DEXTERITY ENHANCEMENT IN MICROSURGERY USING A
MICROGRIPPER AND MOTION-SCALING SYSTEM
Shyan Ku
B.Eng. (Electrical, Honours) McGill University, 1989

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE

n
THE FACULTY OF GRADUATE STUDIES

ELECTRICAL ENGINEERING

1

We accept this thesis as conforming

to the reqﬁired standard

THE UNIVERSITY OF BRITISH COLUMBIA
April 1996 |
© Shyan Ku, 1996



in presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, | agree that the Library shall make it
freely available for reference and study. | furthe_r.'agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of ‘my
department or by his or her representatives. It is understood that copying or
publication of this thesis for financial gain shall not be allowed without my written

permission.

Department of ﬁf@?’/élaﬁ A’gf(ém&épm@ _ . =

The University of British Columbia
Vancouver, Canada

.Date @L(L /71 /?76.

DE-6 (2/88) , i OO Rt



Abstract

The design and control of a six-degree-of-freedom (6-DOF ) force-reflecting motion-scaling
teleqperafion system was pre_:ssanted in [1]. In this thésis, a remotely controlled microgrip-
" per is developed as an end-eﬁector'for this system. The device features small siée and
weight, and large .stroke and force compared to other designs. A stylus-shaped teleoper-
atiqn master that ‘measures the force at the fingers of the ‘operator pfoi/ides an intuitive
means for operating the microgrjpper. This design also enables thé microgripper to be
used as a hand-held instrument. Force sensing enables the accuratevmeasurement and
control of tool-tissue forces, as well as the emulation of diﬂ”ereni mechanical devices.. Is-
sues concerning the desilgn, control, and épplication to microsurgical tasks are addressed
here. | | |

6-DOF force/torque sensing has also been added to the teleoperation system, enabling
the use of hand and environment forces to improve teleoperation transparency, and en-
~ abling the-r;ieasurement of forces during microsurgery. Severaj methods for te]eoperatioh V
control have been implemented, and their potential use in microsurgéry is discussed. In
addition, experiments have been conducted to qﬁantify the effects of scaled motion and
scaled force feedback on teleoperation performance in tasks, involving sub-millimetre mo-
~ tions and contact forces from 3 to 15 grams. Significant jmproveme_ﬁts in accuracy of task
execution as well as operator confidence and fatigue were observed when scaled motioﬁ-

and scaled force feedback were brovided.
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Chaptei' 1

Introduction

1.1 Microsurgery

In the past half century, most breakthroughs in microsurgery can be attributed to tech-
nological advances in microsurgical instrumentation in conjunction with improved tech-
niques developed by inn‘ovétive microsurgeons [2]. The operating microscope, microin-
strﬁrr;\’énts, and microsuturés are a few examples. However, the manual dexterity of the
surge,:on still poses a great limitation on the range of tasks that can be performed. Hand
tremor, fatigue, and lack of kinesthetié feedback are some of the limiting factors.
Presently, hand-held forceps and needle holders are the primary instruments used to
.grip and manipuiate tissues, needles; sutures, and other small objects in microsurgery’.

In order to control the instruments, a microsurgeon depends primarily on visual infor-

mation through an operating microscope. However, smooth, accurate sub-millimetre

.motions are difficult to achieve and even more difficult to sustain over a period of several

hours. Furthermore, small tool-tissue forces cannot be felt, making the task of safely
manipulating delicate tissues challenging and time intensive.

As a result, maintaining 'good' manual dexterity becomes progressively more difficult
during the span of an operation. Imprecise or unnecessary hand and finger motions
waste time and energy, and can result in unnecessary trauma to tissues either directly,

or indirectly by prolonging the operating time. Therefore, there would be considerable

1For those unfamiliar with microsurgery, a brief overview of standard microsurgical instrumentation
and practices is provided in Appendix A. A more comprehensive treatment can be found in {2].
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merit in any new microsurgical devices that could improve a Amicrosurg'eon’s ability to

perform fine manipulation.

1.2 Teleoperation in Microsurgery .

Over the years, several microsurgeoﬁs have developed actively powered instruments to
perfor'm‘l the functions of traditional instruments such as needle drivers, forceps, and
‘microscissors [3, 4]. However, these elécfrically, hydraulically, and pneumatically powéred
hand—héld devices, with their added complexity, did not improve the precision or quality
of vascular anaston\iosis [2]. Furthermore, surgeons found the devices awkward to operate,
and thus none are currently in mainstream use.

Now, more than two decades later, robotic teleoperation systems have begun to show
considerable promise in enabling the m-anipu‘lation of objects as small as single cells 5]
and atoms [6] by scaling down the motions from the operator’s hand to the tool tip.
Thus, if this motion-scaling teleoperation technology were to become inexpensive and
easy to use, it could .provide a practical means for improving the scale, precision, and

efficiency of fine-motion manipulation in microsurgery and other areas.

1.2.1 Teleoperation Systems

- Motion-scaling teleoperation systems have.recently been proposed for microsurgery and
micro-manipulation. Scaled motion and scaled force feedback‘ offer the ability to con-
trol tool motions and “feel” environment forces at a scale not normally possible with
conventional instruments.

The “Bimanual Telemicrorobotics System” under development by Charles, Schenker,

et al. [7, 8] consists of 6-DOF master and slave serial-link manipulators driven by tendons.

The system is lntended for microsurgical use, prov1d1ng scaled motion from master to
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slave at a factor of up to 3:1.' The prototype slave manipulator was repdrted to have a
large workspace (400 cm?®) and a metiqn resolution around 25 pm. ‘The use of tendons
to transmit force and motion makes it possible to have more compact and lightweight
manipulators at the operating site. However, the tradeoffs are manifestefd in actuatioﬂ
mechanism complexity and performance. For example, the compliance of the manipulator
is determined to av great extent by the stiction, friction, and other characteristics of the
joint and drive mechanisms. |

Mitsuishi et al. [9] have also developed a teleoperation system> intended-for rﬁic_ro-
surgery. The slave vrrianipulator uses a hydraulically actuated x-y-z positioning stage,
DC motors, and pantograph hnkages The force-feedback master consists of a series of

“rotation rings” mounted on an x-y-z posmomng platform actuated by lead screws. Al-

though performance specifications of this system were not reported, there appear to be
sonie drawbacks in its mechanical design. For example, the master is not backdriveable,
and would not be capable of producing high-ﬁdelity force or position feedback.i

A system developed by Hunter et al. [5] was designed to manipulate single living
_ muscle cells under a microscope. Both master and slave manipulators possessed 2-limbs
| capable of producing motions resembiing the pinching of a human thumb and forefinger.
Actuation was provided by a dual-stage coarse-fine configuration of electromagnetic and
piezoelectric actuaﬁors. The workspace of each limb was a sphere of diameter 100 mm
for the master, and 1 mm for the slave. The system was designed to enable the operator
holding onto the master to control small motions (10 nm) at the slave, and to recéive
‘magnified kinesthetic feedback of small forces experienced at the slave (scaled by a factor
of up to 10°).

Another system designed for micromanipulation was developed by Sato et al. [10].

The slave robot consists of two manipulators: a 5-DOF work table holding the specimen,

and a 2-DOF “arm” equipped with a force sensor. The master is a stylus (resembling a
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pencil) whose tip can be lengthened or shortened using a linear actuator built into the
body. The tip of the stylus is instrumented with a single-a,xis force sensor. To control the
position of the slave robot, the opéfa‘cor moves the tip of the stylus across the surface of a .
touch-sensitive panel behind which a stereoscopic display is mounted. The display shows
a view thr‘ough. the microscope. The position and orientation of the stylus dre estimated
from the touch-panel and from images taken by two video cameras. The stylus is easy to
use and unencumbered by weight or the long kinematic chain typical of other telerobotic
systérns. However, the system would have limited 'application to sitﬁations'reqﬁiring
more dextrous manipulation in three-dimensional space. Furthermore, the 1-DOF force
feedback 1s dependent on the grasp and orientation of the operator’s hand

These systems offer steadier and more accurate tool positioning and force applica- '
tion than convenfional hand-held tools. Areas such‘,as microscopy, micro-machining,
and assembly could also benefit frorrz this technology. Other applications should be-
come apparent as the technology matures. For example, a motion-scaling robotic system '
could also be valuable as a steady “third hand” tool for microsurgery. Recent work has
demonstrated the mefit of using robotic devices to hold objects such as a lapv’aroscopic
camera [11, 12, 13]. In order to provide traction., microsurgeons; presently rely on guide
sutures anchored in place by lead weights, hemostats (a.k.a. “ﬁosquito clamps”), slits
l‘i‘)'n fhe background material, cleats in fhe clamp-approximator, or trained assistants. A
“third-hand” tool equipped with interchangeable end-effectors could enable safe traction,

retraction, clamping, and manipulation of delicate tissues, particularly for solo-surgery.

