.2 Tool:

The teleoperated laparoscopy tool (Figure A-2 consists of a base unit. where the motors are mounted,
and three interchangeable tool tips. They are an EndoDissect tip (slightly curved gripper tool), an

EndoShears tip (scissors), and a tip which controls the CCD laparoscope.

Base unit:

The base unit is shown in Figure A-3. Technical drawings are shown in Appendix A 4, and connector
data are listed in Appendix A.5.

The base unit was made from 0.5 inch clear Lexan sheet which was milled to the shape in
the design. It holds two coreless DC motors (MicroMo Electronics Inc., see Appendix A.7 for full
specifications) with reduction gearheads and optical encoders. The original design did not take into
account certain ont-of-spee dimensions; shims in various locations correct for this. These shims
should not be removed.

The smaller motor (1016M012GK380 with 10/1 16:1 gearhead and HEMI1016M10 encoder) con-
trols the roll axis. In addition to the 16:1 reduction provided by the gearhead, a futher reduction of
3:1 is provided by the 8-tooth LEGO pinion mounted on the output shaft to a 24-tooth LEGO gear

mounted to each of the tool tips. The encoder measures 10 counts per motor shaft revolution (40
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Figure A-3: Base unit and tool tip blocks.

edge-detections in the quadrature signals), so one full revolution of a tool yields 480 counts (1920
edges). There is some backlash between the pinion and gear, but the low precision required in actnal
operation means that this is not a significant problem.

Under most circumstances, the torque provided by this motor is sufficient to turn the roll axis.
There are some exceptions to this, and suggestions as to how to compensate are discussed in sec-
tion A.3.3.

Based on over-heating considerations, this motor should not ever be supplied with more than
115 mA of current (MicroMo technician recommendation). The coreless DC motor design results in
a very short time constant for armature heating compared with regular DC motors. For this reason,
a simple current limit is included in the control code, as opposed to the use of the thermal protection
function provided with the PHANTOM arms. The code is shown in section A.G.

The large motor (133170125123 with 14/1 14:1 gearhead and HEMI1331T16 encoder) controls
the gripper axis. The gearhead provides a 14:1 reduction at the output shaft. The rotary motion is
converted to linear motion to actuate the gripper and shear tips through a lead serew mechanism.
A coupling attaches a 6-32 threaded rod to the motor output shaft. A matching 6-32 “lead nut”
has a socket which fits a short pin on the end of the drive rod in the tool shaft (cither tool). This
reduction yields a transmission ratio of 7168 counts (28672 edge detections) per inch of linear travel.

The gearhead is only designed to tolerate an axial load of 5N, while the force required to actuate
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the shears is over 30N. To avoid damage, thrust bearings were placed between the gearhead and
lead nut to carry the axial load. The set screw which holds the round coupling to the motor output
shaft should be tight enough so that the coupling can slip along the shaft but not rotate around it.
Tightening it further may cause the axial force to be borne by the gearhead rather than the thrust
bearings.

Backlash is again present in the linear axis, but this is a shortcoming of the tool tip and will be
discussed in section A.3.3.

Over-heating the larger motor is also a concern, as it was with the roll axis motor. The recom-
mended current limit is 350 mA.

The base unit was originally designed so that the large motor was held in place rigidly in a two
part Lexan housing. In this configuration, an automated calibration scheme had to be used (see
section A.3.2). It is more convenient to perform calibration manually. In this case, the large motor
is held in place with electrical tape and the second part of the housing is left off (housing not shown

in Figure A-3).

CCD laparoscope tip:

In endoscopic surgery, the operation is observed through an endoscope, which is basically a tube
containing fiber-optic bundles to carry light to the site and the image back to a CCD camera. In
our application, it is not necessary to remove the laparoscope from the simulator, so a simpler, and
less expensive solution was to place a desktop CCD camera inside the simulator, on the end of a
shaft passing through a trochar (see Figure A-4).