1.2.2 Microgripper End-Effectors

In order for teleoperation systems to be practi'cal for tasks such as microsﬁrgery, useful

end-effectors must be available. In particular, an end-effector that provides gripping

(i-e., a “microgripper”) would be essential, since gripping motions are required to hold
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and manipulate vessels, tissues, microsutures, microneedles, and ‘other small objects.
In existing microgripper designs, sacrifices'in size, Weight, and per(formance are quite
apparent, and can be attributed mostly to the scarcity ‘of small, lightweight actuators
- that are papaLble of producing subétantial force with reasonable speed.

For example, many microgripper designs use piezoelectric actuation because of its
-simplicity, Corﬁpact size, and ability to produée large forces. However, piezoelectric
materials are also relatively heavy and produce very limited motion. Moreover, they
require driving Voltages typically on the drder of several hundred vo_lt‘s, which may be
a concern in the operating room. A profotype microgripper dgveloped by Fukuda [14]
was reported to produce a maximum of 1 g force over a 390 um displacement. Another
design developed by Maruyama for wire assembly tasks (15] posseésed much larger force
(60 g) and stroke (3 mm) capabﬂities at the expensevof weight (200 g). One design that
became a commercial product, the Microflex MG—lOOO [16], used piezoelectric bimorphs
to achieve a relatively large motion range (2 mrh), but was limited to 0.4 g gripping force.

Piezoelectric motors offer greater stroke and retain most of the force-to-weight and
size-to-weight benefits of piezoelecﬁric actuation. However, actuation is more complicated
both mechanically and électronically, and smooth control of gripping force would be
difficult With this type of “stepped” act_uator.rMicrogrippers actuated with piezoelectric
m;)tor's have been proposed‘ by Ikuta et al. [17] and Schoenwald et al. [18].

Shape-memory alloy (SMA) a'ctuatorsf ‘are' extremely tht and: are capable of éxer,ting
relatively large forces when heated with an electric current. However_,( response speed
is severely limited by the rate of ambient 'healt dissipation. A microgripper fxctuated by
- small SMA springs was built by Ikuta [19]. The device weighed 27 g and measured 40 fnm |
n length; however, 1t could achieve at best a response tiﬁe of 0.7 s..

Clearly, there is a great need for new actuation technologies that are capable of deliv-

ering large force and fast response without imposing impractical constraints in terms of
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size and weight. Alternatively, there exists a significant opportunity for innovative design

in developing practical microgripper devices that use existing actuation technologies.

1.3 The UBC Motion-Scaling Teleoperation System for Microsurgery

A 6-DOF teleoperation system is beihg developed at UBC with the objective of providing A
the microsurgeon with scaled motion and scaled force feedback [1, 20]. The system uses
a dual-stage coarse-fine motion architecture to achieve fine-motion teleoperation over a

large workspace (see Figure 1.1).

Ase-hﬁoﬁon

Transport Robot

Figure 1.1: UBC Motion-Scaling System for Microsurgery (after Yan [20])

Coarse motion is'pfovided by.a 6-DOF robot, and wo.uld prima{rily be used to manoeu-
vre the fine-motion stage to and from the operating site. The fine-motion stage consists
of a hand-held master manipulator and a teieoperatbe'd slave manipulator that track each
other’s motions (see Figure 1.2). With the master manipulator located directly above the
slave, the motion-scaling system provides a simple, intuitive surgeon-machihe‘interface.

in a natural operating environment.
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master
maglev
manipulator

handle

teleoperation-
override
handle

slave
maglev
manipulator

force/torque
sensor

microgripper

Figure 1.2: Fine-motion stage



e

Chapter 1. Introduction ' L 8

- Both mas'tér and slave manipulators are 6-DOF mégnetically leyitatéd (maglev) de-
vices that shareva common stator. Figures 1.3 and 1.4 illustrate their design and Table 1.1
lists some characteristics. Each maglev manipulator uses six Lorentz actuators to achieve
controllable motion in six degrees of freedom. As illustrated in Figure 1.5, each actuator
is composed of a coil located in a fnagnetic field produced by permanent magnets. The
six coils alie located on the moving “ﬂotAor”, and the corresponding permanent magnets
are located on the stator. Stator-mounted position-sensing devices (“PSDs”—actually
two-dimensional lateral effect photodiodes) are used to locate the light beams ¢mitted
by LEDs on the flotor. Flotor positioﬁ and orientation can then be computed. Although
fhe manipulators possess a limited motion range, they are capable of providing fast,
frictionless, high-resolution, backdriveable motion with programmable compliance.

The teleoperaﬁion\ system actively scales motions and forces: motions at the micro-
surgeon’s hand are scaled down to the slave manipulator, and small tool-tissue forces are
magnified and fed back to the hand. Position and force scaling factors are programmable,
»s is digital filtering of undesirable motions such as hand tremor. The motion scaling
together with the kinesthetic feedback should enable microsurgeons to achieve better con-
trol of fine motions and delicate tool-tissue forces, théreby ihcreasing efficiency, reducing
fatigﬁe, and reducing the possibility of damage to tissues.

Coarse-fine motion coordination of the teleoperation system was demonstrated in [20]
and previously in [22]. In addition, an H.-optimization approachlto controller design
was proposed fo provide teleoperaption traﬁsparency vs. stability robustness tradeoffs
[20].

This thesis addresses the issues of end-effector design, teleopera’pion control, and per-
formance evaluation. A novel microgrippef design 15 presented, and various methods of

i

control are demonstrated here using the working prototype. Force sensing on the micro-

grippér enables the accurate measurement and control of gripping force as well as the
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emulation of diff_erent useful mechanisms._

.Teleoperation' control requires both position and force sensi'ng at the master and
slave to achieve perfect transparency. Therefore, force sensing has been added to the
ﬁne—motion stage of the feleopera,tion system, and bilateral control using both position
and force sensing is demonstrated in six'degrées of freedom.

Experiments have been cbnducted to determine the effects of motion scaling and force
séaling on the performance of tasks related to microsurgery. In addition, performance
in microsurgery can be evaluated by rneasufing the actual iflstrument motions and tool-
tissue forces during microsurgery. This would >he1p to identify areas where unnecessary
force or motion have b.een used, and would also provide a better understanding of micro- -

surgery.

Table 1.1: Maglev Manipulator Characteristics

UBC Maglev Manipulators Master Slave' .
Flotor Mass 630 g 35g
Flotor Dimensions: _ '
Diameter 130 mm 70 mm
Height 110 mm 60 mm
Nominal Motion Range: ,
~ z translation +4.5 mm | £2.25 mm
x and y translation +4.5mm | +1.7mm
z rotation CET° +10°
x and y rotation +7° +4° |
Single Actuator: R
Max. continuous current: - 3A 0.8 A
Force/Current 2N/A| 1.15 N/A
Max. continuous axial force 18 N 28N
Force Bandwidth ' 3.7 kHz 32 kHz
Position Resolution - . 5 pm 1.0 pm
Force Resolution 0.1N| .0.0001 N

1 with permanent magnets added to the stator core
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1.4 Thesis Overview

The structure of this thesis is as follows:
e Chapter 2 describes the design of the new microgripper;

e Chapter 3 defnonst_rates some practical met}\lods for micrbgripper control, describes
the force sensing that has been added to the fine-motion stage of the teleoperation
system, and demonstrates several different controllers that have been impleménted

in six degrees of freedom;

o Chapter 4 describes several experiments that provide an evaluation of teleoperation
performance during simulated microsurgical tasks, as well as a better understanding

of the motions and forces used in microsurgery;

! . -/
e finally, Chapter 5 summarizes the contributions of this' work, and outlines some

directions for future work.
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Chapter 2

Microgripper Design

2.1 Requirements

A remotely operated microgripper has been developed as an end-effector for the motion-
scaling teleoperation system developed at UBC. This chapter gives an overview of the
requirements and a description of the new microgripper design. The requirements can

be categorized into three main areas: mechanical design, performance, and safety.