The camera is a modified Toshiba IK-M28AT color CCD desktop camera. To function as a
laparoscope, the CCD and lens set was separated from the main circuit board and housing, and
an extension cable was fabricated to connect the two components. It was not possible to locate
appropriate connectors through Toshiba, so surface mount components from a damaged camera of
similar design were removed and mcdified for this purpose.

A light source was not included as part of the camera; ambient room light entering the simulator
through the transparent sides was found to be sufficient. Lighting for the demonstration “dummy”

is described in section A.2.3.

Two axis tool tips:

As mentioned, scissor and gripper tool tips are available for use with the tool base (see Figure A-3).
Both tips are modified from the original surgical tools, retaining the tool shaft and part of the
housing. The thumb-wheels were replaced with 24 tooth gears faced with Delrin disks to reduce
friction between the gear and housing. The tools tips are held to the main body with a pair of

finger-tightened screws.
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Figure A-4: Laparoscopy tool tips: CCD laparoscope, gripper and shears.

While similar in design, the original tools differ not only in the tip, but also the travel of the
internal shaft which drives the tip. The shears tip shaft travel is nearly double that of the gripper
tip. Figure A-5 shows the travel converted to encoder counts of both tools in relation to each other,
and also to the master gripper axis encoder. Note that the absolute end points of travel for the
shears and gripper are different. These data are taken into account in the calibration procedure, in
that the tool and the handle are both set to a common neutral position before the system is used.

The calibration procedure is described in section A.3.2.

A.2.3 Laparoscopy Simulators and Pseudo-port:

To provide a setting in which to perform the experiments, a surgical simulator was constructed based
on commercially available products. The version used in the experiments is shown in Figure A-6.
This simulator provides ports for trochars in many locations; an opaque cover to prevent direct
viewing by the surgeon or assistant; transparent sides to permit external viewing/recording and
lighting; a platform to support experimental task apparatus; and sealant along edges to prevent
leaks if bleeders are to be simulated. In the 1996 telesurgery experiments, ambient room light was
used to illuminate the experimental stage, though additional lighting could be used.

A second simulator for demonstration purposes was also built (see Figure A-7). It is a modified
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Encoder 2500
Counts

Position gain = (range of tip)/(range of master) -3470

Figure A-5: Relationship between master encoder position and slave encoder in gripper and shears
configurations

Figure A-6: Experimental simulator.
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Figure A-7: Demonstration simulator.

CPR mannikin with a hole just below the umbilicus, and two holes below the lower margin of the
“ribs”, one cach on the left and right sides. As the manniking “skin” is opaque, and is also covered
by surgical drapes, a light source beyond ambient is required. In Figure A-7, a 200W lamp with a
directional hood is shown placed at the lower end of the mannikin, shining into the lower abdomen.
This arrangement was found to be satisfactory for demonstration purposes.

The PHANToM haptic interface arms that were used as a master-slave pair in the experiments
provide control over three degrees of freedom. Counting the axis (roll) controlled by the teleoperated
tool, this leaves two uncontrolled degrees of freedom of tne tool and tool handle. The tool, once
placed through a trochar in the simulator, is constrained in these two DOF. The handle must be
similarly constrained to prevent it from pointing in directions that do not correspond with the axis
of the tool. A simple “pseudo-port” was built to provide these constraints (see Figure A-1).

When the pseudo-port is positioned relative to the master origin the same way as the real trochar
is positioned relative to the slave (sce Figure A-8), the position and orientation of the tool and tool
handle will correspond correetly with each other. In this way, the surgeon using the tool will fecl
the correct force feedback from the remote site.

In a real tele-endoscopic system, using arms with six controlled degrees of freedom, the pseudo-
port could be implemented as mathematical constraints to the master arm’s motions. The location

of the real trochar could be measured by the slave, and updated any time that the tool had to be

(1)
(4]
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Figure A-8: Geometric similarity in placement of slave/patient and master/pseudo-port.