2.1.1 Mechanical Design

The microgripper must be compact in order to minimize the obstruction of the operating
site. Its size must also be minimized because the arﬁount of lorce applied at the tool tip
and the abilify to control this force décreas_e as the tool tip is displaced from the actuators
of the slave maglev manipulator. The microgripper must also be lightweight, and any
mechanical couplings (e.g., wiring or tubing) must be designed such that mechanical

loading of the maglev slave manipulator is minimized.

2.1.2 Performance

The microgripper must possess a motion range close to the 0-4.5 mm of conventional
microsurgicdl forceps (e.g., Dumont #5). With respect to gripping force, a previous study
of vitreoretinal microsurgery reports typical tool-tissue forces up to 16 grams [23]. In

addition, the commonly used Acland vascular clamp is available with a clamping force of

13
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10, 15, or 25 grams. Therefore, the microgripper must be capable of producing a similar
range of forces and should be equipped with sensors to enable accurate measurement and
control of this force. The actuation method used must enable smooth and easy control
over gripping motion and force.

Slow response and time delay have detrimental effects on teleoperation performance
Therefore, an operating bandwrdth comparable to the bandwidth of human finger motion
typically exercised in mlcrosurgery»would be desirable. It is expected that a bandwidth

of 5 to 10 Hz should provide adequately fast response.

‘

2.1.3 Safety

~
Actuation should not produce any electrical, electromagnetic, thermal, or other type of
interference with body potentials, instrumentation, or general safety. In addition, the
parts of the microgripper that could come into contact with living tissue must be made
of materials that are not harmful and that would not react adversely to substances or
environmental conditions normally encountered in' microsurgery. Furthermore, particles
or substances must not be released into the environment. International standards and
guidelines for blocornpatlblhty can be found in [24] and [25].

In order for the microgripper to be used safely on 11v1ng tissue, it must be sterlhzable
and its materials and performance must not be adversely affected by the sterilization pro-
cess. Here, it shall be assumed that a sterility assurance level (SAL) of 107 is required.

This means that the probability of a microbial contaminant (bioburden) surviving is no

more than 108, An overview of current sterilization methods is given in Appendix B.
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2.2 New Design

A new microgripper design has been developed in order to meet the requirements of
the present applicaﬁion. The design is compact, lightweight, and scalable. Stroke and
force are relatively high compared to other designs, énd control of vgripping force is fast
and simple. The mi;:rogripper employs a flexural suspension and a single unidireétional_
actuator to achieve bilateral gripping action (see Figure 2.1). Two actuation methods
have been investigated: a miniature solenoid actuator, and an enclosed hydraiﬂic trans-
mission. The hyaraulic transmission system uses rni:nia,ture electro-formed nickel bellows
‘and flexible tubing (see Figure 22) This actuation method is simple, lightweight, and
compact, and possesses the additional advantage of being self-contained, requiring no
external power sources.

Although the master and slave bellows are mechanically coupled, the motion of the‘
operator’s hand could be decoupled from the system by using a _conventionaj actuator
to squeeze the master bellows. Majima and Matsushima describe é 1-DOF teleopera-
" tion systerﬁ that uses a hydraulic transmission syétern to transmit motion from a D.C.
‘motor to a micfogripper,' in drder to measure mechanical properties of different tissues
[26]. A tendon-driven microgripper (see Figure 2.1) could be used in a similar manner to
distinguish tissues possessing different mechanical properties during minimally invasive
surgery (MIS). This could facilitate tasks such as the location of the ureter in laparo-
scopic hysterectomy operations, since laparoscopic surgeons, like microsurgeons, receive

virtually no kinesthetic feedback of the tissues that they manipulate.
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Figure 2.1: Microgripper actuated by solenoid (left) or tendon (right); cross-sectional
views

Figure 2.2: Hydraulic actuation/transmission system
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2.3 Flexural Suspehsion

The microgripper design relies on the diamond-shaped flexural suspension to provide
friction-free translation and amplification of unidirectional motion from a single linear
actuator into symmetric, bilateral gripping motion. The next sections prévide a descrip-

tion of its kinematics and an examination of its bending characteristics. .

2.3.1 Kinematics ’
(.

The microgrippér is a planar mechanism. As a first approximation, the flexural suspen--
sion and gripper arms are modelled as rigid links (see Figﬁre 2.3). The actuator pulls
on the flexural suspension at point O, causing .the -point P to tface a small arc about O.
The lever arm L amplifies this. motion to the tip\of the gripper arm. In the case where

l=m (8 = ¢),

Az = 2l(cos ¢ — cos ¢o) ll (2.1)
AD.= Lsin(é — ¢o) (2.2)
and it can be shown that
1 /LY [cos 23t
= —— —_ ——————— B 2
AD 2<l>(sini%¢—°)Az N

At rest, ¢ = ¢g, and this becomes

1 /L 1 S '
AD = (7) (Sin%) Az 24)
AD

As ¢o decreases, 57 increases; i.e., position gain increases with smaller angles. How-

A

_ever, at smaller angles, greater force is also required to overcome the stiffness of the
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Figure 2.3: Microgripper kinematics

- ' . \ »
material. Therefore, the force capability of the actuator affects the choice of ¢o. This

tradeoff of position gain vs. force also affects the choices of [, m, and L. Fdrthermore as
‘the actuator pulls on the flexural suspension, z increases, ¢ and 0 decrease and greater
force is required to further extend the flexural suspension. As will be seen in Section 2.4,
this characteristic matches well with the force-displacement properties of a solenoid ac-
tuator. Table 2.1 gives the dimensions of the flexural suspension that was used for the

microgripper prototype. ' 4 -
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Table 2.1: Microgripper characteristics |

UBC Microgripper .
Mass 5.4 g
Dimensions:
Length 45 mm
Diameter at base 12.5 mm
Flexural suspension:
"~ Material . .. Brass,
" Thickness 0.06 mm
Dimensions:
l=m 5 mm
¢o = 0o 30 °
L 25 mm
Max. gripping force:
Continuous - 10g
Peak ' ' 20g

Tip displacement T [0-25mm

2.3.2 Bending Characteristics

The previous section discusséd the motion required by the act,u'ator to produce a partic-
ular dis:placernent at the microgripper tips. In order to know how much actuation force
is needed to produce thisv_rnotion, it is impoftant to understand the bending behaviour
of the flexural suspension. Several flexural suspensions of different dimensions were con-
structed, and traditional flat-spring design equations were used to model their bending
characteristics. | |

Each half of the flexural suspension 'can be modelled as a combination of three curved
flat springs (sée Figure 2.4). Once one half has been modelled, its mechar;_ical stiffness
can be combined (in parallel) with the ofher half to obtain the stiffness of the overall
structure. The flat spring model used is shown in Figure 2.4, and -was originally referred

to by Palm and Thomas as a "type B” spring [27]. Spring2 clearly falls into this category;




Chapter 2. Microgripper Design ' A / 20

spring 2

A
'

<

P

Figure 2.4: Half of the flexural suépensmn (left) modelled as a combination of curved
“type B” springs (rlght) '

springl and spr_jng3 are each simply half of a “type B” spr‘ing.

In"the spring model, fhe load P is applied to the lever arms as shown in Figure 2.4,
resulting in a displacement F in the direction of the applied load. Two parameters
describe the curve in the spring: angle of curvature, 3, and radlus of curvature, r. For all
flexural suspensmns\t\ested, Bi = ﬁg B3 = 120°(refer to Figure 2. 4) The length of the
straight segments are denoted by the variable u. For the sake of consistency, the naming
convention of all varlables used here follows that used in [27]. According to this modél,

the deﬂectlon of a “type B” spring should follow

2KPr®, B |
_ g 2.5
F=—rm+3) | (25)
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and the deflection of springl>and spring3 should simply be half of this. The following is

a description of the variables used:

B is the angie of curvature in radians;
r is the radius of cur{/ature;
© u is the length of the straight section;
m = u/r;
h is the thickness of the spring material;
" b is the width of the spring material; .
P is the applied force;
F is the deflection;
E is Young’s modulus;
I is the moment of inertia;

and K is the “correction factor”.