PSEUDO-PORT

moved between one port and another. With the current system, the pseudo-port must be moved

when switching between ports on the simulator.

A.3 Use of the Tool

A.3.1 Installation:

Both the tool and the tool handle incorporate original PHANToM gimbal-wrists, making installation
and removal fairly simple.

For the tool handle, the 1/8” shaft is inserted into the socket at the end of the Phantom arm,
then the set screw in the socket is tightened with the appropriate Allen wrench. The 9-pin male
D-sub plug is attached to the corresponding socket located at the base of the Phantom. An extra
counter-weight, a 4” C-clamp, is attached to the brass counter-weight on the master to balance the
weight of the tool handle. The pseudo-port is positioned correctly as described in section A.2.3,
then the shaft extension of the handle is inserted through the trochar in the pseudo-port.

Mounting the tool base (Figure A-2 and A-3) is the same as the tool handle, except that the
power cable (8-pin DIN) must also be plugged in, and counter-weight C-clamps (two 4", one 2")

are attached to the axis-2 motor of the Phantom. A piece of neoprene rubber is used to cushion
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the motor from the clamps. The clamps should NOT be tightened more than enough to hold the
clamps in place. Over-tightenening will damage the motor.

Tool tips are attached using two screws attached to the tool tips (Figure A-3). For the la-
paroscope, the tip mounting block is placed so that the gear and pinion mesh, and the screws are
finger-tightened. The gripper and shears require that the socket on the lead nut and the pin on the
drive rod match, and that the lead nut is seated in the groove in the tip block. Again, the screws

are finger-tightened.

A.3.2 Calibration:

When starting the control code, a calibration function is used to set all of the encoders to zero when
the master and slave arms are in their respective (and identical) home positions. For the tool handle
gripper axis, this home position is indicated by a detent near the middle of the range of the scissor
action of the handle. The handle should be placed in this position and not moved until the control
code is running. The roll axis does not need to be calibrated; zero is whatever position it starts in,
then incremental motions are made from that point.

Two calibration schemes are available for the tool—automatic or manual. When the control
program stops normally, the final position of the gripper axis is recorded to a file. The automatic
scheme reads the file and moves the gripper motor far enough to return it to the zero position from
the previous end position. A proportional plus integral control scheme was implemented to n;ake the
move automatically, but due primarily to friction in the tool, the phenomenon of “integral wind-up”
was found to produce a limit cycling behavior in the calibration routine. Because of this, manual
calibration was used during the experiments.

Manual calibration is performed by eye, based on what tool tip is being used. The instructions
given by the computer in the manual calibration routine should be followed. When the program
requests it, manual positioning is performed as follows. For the gripper, the round coupling is turned
to open the tool fully, then turned in the opposite direction until the gripper tips are approximately
1/4 in. apart. The coupling can be used as a guide, as the setscrews in the coupling should be
visible and face “down” with respect to the tool, as shown in Figure A-9. Calibration for the shears
is similar, except that the tips of the shears should be between 1/4 and 1/8 in. apart, and the
coupling setscrews should face into the base (i.e. are not visible). While this extra turn violates the

mathematical relationship shown in Figure A-5 somewhat, it was found to work better in practice.

A.3.3 Use of the tool and tool handle

Once the control program is running, the tool can be moved, including the gripper/shears and roll
axes. As the tool is a prototype, it possesses a number of idiosyncracies which, once the user is

familiar with them, can be overcome easily.
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Figure A-9: Correct positioning for calibration of gripper and shear tool tips.