The general definition of the correction factor, K, is given as

_0.333m%+ (m® 4 0.5)a + 2m(1 — cosar) — 0.25 sin(2a)

{¢ 2.6
. E 0.333m3 4+ m2a + ma? + 0.333a3 (26)
where a = /2 for “type B” springs [27]. ‘
For the three springs, (2.5) simplifies to
_ 2KP, B
Foo= ggrlutan |
F: .

~ Since the material is rectangular in cross-section, I = bh3/12, (2.7) becomes
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8K P B
F,= —r)® . .
:= Fo vt ") (2:8)
The total displacement of all three springs connected in series is
Fray = Fi+Fa+ F3

= 2F,
_ 16KP - B 4 _
= T (u+ 2r) 3 : (2.9)

and the mechanical stiffness is kpqiy = P/Fhais. Thus, the overall stiffness of both halves

of the flexural suspension combined in parallel is:

k = Zkh;,lf . . _ (210)

Four flexural suspensions were constructed, and their force-displacement profiles were
measured using a z—positioning stage and force sensor. One end of the flexural suspension
‘was attach.éd to the positioning stage, and the other end was attached to the sensor. As
the flexural suspension..was extended, its displacement and pulling force were recorded.

In each of the four flexural suspensions tested, the curvatures of al.l bends were ap-
proximately eQual in radius (ry = ry = r3), and u was taken to be 2.2 mm. All Were
constructed from brass shim stock (E = 17.0 x 10° psi). Other physical characteristics
are listed in Table 2.2.

Table 2.2 shows the values bf mechanical stiffness measured éxperimentally, as well as
those predicted by the flat spring model. Error in the expected results could be.attributed
to inaccurate modelling of the physical characte'ris.t.ics of the flexural suspension. For

in'staﬁce, since (2.9) is dependent on h® and v, the results are very sensitive to small

modelling errors in these two parameters. Table 2.2 shows that a 10% increase in h and
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Table 2.2: Stiffness of Flexural Suspensions‘(Brass)

Test | h T b k (g/mm)
~(in) | (in) | (mm) | Measured | Predicted | Predicted"
ky 0.003 | 0.003 | 2.8 331 - 157 279
ko 0.002 | 0.006 | 2.8 } 190 42 ‘ 73
ks -10.002 | 0.002 | 2.8 124 48 86
k4 0.002 | 0.002 | 2.5 7 43 77

1 b increased by 10%, and u decreased by 10%

(

a 10% decrease in u yield results much closer to those measured experimentally. Since

u >> gr here, small changes in 4 and r have much less influence on the results:

2.4 Actuation

A prototyi)e microgripper that uses solenoid acfuation has been built, and is shown in
Figure 2.5. A miniature solenoid actuator was chosen because of its light weight, small
‘size, rectilinear motion, and relatively high force capa,bilities; The Electro-Mechanisms
PO-25 weighs 2.8 grams, is readily avail.a,ble for under $10, and could be easily sterilized
using dry heat. The actuator is shown in Figure 2.6, and its characteristics are summa-
rized in Table 2.3. At full voltage, stray magnetic fields at the microgripper tips were
measured to be 0.5 vG, and d~id‘ not interfere with steel microsuture needles.

The -actuator is a unidirectional, variable-reluctance device whose force depends on
the position of the plunger.' With constant current, the pulling force of the Actuator
~ increases as the plunger approaches the end plug. However, a return spring of a certain
stiffness can be used to oppose the motion of the plunger, making it possible to achieve
repefxtéble bidiréctional motions (refer to Figure 2.7).

~ The force-displacement profiles of the solenoid actuator and the flexural suspension

were individually measured using a z-positioning stage and a force sensor. Figure 2.8
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shows the stiffness curve of the ﬂekural suspension superimposed on the region of the
force—displacement curve of the actuator t_hat_Was used for the \prototype microgripper.
This 0.3 mm region corresponds to an offset of the p‘lunger from the end plug by 0.32 mm
(when at rest), and the measurement of z as shown ih Figure 2.7.. Once the ,ﬂexural

suspensibn is joined to the plunger, the resulting usable force would be as indicated in

Figure 2.8.

. This solenoid fo’rce along with the ge_dr_ngtry of the_ﬂexura,l suspension determine the
resulting gripping force exerted at the microgripper tips. The resulting force gain is
inversely proportional 'ch the position gain provided by the flexural suspension. As the
tips of the-microgripper close together, position gain increases, ;md force gain decreases.
In the case of the microgripper descﬂbed in Table 2.1, the\posifion gain at ¢ = ¢p 1s
given by:

AD L
~="7="5 | (2.11)
Therefore, at this position, the gripping force (at maximum solenoid. voltage) would be
75/5 =15 g. The maximum continuous gripping force of the prototype microgripper was

measured to be 10 g, as shown in Table 2.1. This difference could be due to imprecise

positioning of the solenoid actuator, resulting in a plunger offset (at rest) different from

the required 0.32 mm.
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Figure 2.6: Solenoid actuator: plunger (left) and coil (centre)

Table 2.3: Solenoid Actuator Characteristics

EMI PO-25 Miniature Solenoid Actuator
Mass 28 g
Dimensions: :

Length (without plunger) 13.9 mm
Width 6.0 mm
Height 7.6 mm
Max. voltage (100% duty cycle) 3.0V
Power consumption at max. voltage 20W
Holding force at max. voltage’ 220 g
Max. temperature 180 °C

! plunger located against end plug
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2.5 Sensing

Grlppmg force is measured using metal foil strain gauges (refer to Figure 2.1). Each gauge
forms one arm of a lead-wire temperature-compensated quarter-bridge arrangement, with
the strain signal amplified by an instrumentation ampliﬁer circuit (see Figure 2.9). Resis-
tance values used were as follows R, =350 ©, Ry =350 2, R =5.11 kQ R, = 500 k9,
R, = 523 kQ, R3 = 5.11 k9, and R4 = 523 kQ.

In order to further reduce the affects of temperature on strain measurements, the
bridge excitation 1is pulsed i.e., using a positive square wave with a 7.25% duty cycle.. This
is achieved through software by pulsing one channel of the DVME-628 D/A board, and
bufferihg this signal using an op-'amp voltage-follower circuit (see Figure 2.10). Gripping
force was calibrated by hanging known weights off the tip of each microgripper arm,
and steady-state bias in the sensor signals was removed in the real-time software using a
periodic nulling procedure.

The microgripper and miniature force/torque sensor have been wired with 34 AWG
silicone-jacketed ribbon cable in order to reduce mechanical loading on the flotor of the

slave manipulator. For details on wiring and interface issues, please refer to Appendix C.