Firstly, if the gripper or shears are opened very quickly, the inertia of the larger motor is such
that the lead nut will not stop at the desired position, but will overshoot, and can become jammed
against the end of the pocket in which it travels. Jamming also occurs when the jaws of the gripper
or shears close very tightly resulting in a large axial force along the drive rod. This extra load on
the lead nut leads to torsional friction in the threads of the nut that is larger than the motor and
gearhead can overcome. The best solution, using this tool, is to learn the limits of how fast the
tool can be closed. If the tool does become jammed, it can usually be freed without having to shut
down the system if someone near the slave manually turns the round coupling or thrust plate on
the threaded rod. When doing this, the master handle should be in the detent position so that the
gripper does not immediately overshoot to the other limit of the tool.

Secondly, the roll axis is slightly under-powered. The larger radius of the s.aft results in larger
torsional friction between the shaft and the seal in the trochar. To overcome static friction, the tool
can be moved in or out slightly, so the dynamic friction regime will be entered. The stiction problem
is also present, though to a smaller extent, for the gripper and shears tools, so small rotations are
sometimes hard to achieve. The in-and-out motion of the tool can be used to minimize this effect

as well.
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A.4 Technical Drawings
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A.5 Electronics and Interface Schematics

Table A.1: Signal cable pin-outs for handle (master) and tool (slave)

d-sub connector/ribbon cable amplifier box

pin/wire | description pin | color

1 encoder 4 channel A (unused) 1 | orange

2 +5 volts 4 | red

3 encoder 5 channel A (gripper) 2 | green

4 deadman signal (unused for tool) | 5 | white

5 encoder 6 channel B (roll) 11 | grey

6 encoder 4 channel B (unused) 9 | yellow

7 ground 12 | black

8 encoder & channel B (gripper) 10 | blue

9 encoder 6 channel A (roll) 3 | purple

- no connection 13 | brown

4 | deadman signal
2 +5 volts (’/7{)/5\’) yc\‘
7 ground ° COM
NO

Figure A-10: Deadman switch wiring.

Table A.2: Power cable pin-outs for tool (slave)

DIN connector color
V+ (axis 4 unused)
V+ gripper (axis 5) | white
V+ roll (axis 6) red

V- (axis 4 unused)
V- gripper (axis 5) | black
no connection
V- roll (axis 6) green
no connection

0O UL W+
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A.6 C Functions and Annotation
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A.7T Component Technical Specifications

MicroMo« MOTORS

DC MicroMotors Series 1016
8 Only 10mm (.3947) in Dismeter.

a Fits Our Planelary Gearhead Series 10/t and Spur Gear Senes 12/3.
o High Power lo Sizo Ratio.
8 Avadabls with integsa’ Magnetic Encoder (10 P2R).

{ I

Continuous Duty Ratings:"

Spaeas up 10 13,000 RPM,

Actusl Size
Torque up 10 .07 02
Power Output up 10 .3 Watts. _
MAY €TSS CWRRENTS NS WA
Electrical Spacifications: a22czFy (Tri6RmAL
Foe Motor Type 10168 000G 006G 0126 <G DR
o eI T2
201 103 .,
0.48 0.3?
) ]
5 17,800 T T; 18,0007
O Y S
0.004 0.004
0.15 0.13
© 2R84 U120 !
030 1. .o7s |
048 105
0080 [ R}
M hanical Specificat|
e _——
AMIMM(IIO OZ:in- 1) 57 KA
Angutar Acceterstion (x10° Rad/Sec? ) 160 193 178
Beanng Play (Measured a! Beanng)
Radial Less Than 0.03mwn (.0012 in)

10 Al Types

Case lo Amdient 85 All Types g .
wmwlm( 1)

Racial (@ 3,000RPM) dmm From Bearing 18.A3 Types (@]

Axi! {; Sum) 72 Al Types -*
Waeight (02) .23 A8 Types o
Rotor Temperature Range “20°C 10 125°C (-22'F 10 257°F) m
Owection of rotation is revorsibie and clockwise as 560n from shatl end i rad Jead or sokler Lab markad + w
8 connacted lo positive side of volage supply.
(1) Rasnge
m M-m-ﬂw

Spacsiad wah el Garmator « Bren 8 fo lond spead

~Spachcatone Bubject 1o Cher.ge-

Less Than .2mm {.0079 in)

Micromo: GEARWEADS

Gearhead Serles 10/1
 Fits Molor Series 1016M, 1212M, and 1219M. foeeonn N
® Nickel Plated Bvass Case, gﬂ iDﬁ:
8 Sinlered Bearins or Bak Bearings. Sevenen H
Actusl Slze
Maximum Ratings:
Type: 11 11K
Bacidash st No Loed: 53 53
Bacidash at 20mNm (2.8 oz-9): 54 4
Bearings on Outout Sheft: Sintersd Sieeve Pretasded Bat
Maximum Shat Losd:
Radial (4.5mm from Baaring): <iIN{3802) 7N (25.2 02)
Axiat: SN(72a2) SSN({1802)
Maximum Shaft Press Fil Farce® < 10N (38 02) < 5N (18 02)
Shat Play:
- .03mm (.0012 in) umm(ooooh)
3 .10mem {0039 in)
Temperaturs Range :o'cmoocqufhzur)
i
)
] n
RBLR|
R
Hid b,
- -
m
>
. 4
Le
i 13508 09 reversoie v
>
-Specicatons Bubiect 1 Changs - 8

DC MicroMotors Series 1016

Dimensionat Outlines:

M5 505

015!
[ 039} 8

‘02 92!
ey ols

G, P

AQ

6 878
ﬂ(%sx-— (236) ﬂJ

© I M
J 5 335 l 18
form ol oW
{073) _ 91583
Froat va Ll zas ]l 2 {209 Row
hET) (oas)( | 1083) 0w
4_2_] 197 51513
(16s]" T (618) (203)
1016N 1016M 1016E
O narephang ore bn s fin |
700 Dimongtons: Totorsnee
1004 an ar aquat iy bam o Ym0 I}
Loss Man or st 1o Sbevm 1 dmm (9079 W}
L204 om0 opni b0 1 20 s dmn (4110

Ordering Information:
Exsemple: To order 2 6 Volt, 1018 Motor Indended 10 I owr 10/1 Gearnesd, specty

Moior (LR LR G o LY u.uTu

Motor Dlametor ___ - . _ .Desuod Goas favo
Motor Longah e Goarhend Typo
Ouapua Shan C S

_ 5pociut Order Numbers (wiiore apuecatie]
E = Pinion for 12/ Gearneade Maienst
(9 Teoth, Mowic Moddo o 2mm,
Mockhed levohss)
NeD15mm 221 men Sioeve
M« Pinion lor 10/1 Geartwads
{12 Yaoth, Metnc Module = 2mvn
Modied irvolte)

%Mmm n_lpctronlcs Inc.

1481 Lvongren Avenno hlll G AN USA  Trovw (81572 0031 F.u 31357 ) 8

Gearhead Series 10/1
Cimensional Outlines:
(r19)
suz‘n 1212)
o liore) 9107 e w208
(394} (ml h n (or9)

® 4

Fronl View L
(1219)
elZ’ 212)
.
€10 (101h) uvo' 0ot 30 02r P
(Y rc; ('97) {o13)
'@. - 'l
Front View
Omancions ore = e fn |
¥ or Dhmanatoms: Totaronce
Loas Bhatt &0 ool b b LYY L T
Loes B v squel 1o Jomen 13 0070y
Loss Ban or oquet 10 1 70mwn. (2 I )

>Z2>WiieroMo Electronics, inc.