Ry Ry
op227 W

b
3
ER1 Vout

R [rm Ry

Figure 2.9: Strain gauge signal conditioning schematic
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Figure 2.10: Pulsed strain gauge excitation

2.6 Microgripper Master

In order to remotely control the gripping motion of the microgripper, a tool handle that
senses the force’of the microsurgeon’s grasp has been built.(seé Figure 2.11). Held like
a pencil, it provides an intuitive surgeon-machine interface that can be mounted either
directly onto the base of the microgripper for a hand-held instrument (Figure 2.12), or -
‘onto the master manipulator for motion scaling in six degrees of freedom (Figure 1.2).
The handle uses one strain gauge mounted on a stiff stainless steeli beam to measure
the gripping force at the surgeon’s fingers (see Figure 2.13). Its characteristics are listed
in Table 2.4. Because the handle provides a stiff interface to the fingers, it should enable
-steadier finger force with reduced fatigue [28]. Furthermore, the mechanical decoupling
of the surgeon’s ﬁnger. motion frbm that of the microgripper makes it possible for the
“surgeon to employ dif-ferentlgrasps of the tool, enabling control of the instrument over
a much greater motion range. Conventional forceps limit the positions of the thumb
and forefinger to a 180° configuration, although some manufaétu’rers have attempted to

compensate for this by incorporating rounded handles and other désign modifications

into their instruments [29)].
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Figure 2.11: Hand-held microgripper and conventional forceps

Table 2.4: Microgripper master characteristics

Microgripper Master
Mass 20g
Dimensions:
Length 90 mm
Diameter 9.5 mm
Force sensing:
Finger force measured 0-150 g
Finger force used 10 - 100 g
Finger travel 0-1.25 mm

20
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Figure 2.12: Hand-held microgripper

finger strain
force gauge

/ yam

SessE eSS

Figure 2.13: Microgripper master
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Control

3.1 System Overview

Real-time control of the microgripper and mdtion-séaling teleoperation system is per-
formed by software that executes on a SPARC-1le CPU which resides on a VME bus along
with various interface boards. The CPU operates under VxWorks, a real-time operating
. system (OS). For additional resources such as .a shared filesystem, the CPU is networked
to a SPARCstation host, on which all softwﬁre development is performed. Figure 3.1 illus-
trates the hardware configuration. Real-time control foilows. a sensing—control-actuation

~

cycle:

. Sensing Strain gauges measure gripping force at the microgripper and mas-
ter; PSDs measure the position of each maglev manipulator; and a
force/torque sensor measures environment forces at the slave manip-
ul)ator. Signals from the strain gauges and PSDs are simultaneously
sampled and held (S/H), and then converted into digital fdrm using an
analog-to-digital (A/D) conversion board. At the same time, signals
from the force/torque sensor are sampled ahd converted, and the dig-

ital data is transmitted to the CPU via a digital input/output (DIO)

board (note: the interface between the force/torque sensor and the DIO

board is described in more detail in Appendix C).

31
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Control Software executing on the real-time CPU uses the measurements. to

determine the amount of current to supply to each actuator.

Actuation The desired currents are converted to analog voltages using digital-
to-analog (D/A) conversion boards. The resulting signdls are used to

control the current amplifiers that supply current to each actuator.

CPU S/H DIO D/A D/A
@ v x e ll=
> < < l|< i<
% 4 2lE =
e 7 T |
Host A r 2 % & 1
e & HS 2 & —
H I i . — VME bus
| EE:EE . Ethernet E § g
t
. _ _ 4| ]
‘From maglev master
From maglev slave
From microgripper
From force/torque sensor ATI Parallel Interface
| —
- [
Current control
Amplifier
current out *
. . i
To microgripper
. N P\
Current control *W
Amplifier current out
To maglev master 1
: ~ r———
Current control *W
Amplifier ey
current out T
]

To maglev slave

Figure 3.1: Hardware Configuration
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8.2 Microgripper Control

3.2.1 Open-Loop Control

Simple open-loop control of the microgripper has been implemented as ;hown in Fig-
ure 3.2. Digital signal conditioning of the finger force, Fmasiera consists of deadband and
low-pass filter functions. A current direcﬁly proportional to Fiqster drives the solenoid
actuator of the microgripper. Open-loop shaping of this F. oster-to-current felationship
could also be done. The resulting solenoid force is balanced by the ﬂexural.suspension,
resulting in an equilibrium position of the gripper arms. o

A programmable scaling factor, n,, enables the translation of large ﬁngér forces into
"small mlcrogrlpper motions and forces. This down—scaling of force from the surgeon’s
fingers, together with the deadband and low-pass ﬁltermg, reduces the affects of hand
tremor on tool motion. This alone could decrease the possibility of slippage or uninten-
tional applicatioﬁ of excessive gripping force. Figure 3.3 shows the finger force and the
resulting gripping force when the microgripper controlled in open-loop was uéed to grip
and release a piece of surgical tubing. The'écaling' factor, ngy, was set to 0.05.

Closed-loop position control is unnecessary since the mfcrogripﬁer would be used
under an operating mlcroscope with the visual feedback of the microsurgeon closmg the
control loop. However, the relationship between finger force and gripping force depends
on the mechanlcal comphance of the object being held Moreover, it is difficult to judge
tool-tissue forces from visual information alone. Therefore, a hybrid control scheme that
uses open-loop position control and closed-loop force cont%ol has been implemented.

— VAR SN T
/!

\% . g " Frp

" Figure 3.2: Open-loop control -
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Open-loop Control
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Figure 3.3: Gripping force under open-loop control
3.2.2 Hybrid Control

.Thye hybrid controller uses open-loop control when the microgripper is in free motion,
and uses a closed-loop PID control approach to enforce force pracking during contact. To
obtain a smooth transition betwéen the two control modes, the controller uses a linear
combination of open-loop and closed-loop control, as shown in Figure 3.4.

The weighted contributions of open-loop and closed-loop control are determined by -
the weighting factors, w, and w.. If the gripping force. Fyrip is less than Feontact, the
“threshold of the deadband in Figure 3.4, then w, = 0 and w, = 1; therefore, open-
loop control is employed when the microgripper is in free motion. As the-gripping force
increases beyond the contact threshold, the contributions from open-lobp and closed-
loop control are shifted until e\;entually, w, saturates at 1, and w, = 0. Therefore,
during contact, closed-loop control is used. Figure 3.5 shows the force tracking of the -

microgripper operating under closed-loop control.
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-In addition, a saturation functiqn can be imposed on Fi ster 1D ordér to set a pro-
grammable limit on the gripping force (refer to Figure 3.4). Figure 3.6 illustrates the be-
haviou‘r of tbhe hybrid controller with Fcont\act =01g ;mci a force limit set to Fiimi; = 4.0 g.
Such a feature could enable steady gripping at a constant force, and reduce the possibility
of unnecessary fraurna to tissues. ‘

Bidirectional control of gripping force is also possible, albeit limited by the stiffness’
of the ﬂexu‘ral suspension. The null point of F,,str could be changed, and the dead-
band function could be modified as shown in Figure 3.7. Thus, grippi'ng force would be
controllable in both directions. ‘This has been imple;ment.ed, and control of bidirecti'onal
gripping force is shown in Figure 3.8 In this experiment, the tips of the microgripper
were inserted into the ofiﬁce of a piece of surgical tubing.

Clearly, this type of control could be useful for controlling the force with which a
delicate vessel is czn}lr-lulated (i.e., dilated). Alternatively, the size of small orifices could
be measured by closing together the gripper tips, fnserting the tips into the centre of the
orifice, and slowly spreading the tips apart until contact with the edges of the orifice has
been detected. The displacement of the gripper tips could then be inferred either from a

position sensor or from-the relationship between actuation current and gripper position.

3.2.3 Frequency Response

The performan\ce of the microgripper has been measured experimentally. A step response
is shown in Figure 3.9. The force limit is set to 4.g. Note that.because the force of the
solenoid actuator is dependent on plunger displacement, gains can be scheduled to opti-
mize response. The closed-loop force frequency response was measured with no objects
in the microgripper’s grasp; environment impedance was provided by the microgripper

tips dosing against each other. A white noise signal low-pass filtered at 20 Hz was input

to the microgripper, and the resulting response is shown in Figure 3.10.
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Figure 3.7: Hybrid control of bidirectional gripping force




Chapter 3. Control ' | : _ 38
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Figure 3.9: Step response and force limit




Chapter 3. Control | 39

'

Closed-ioop Frequency Response

Gain (dB)

)
0
o

-180

Phase (degrees)

_270 i N . : i . M . ;

Coherence

. Frequency (Hz)

Figure 3.10: Microgripper closed-loop frequency response
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3.2.4 Device Emulation

The microgripper can be changed so that it can be useful for a greater variety of tasks. For
example, an obvious physicél mo&iﬁcation might be to change its jaws in accordance with
standard microsurgical instruments such as needle drivers, clamps, or bipolaf coagulator
forceps. However, other physical mech'a-misms can be emulated by simply alfering the
control scheme implemented in software. For example, a 6-DOF maglev manipulator was
uéed to emulate different mechanisms such as plunger, slider, translator, rotator, and

RCC devices [30]. A similar maglev manipulator was used to emulate static friction and

“contact with a hard surface [31].