1L T weigoen Anran

rer) lluh A TTITYY

Neaa 5INLI2010 T (1Y) 2 e



MicroMo MAGNETIC ENCODERS

a Square \Vave Output

» Logic Compatible

u 10 Puise Per Revolution Standard

® Available as an Inlegral Package with 10 and

Magnetic Micro Encoder Series HE

HEM 10, .. Aciuat Size
12 mm Motor Saries
® 2 Channels, 90° Phasa Shift a
HEM 12, Aclus Stze

General Specifications:

Nominal Power Requirement 5mA Nominal @ § VDC @ 22°C

Maxnimum Operating Voilage 150 vOC

Signal Phase Shuh and Tolerance 90° ¢ 45° (2 phase signal)

Maxmum Signal Frequency 72K H

Opesating Temperature Range -20°Co85°C

Siorage Tempersture Range -40*Co 10* C

Connection Siandard 6 conducior 28 ga. nbbon cadle with

10 pin 1ibbon cable connector

Maximum Asymmatry 0%

Signal Rise Tkna Less than 5,
PHASE RELATIONSHIP Channel A leads Channel B when mator

10La10n ¢ CIOCkwISE a3 Sawn from shah end

19 STANCARD CONMECTION 8 (81) CIRCU TS
1 MARSED MOTOR o

2 » VOG 10 MAXMUM (S § § VOC)
3 et 2 uTPUT

‘. CruedtL 8 OUTPUT

4 -VDC CAOUMO

.

Ordering Information

. LWC&.W
)
“:;mdmuan | W Avedacee
Prvon o Shah
00 bcacr Dwagnancn m.wm i

TrHiERMAL CALC Y

TS (1B S

"MicroMo- MOTORS

ﬁ‘*{% - G

- e

SR

ESUIAOONI JILINDVA

REALLY Low

LI

Actual Slze

DC MicroMotors Series 1331

u 1 0z-n Stait Torque
s Samanum Coball Magnet and Reinforced Brushes Standard.
a Fits our Spur Gearhead 15/3 and 15/5 Series
(Ratios 6.3:1 10 235,067:1)
a Fita our Plantelary Gearhead Senes 14/1
(Rauos 3.71:1105,647:1).
» Available with Integral Magnetic Encoder (15 or 18 PPR).

Continuous Duty Raﬂngs:"'
Speeds up 1o 12,000 APM.
Torque up 10 .35 02-n.

Output Power up lo 2 Watls. WAX LTh COREMT l,;'o..‘A

Electrical Specifications:
For Motor Type 13317

Q22°C (12'F)
0088 0128 015§ o0us
Volkage ols) ¢/ /> LR A8 T8, jf 12 518 T84
b NS U B Mo LR A
Marimum Powst aus) l

455

wwsi:nmﬁg' . wm 0.000T34:11.300 | 15
11 A
NoLoad Curment (mA) $50%%! Al 1“ ’“{u- 142 E’ﬁ
Fcton Torque (0 yo Load Spesdj(oz-in) 020 02
Sted Torque (o2-ie)')
Velockty Conetart (RPMAVOR) * ; l? s,un I‘“ m.. Tm"]
EMF Conalant (MVRPM) | . «o o842, m‘t,u
Torque Constan {oz-wAmp) 2 19
Aimatura Inductsnce (mH)}
Mechanical Speclﬂca!lons.
Mechanica! Time Constant (mS) 9 AN Types
Armature Inertia (2307 o‘ - Soc’) o9 096 096 094 092
Radial Accoleraton (x10° Rad/Sec?)? 126 127 132 140 123
Beanng Play (Measured al Beanng)
Rada Less Than 03mm { G012 in)
Anat Less Than .2mm {0079 in}
Thermai Resisiances {'C/W)
Rotor 1o Case Al Types
Cass lo Ambient 40 ANl Types
Maximum Shall Loading (02)
Radial (@ 3,000 ""PM) 3mm From Beanng 4.3 AR Types
Axial [Slanding Sk) 72 Al Types
Weight (02) TV AR Types
Rotor Temperaiure Range -30°C 10 100°C (-22°F 0 212°F)

Drrection of rolanon 1$ revarsibie and clockwise as seen 1rom shatl end A red lead or soides 1sb marked +
18 connecled 10 posArve $ide of vONAGE SUPDly.

ul W10 (10887000 NOE0eNCHN Of BT OTeY
atnomna
IJ: Secied meh 0ra Gameter « | SR of A0 108U 14ed

T

e

SHOLOW

Magnetic Micro Encoder Series HE

Dimensional Outlines:

o 01000 04
[}

——— 133104 -
e T
=

[ 13w woNe

Lo ay -

. 0004 s wot0a

G

HEM 1219

[———-—-uno ' -.—--1

fasy

W/%Smcm Mo Electronics,Inc.

140 (o Awaie  Cuemse, 1Lk 5272 0B USA - Hue 811672011 Ha

s
SRR - TR I SV

DC MicroMotors Serles 1331

Dimenslonal Outlines:

Dmeneions onh ne teferant s Indic bied o4 16 loRews

o0 Oimansions Toaesncs

Lots hon v ond 16 Lmm 1o (90
Lo08 han &0 paatl 16 S0mm 3 2mm (0078 )
Lot s hon o7 squst te {19~ 130 (8110 m)

Ordering Information:

Example To order a 6 Vol Molot intended 10 Ia our 15/S Gearheads, Specity

Motor 11,31, E,006,8 . 183, 431,
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Appendix B

Summary of Statistical Results
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Table B.1: Grasp and Transfer Task Statistics Summary
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Table B.2: Grasp and Transfer with Orientation Task Statistics Summary
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Table B.3: Use of Clip Applier Task Statistics Summary
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Table B.4: Use of Scissors Task Statistics Summary
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Summary of Statistical Calculations

Observation Task
Aggregate statistics: Polyhedron
6-sided 8-sided 10-sided |12-sided |20-sided
Direct Interaction
Mean of (scope-gripper) times 12.5| 22.66667| 56.16667| 6.333333 35
Std. dev. of (scope-gripper) times| 9.934787| 37.43617 114.19| 7.339381| 41.66053
t-statistic] 7.549231] 3.63285| 2.95122| 5.177541] 5.040742
degrees of freedom 5 5 5 5 5
p-value] 0.000646{ 0.015016{ 0.03184] 0.003533] 0.003964
Teleoperation, no delay
Mean of (scope-gripper) times 2 10.5 18.5 -5 115
Std. dev. ¢ ope-gripper) times| 7.899367] 16.08415| 18.4038| 9.338094{ 11.74308
t-statistic| 1.519109] 3.916899| 6.031362| -3.212647| 5.875799§
degrees of freedom 5 5 5 5 5
p-value} 0.189201] 0.011217| 0.001804| 0.023659] 0.002027

Table B.5: Observation Task Statistics Summary

76



References

[BIZ91]

[Bla70]

[CSIG95]

[FPN95]

[GHJS95]

[Gra59]

[HDLC93]

[HRTS96]

Robert W. Bailey, Anthony L. Imbembo, and Karl A. Zucker. Establishment of a
laparoscopic cholecystectomy training program. The American Surgeon, 57(4):231-236,
April 1991.

James Black, Jr. Factorial study of remote manipulation with transmission time delay.
Master’s thesis, Massachusetts Institute of Technology, Engineering Projects Labora-
tory, Department of Mechanical Engineering, December 1970.

G. P. Claus, W. Sjoerdsma, A. Jansen, and C. A. Grimbergen. Quantitative standardised
analysis of advanced laparoscopic surgical procedures. Endoscopic Surgery, 3, 1995.

Special issue.

Ali Faraz, Shahram Payandeh, and Alex G. Nagy. Issues and design concepts in en-
doscopic extenders. In Preprints of the 6th IFAC/IFIP/IFORS/IEA Symposium on
Analysis, Design and Evaluation of Man-Machine Systems, pages 109-114, Cambridge,
MA, USA, June 1995. IFAC.

Philip S. Green, John W. Hill, Joel F. Jensen, and Ajit S. Shah. Telepresence surgery.
IEEE Engineering in Medicine and Biology Magazine, 14(3):324-329, May/June 1995.