Here, the single degree of freedom of the microgripper can also be controlled in differ-

- ent ways to yield other useful devices. For example the hybrld control scheme descrlbed

in Section 3.2.2 could be modified so that the microgripper servoes to the greatest force

applied so far (see Figure 3.11). Thus, the microgripper would emulate a hemosta,t.b Fig-

“ure 3.12 shows the behaviour of the microgripper under hemostat emulation control with

a force limit at 4.0 grams.

Not only would this hemostat possess more stops than any conventional instrument

‘with mechanical stops, but it would also enable much more gentle actuation and release.

Release could be accomplished by adding a button to the microgripper handle. The
constant force of this microgripper hemostat reduces the pressure required to maintain.

a firm hold on tissue and other objects; therefore, it could be useful as a needle driver,

clamp, or “third-hand” tool.
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3.3 6-DOF Force-Reflecting Motion-Scaling Teleoperation Control

6-DOF bilaferél motion scaling of the fine-motion stage was demonstrated ex.p.erimentally
by Yan [20], and an H.-optimization approach to controller design was proposed to
provide teleoperatioh system transparency vs. stability robustness tradeoffs. However,
for perfect transparency, both position and force sensing are required at the master and
at the slave. Therefore, force sensing at both the master and slave manipulétors has been
implemented here. |

The slave manipulator has been equipped with a miniature force/torque senéor, and
.a force/torque observer has been impleménted at the /master. On-liﬁé parameter identifi-
cation has been used to estimate the inertial parameters of the ma,lnipulators. forchntrol.
Three controllers for bilateral motion-scaling aﬁd force—scaliﬁg,teleopera’cion of the fine-
motion stage have been implemented to demonstrate\ some different control strategies
that could be valuable for microsurgical applications. Henceforth, for convenience, they
will be referred to by the following names: PID, cofnputed tofque feedforward, and static
friction emulation. All are essenfially PD or PID-based controllers that share the same
£eleoperation control framéwork. ‘ _

These types of contr(()llers have each Been demonstrated previously by others [22, 32,
31]; however, they are implemented here in the context of bilatéral motion-scaling teleop-
eration with scaled force feedback. The basic PID controller is used later on in Chapter 4
for some human-factors experiments. The other two controllers offer additional features
" such as remote centre of compliance and hands-free operation. Future experimeﬁts should
reveal their practical merits for manipulation in microsurgery. |

The issue of performance evaluation is not addressed in depth here; the emphasis 1s

“on the integration of the system components and the implementation of control meth-

ods in order to explore and suggest potentially useful ways for controlling and using the
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teleoperation system, particularly in a microsurgery environment. The next few sections
describe the force/torque sensor, the force/torque observer, and parameter identifica-
tion. The remaining sections present the control methods implemented and discuss their

potential uses in microsurgery.

3.3.1 Force/Torque Sensor

An ATI 6-axis force/torque sensor has been mounted on the slave maglev manipulator
to measure tool-tissue forces (see Figure 3.13). Its characteristics are summarized in
Table 3.1. The sensing system consists of a transducer, a multiplexer (MUX) box, and an
interface box which contains both serial and parallel interfaces. The XVME-200 digital
I/0 board was used to communicate with the parallel interface. With software executing
on a SPARC 1-e CPU, a maximum sampling rate of 1 kHz for 6-axis measurements was
obtained. Even faster sampling rates should be possible using faster hardware. The

sensor wiring and interface are described in more detail in Appendix C.

Figure 3.13: ATI “nano” force/torque sensor (with wiring collar) mounted on the flotor
of the slave manipulator
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Table 3.1: Force/Torque Sensor Characteristics

ATI “Nano” Force/Torque Sensor
Mass! } 10 g
Dimensions:

Diameter 17 mm

Height : 12 mm
Resolution: '

Force 05¢g

Torque 0.5 g-cm
Maximum:

Force : 1.5 kg

Torque 500 g-cm
Max. sampling frequency? 1 kHz

! with end plates and wiring harness

2 6-DOF force/torque measurements via
parallel interface, XVME-200 digital 1/O, .
and SPARC-1e CPU :

3.3.2 Force/Torque Observer

A force observer and a torque observer have been implementéd in order to-mea,sure hand
forces at the master manipulator.\ The observers are based on the force/ torque estimation
" methods described previously by Hacksel and Salcudean (33].

Both force and torque observers essentially rely on position information and knowledge
of the phyéical characteristics of the manipulator to derivé'an estimate of external forces.
With the flotor modelled as a free—moviﬁg rigid body of mass m, a steady-state estimate,

fest, of the environment force acting.on the flotor can be obtained wusing knowledge of

the known force, f, applied to the flotor, and its measured position:

fut = by = hyla—3) ! (3.12)

where z is the position of the flotor, and  is the expected value of z. & can be computed
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4 by filtering f and z as follows:

; 1 1 bag 4 ke '
X:_.____k<_F)+_m3_&TX (3.13)
'82+%s+;f m 32"'&5‘*’75

where k, and k, are positive gains.

In a similar manner, environment torque acting on' the flotor can be estimated by:
}

Test = %Jk,,(,@ - B) | | (3.14)

- The orientation of the flotor has been parametrized by Euler quaternions, 3, and B can

be estimated by filtering # and the known torque, 7, applied to the flotor:

. 1 1e,s+ Lk
= T T It T The i 1
. $4 4 SRyS + 3K s§°+ 3 u3+;p

B T (3.15)
where
Jr . | (3.16)

Implementation

The transfer functions in (3.13) and (3.15) were implemented as digital filters, in the

form:

3 1 1 2pwos + Wi
X = 2 2 <_ ) T q2 ' 2
8§24+ 2pwos + wi \m s% 4 2/})w05 + W
A 1 2pwos + w2 .
4 = I o e MY | (3.17)

5?2 + 2pwos + wg'u 52 4+ 2pwos + W
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The Matlab function tf£2ss() was used off-line to convert the transfer functions into
state-space form, and the function c2dm() was used to conve;t the continuous-time sys-
tem into a discrete-time system. Parameter values wy = 407 and p = 1 were used. The
filters were then implenﬁented in C and executéd along with fhe control software, m real
time under VxWorks.

In practice, the .force and torque observers implemented on the master maglev manip-
ulator performed quite well. Figure 3.14 illustrates the accuracy and speed of convergence
of the results while a known force (0.49 N) and torque (0.33 N-dm) were produced by

hand-placing a 50-gram weight onto a point on the flotor.

Force/Torque Observer

1
------- f_h_4 ‘ :

Force (N) / Torque (N.dm)

. Time (secs)

" Figure 3.14: Force (f,) and torque (7,) observed while weight is placed on edge of flotor
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3.3.3 Parameter Identification

Parameter identiﬁcation was us.ed to obtain estimates of the parameters of the maglev
rﬁanipulators. These are used for accurate gravity compensation and for the imple-
mentation -of the force/torque observer and computed torque feedforward control. In
contrast Jt‘o..the :Force/ torque estimation method presented earlier (refer to Section 3.3.2),
the parameter estimation method implemented heré applies known forces and torques to
the manipulator, and uses the resulting. motions to determine estimates of t.he inertial
parameters of the manipulator. |

The method that has been implemented is based 6n the commonly used recursive
least-s;quares (RLS) algorithm. The application of RLS estimation to a 6-DOF maglev
manipulatof was previously demonstrated by Hacksél [33], and a detailed description can
be found in [32]. - ! ~ |

The algorithm yields the following parameters:

- 0 =[mme; mey mes Juy Ji2 i3 Jon Jas )T < (3.18)

where m is the mass of the flotor, and ¢ and J are its centre of mass and inertia matrix
with respect to the flotor-attached coordinate frame whose origin is located at the centre
of the LEDs. Using the Huygens-Steiner formula, the inertia matrix of the flotor can be

easily expressed with respect to its centre of mass:

- Je=J 4+ m|(c—0)x]? ’ S (319)

where, for a vector a = [a; a ag]T,
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0 —(13[ Qo
ax é as 0 '_al . (320) ‘
_—(12 aiy ] 0 )

'Implementation

On-line RLS estimation was implemented in C and executed under VxWorkbs. Position
measurements were low-pass filtered using a second-order Butterworth filter with a 50 Hz
cut-off frequency, before being doublé—differentiated_ to obtain accelerations. Since the
accuracy of parameter estimates is dependent on the “persistency” or ric}jmess of the
excritation, each degree of freedom was excited by a pse_ﬁdo-random white noise signai,
low-pass filtered at 20 Hz. A “forgetting factor” of v = 0.9999 was used. Experimentall
_results are shown below in Tables 3.2 and 3.3. Estimates derived from AutoCAD drawings -

are also given for comparison. As indicated in Figures 1.3 afnd ‘1.4, the coordinate system -
of each maglev manipulator is centred at the point Where the axes of .'the three LED

beams intersect.