Henry Gray. Anatomy of the Human Body, pages 431, 667, 671, 696. Lea & Febiger,
Philadelphia, PA, USA, twenty-seventh editicn, 1959.

Ian W. Hunter, Tilemachos D. Doukoglou, Serge R. Lafontaine, and Paul G. Charette.
A teleoperated microsurgical robot and associated virtual environment for eye surgery.

Presence, 2(4):265-280, Fall 1993.

Jianjuen Hu, Jie Ren, James Thompson, and Thomas Sheridan. Fuzzy sliding force
reflecting control of a telerobotic system. In Proceedings of IEEE Conference on Fuzzy
Systems, New Orleans, LA, USA, September 1996. IEEE. Accepted for publication.

77



[KBM+*94]

[KC93)

[MB74]

[MBBB?70]

[MBBY73]

[Mug92]

[MWN+95]

[Sat94]

[SC86]

[SHC94]

[She92]

[WC76)

Louis R. Kavoussi, Jeffrey S. Bender, Robert G. Moore, Michael E. Zenilman, Alan W.
Partin, and Richard M. Satava. Telerobotic assisted laparoscopic surgery: Initial labo-

ratory and clinical experience. Urology, 44(1):15-19, July 1994.

Kurt Kerbl and Ralph V. Clayman. Basic techniques of laparoscopic surgery. Urologic
Clinics of North America, 20:361-368, 1993.

Raymond L. H. Murphy and Kenneth T. Bird. Telediagnosis: A new community health
resource. American Journal of Public Health, 64(2):113-119, February 1974.

Raymond L. H. Murphy, Doris Barber, Alice Broadhurst, and Kenneth T. Bird. Mi-
crowave transmission of chest roentgenograms. American Review of Respiratory Disease,

102:771-777, 1970.

Raymond L. H. Murphy, Peter Block, Kenneth T. Bird, and Peter Yurchak. Accuracy
of cardiac auscultation by microwave. CHEST, 63:578-581, April 1973.

Muntzer Mughal. A cheap laparoscopic surgery trainer. Annals of the Royal College of
Surgeons of England, 74:256-257, 1992.

Mamoru Mitsuishi, Takuro Watanabe, Hirofumi Nakanishi, Toshio Hori, Hiroyoshi
Watanbe, and Bruce Kramer. A tele-micro-surgery system with co-located view and
operation points and a rotational-force-feedback-free master manipulator. In Second
Annual International Symposiumn on Medical Robotics and Computer Assisted Surgery,

pages 111-118, Baltimore, MD, USA, November 1995. MRCAS, Wiley.

Col. Richard M. Satava. The modern medical battlefield: Sequitur on advanced medical
technology. IEEE Robotics & Automation Magazine, 1(3):21-25, September 1994.

Carl E. Sherrick and Roger W. Cholewiak. Cutaneous Sensitivity, volume 1 of Hand-
book of Perception and Human Performance, chapter 12, pages 12.1-12.58. Wiley-
Interscience, New York, NY, USA, 1986.

R. J. C. Steele, S. W. Hosking, and S. C. S. Chung. Graded exercises for basic training
in laparoscopic surgery. Journal of the Royal College of Surgery, Edinburgh, 39:112-117,
1994.

Thomas B. Sheridan. Telerobotics, Automation and Human Supervisory Control, chap-
ter 2.1, pages 102-104. The MIT Press, Cambridge, MA, USA, 1992.

Gerald D. Weeks and Alphonse Chapanis. Cooperative versus conflictive problem solving

in three telecommunication modes. Perceptual and Motor Skills, 42:879-915, 1976.

78



[Zyd96] Zydacron, Inc., 7 Perimeter Road, Manchester, NH 03103. ZydApp2 User’s Guide for
software release 1.1, February 1996. Page 87. Part Number MA-40005 Release 1.1.

79