~Table 3.2: Master manipulator parameters

m(g)| c(mm) Je (gm’)

- ' ' [ 0 ] [1.04 0 0 |
Computed from AutoCAD, | 630.8 0 0 104 O
Flotor only! 7 | —5.56 | | 0 0 1.26 |

: [ 1.27 1 [ 0.989 0.0258 0.0055 |
Experimental estimate, Flo- | 621.6 —0.596 | 0.0258 0.950 0.0127
tor only | | —3.93 | || 0.0055 0.0127 127 |

. [ 0.748 || [ 1.256 0.0421 0.0281 ]
Experimental estimate, Ilo- | 704.2 -0.572 | | | 0.0421 1.19 0.0135
tor with Handle 202 | [0.0281 0.0135 1.27

! coils modelled as solid copper
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Table 3.3: Slave manipulator pa,rametei‘s

m (g) | c(mm) J. (g-m?)
0.0517 0.0137 0.000000480 0.0000280
| Computed from | 33.3 [ —0.0769 } { 0.000000480-  0.0138 —0.0000079 } R

AutoCAD, Flo- 24.8 0.0000280  —0.0000079 0.00596
tor only? _ ‘ : ,

2.46 ] 0.00995 - - —0.0000415 0.0000311
Experimental es- | 34.0 0.377 [ —0.0000415 .- 0.0116 —0.0000849 }
timate, Flotor | 21.1 | 0.0000311 —0.0000849 - 0.00634
only : ' '

! [ 2.82 ] [ 0.0144  —0.000749 —0.000279 ]

Experimental es- | ~ 47.1 0.887 —0.000749 0.0182 —0.000641
timate, \ | 26.2 | —0.000279 —0.000641  0.00729
Flotor with ATI - :
Sensor? : :

2.98 [ 0.0204 0.000429  —0.000436 |
Experimental es- | 54.4 [ 1.05 } 0.000429 . 0.0265  —0.000908
timate,  Flotor 30.6 | —0.000436 —0.000908  0.00751
with ATI Sensor ‘ \
and
Microgripper®

1 coils modelled as solid aluminum

- 2 including adapter plates; ATI sensor oriented with “rear plate” towards flotor (—2),

and rotated about z-axis by -120°

3 gripping motion oriented along z-axis '

AN
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3.3.4 PID Control

Bilateral motion-scaling and force-scaling teleoperation of the fine-motion stage using
a PID-based controller was proposed in 11, 20]. Using position sensing only, motion
scaling in six degrees of freedprﬁ was demonstrated. The addition of force sensing here
now makes it possible to achieve improved teleoperation transparency by providing the
operator with high-fidelity force feedback. |

The controller impleme‘_ﬁted here follows from the approach.described by Yan in [20]:

\

f'm = nffe - fc
fo= Ut
fc = kc(xm - npms) ' (321)

where f,, and f, are the master and slave actuator forces, f; and f,. are the hand and
environment forces, and z,, and z, are the master and slave positions. n, and n; are
the position-scaling and force-scdling factors. The coordinating force, f., is implemented

" here using here using straight PID control:

ke =ky,+ kys + E i ' (3.22)
: S

Implementation

Environment forces were measured using the ATI sensor, and hand forces were measured
using the force/torque observer.‘ Force-scaling was set to n; = 20. A position-scaling
(fa,ctor of n, = 10 was used; however, this ten-fold magnification of motion from the slave
“to the fnasfer resulted in the flotor of the master éontacting its workspaée limits while

in free motion. Therefore, n, was reduced to 2 for the slave-to-master position scaling.
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In addition, the gains of the local coordinating-force controllers were individually tuned

for each manipulator. The gain‘s used were as follows:

4

[ & = [07070710010010.07  N/mm,N-dm/rad
master ke ks = [0.0150.0150.015 0.50.5 0.5]7 N/(mm/s), N-dm/(rad/s)
|k = [0505053.03.03.07 N/(mm-s), N-dm/(rad-s)
(&, - [0.1911 0.1911 0.652.73 2.73 1.68]7 '\ |
slave k. kg = [0.0015 0.0015 0.009 0.0506 0.0506 0.0202]7 (3.23)
ki = [0.160.16 0.16 0.16 0.16 0.16]7

Control of the slave manipulator was breviously performed with reépect to the 'origin
of the flotor-attached coordinate frame (refer to Figure 1.4). However, unlike the master
manipulator, the 'cen£re of mass of the slave manipulator flotor is diAsplaced a significant
distance from the sensing centre (refer to Table 3.3). Therefore, the centre of control was
moved to the centre of mass in ordef to reduce coupling _be‘gweén the 6-DOF motions,
thereby ¢habling stiffer control. |

Position tracking of the manipulators without feedforward of hand and environment
forces is shown in Figures 3.15 and 3.16. Figure 3.15 shows the position of the slave
in free motion tracking the motion of the master. The master was driven by hand in
an arbitrary trajectory. Similarly, Figure 3.16 shows the position of the master in free
motion tracking the motion of the slave. Notice the slight oscillations in slave position
due to inadequately tuned PID gains. |

Feedforward of hand and environment forces is shown .in Figures 3.17 and 3.18. Fig- .
ure 3.17 shows arbitrary environment forces and torques applied to the slave, and the

corresponding scaled forces and torques observed by the force/torque observer at the

master. Similarly, Figure 3.18 shows arbitrary hand forces and torques applied to the
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master, and the scaled-down f.orcesi and torques measured at the slave by'the ATI sensor
positioned against an infinitely stif,f environment. Note that f. is opposite in sign from
fr in Figure 3.18. Because the ATI sensof is positioned against an infinitely stiff envi-
ronment, a positive forcefed forward along, say, the'p.o‘sitive z-axis results in a measured
environment force in the opposite direction (along the negative z-axis).

These results illustrate how force sensing at the slave can be beneficial. Small envi-

ronment forces at the slave can be magnified and fedforward to the master, giving the

operator high-fidelity kinesthetic feedback of delicate tool-tissue forces.:




33

Time (secs)

0.5

Y e I

i
g
<@

0.005|-- == e-

—

b a4 ecmtmccccscccbnc e

,
Time (secs)

M §

Control

(right)

ion

tat

1en

Time (secs)
Time (secs)

(left) and or

0on

posit

ter:

ing mas

2.5

'
1

L5

)

Chapter 3.

0.
o

{unu) uonisod

Time (secs)
Time (secs)

Slave in free motion track

I

0.5

Figure 3.15

T



54

Control

Chapter 3.

T T
) .
: ;
: :
' :
....... . e
; ;
: '
: '
i i
‘ ;
: B
o ¢ _
: :
: :
' :
' :
....... ; o
: :
: :
: :
: '
I - -
; :
: :
: :
: ;
, :
, :
' :
T -
-1 .
- :
“i .
s :
R :
: :
: :
I iy T
: : :
L _ | i
vy (= pal -
< . < 5
= 5 <
(pes) uonEIUaLO
.

T

H

:

;

=T ;

'

:
||||||||||||| P

:

:

'

.

.

:

:
............. .

:

:

:

i

H

:
......... re--—

H

.

'

:

:

:

:
....... I

H

H

I :

= :

'

H

:
...... —

Y

.

H

'
PR S VU SR

:

.

;

'

'

'

1

~ -

(wws) uonisod

25

1.5

25

1.5

0.5

.05

Time (secs)

N

Time (secs)

[ PR R ———

0.08{—=-----~

(pes) uonEIUALQ

(i) vonisog

0.5

J

Time (secs)

Time (secs)

05

0.05=------

=)

] SUUOS N

0.085p------~

(per) uoneIudlio

(unw) uonisod -

Time (secs)

Time (secs)

(right)

ion

ientat

(left) and or

position

ing slave:

track

ion

Master in free moti

Figure 3.16




39

Control

Chapter 3.

{N) 22104

Time (secs)

Time (secs)

Time (secs)
Time (sécs)

02f------

Time (secs)
Time (secs)_

Environment forces (left) and torques (right) fed forward to master

Figure 3.17

2
0

(N) 92104




56

Chapter 3.

Contro]

PR

«
e
....... [ AU TR -

1 Y [ ) e
v 3 v} ’
[ )
. h )
[ 2 [ '
I 1
R ; .
oy 2 .
....... YA
TN
S
. \h
S
0 ~a
' ~
' Y
N W
L - SRR
TR
HE G
N
I N~
' N A
1 \
I ' o
' Cad
1 NED
ro---1% -0
N
' g
S
87 [ =~
[ 1
' St
| e
|||-V|||.\|w_\1/
N
=N
- 1
~ h
o :
VUl
. BN
i 0
: /ﬁ
.
.
'
'
h
) =)
<
=1

(wp'N) onbio],

(N) 22104

Time (secs)

Time (secs)

B R EErr

o

(wp'N) enbio],

DA

R

{N) 20l04

) R TR

Time (secs)

Time (secs)

008~~~

T

(N) 92104

L

Time (secs)

Time (secs)

v

Hand forces (left) and torques (right) fed forward to slave

Figure 3.18



Chapter 3. Control , ' 57

3.3.5 Computed Torque Feedforward Control

This controller foilows the sa,me‘teleoperatioﬁ controi approach described by (3.21). How-
ever, a linearized- “compﬁted torque feedforward” scheme'p‘roposed by Hollis, Salcudean,
and Allan [30] is used for the local coordinating-force controller, k., instead of straight
PID control. This control scheme was demonstrated previously on a 6-DOF maglev
manipulator by Hacksel [33].

This controller enables the simple emulation of an arbitrary remote centre of com-
pliance (RCC) at each maglev manipulator by displacing the tool point, rr. This could
improve the sense of teleoperation transparency conveyed to the operator since the centres
of compliance for master-slave coordinated ﬁqotion couvld be relocated to more intuitive
' loca,tions.. For exarhple, the RCC of the master manipulator could.be placed at the lo-
cation of the operator’s fingers on the hdndle?‘as it would be naturally on a hand-held
stylus. s

The following control law was used:

Fr = 2FJK,(Ba— ) — Ko B]

S~y
H

m[—g + FT‘T X FJ;IFT + f(p('l‘d — T'T) — R’UT_"T] , (3.24)
resulting in the following modified system dynamics:
B = K,(Bs—B)—K.B

f:T = .Kp(’f‘d—’r'T)—I;'U'f‘T . ) . (325)

f and 7 are the force and torque applied to the flotor, m is its mass, § is its rotation

parametrized by Euler quaternions, w is its angular velocity, and J is its inertia matrix.



http://could.be

Chdpter 3. Control ' 58

The superscript, ¥, denotes vectors or matrices that are expressed with respect to the
flotor coordinate frame. rT"is the “tool—point”, a point that is fixed to the flotor coordinate
frame, and rqy and By are the desired tool position and orientation. g is the gravitational
acceleration. .The _eléments of the gain matrices, K,, K,, Kp, and K, can be chosen
independently to emu:late different physical mechanisms (e.g., slider, plunger, translator, )

rotator), and are defined with respect to arbitrarily chosen rotation matrices as follows: -

K, £ RTdiag(ky,kp;kys)R
K, & RTdiag(ku, kv, ku3)R
K, = RTdiag(l::pl,l}pz,l;pg)ﬁ
K, & R dzag(icul,ié,,z,léva)é (3.26)

Implementation

This controller was implemented on both master and slave manipulators. Mass, centre

of mass, and inertial parameters were obtained using parameter identification (refer to

Section 3.3.3), and the following gains were chosen to provide stiff control and good

“feel”.

k, = [300 3003007 1/s?

\ k, = [303030]T 1/s
master, -

k, = [700 700 700]T 1/s?

k, = [303030]"  1/s




Chapter 3. Control ’ : 59

2100 2100 2100]7  1/s?

k, =
k, = [20.2520.2520.25]7 1/s
slave. 3 : ' v {
| k, = [1470 1470 50007 . 1/s”
| b, = [6.086.0836]7  1/s
R =1 s (3.27)

Figure 3.19 shows the slave in free motion trackmg the motion of the master driven
by hand in an arbltrary trajectory. Likewise, Figure 3.20 shows the master in free motion
tracking the motion of the slave. By cancelling the dynamics of the manipulator motion,
this controller can provide better performance than the simple PID controller, using lower
gains. However, inaccuracies in the estimates of the manipulator’s inertial parameters
can lead to biases, as shown in Figure 3.19. |

Figure 3.21 demonstrates the ﬁotion of the remote centre of compliance while an
: .a‘rbitrary hand motion is applied to the flotor. Shown are the positi(\)ns'of three points:

the RCC, set to rp = [0 0 40)7 mm; point,, located 20 mm above rr; and point,; located

20 mm below rr. As expected, rr does not move significantly, and the two points on

either side of r7 show much gf’ea.ter displacement in opposite/directions.
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3.3.6 Static Friction Emulation

" This controller follows the same teleoperation control approach implemented earlier.

Here, however, coordinating force is applied unilaterally to the slave only;-i.e., the slave
tracks the position of the master, and the master is controlled vusing’ a static friction

emulation scheme. Environment force is also measured and fedforward to the master;

/

that is,

- ’ f’m = vnffe+ffrict;on ’
| fs = kc(l'm - ;'zpws) . (328)

\

Emulation of static friction using a 6-DOF maglev manipulator was demonstrated

previously by Vlaar [31, 34]. The approach taken is based on Karnopp’s model of stick-

slip friction'in one degree of freedom, which uses two states (STUCK and SLIDING) to

" model static friction between a mass and the surface on which it is-sliding. The motion

of the massl 1s modelled as:

ME = foar — kot + Fatick |  (3.29)

where f.. is an external force, —k; is an applied damping force, and fstick is.the applied
stiction force: |
" )

stick = fest ,if STUCK
Fotick = fext (3.30)

fotick =0 ,if SLIDING.

The state transitions are defined as follows:
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|fe1t|>fmax
STUCK &=  SLIDING ) (3.31)

lli'|<'”min‘

This model can be approximated using a PD controller and position sensing only as

follows:
mi = fupr — kad + fotick
fstick = kp(zstuerx —z) . ,if STUCK (3.32)
fotick =0 | ,if SLIDING ‘
|fstick|>fma::
STUCK SLIDING (3.33)
|i|<vmin . .
.- (set zgrycK=7)
Implementation

Applying the model described above to the local controller for the master manipulator,

we obtain:

fm = nffe + fstick - kdj:m

fs = kc(xmfnpxs) . (334)

. Values used for ny, n,, and k. are given in Section 3.3.4. Static friction emulation

control was succesfully implemented for each of the six degrees of freedom of the master

manipulator. The following parémeters were used:
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k, =[3.53.53.515 15 15]7 N/mm,N-dm/rad
kq = [0.0225 0.0225 0.0225 0.75 0.75 0.75]7 N/(mm/s), N-dm/(rad/s) (335)
fmez =1{0.60.60.6 0.3 0.3‘0.3]T N,N-dm .
Vmin, = [30 3030 55 5] , mm/s,rad/s

Figure 3.22 shows the position and orientation of the slave in free motion tracking
the master moved in an arbitrary trajectory. Notice that the position of the master, and
thus the slave, remains stationary once the hand of the operator is released.

Under this teleoperation control scheme, the master manipulator provides a small
frictional resistance to the motion of the operator’s hand, and once released, active control
keeps the rﬂanipulator stationary, regardless of its position or orientat.ion. In the context
of microsurgery, this type'of control cquld make the ’teleopération system particularly

useful as a “third-hand” tool, where accurate positioning and “hands-free” operation are

important.
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Chapter 4

Experiments

4.1 Overview

The previous chapters concentrated on the design and control of the microgripper and
motion-scéling teleoperation systém, with the objective of producing devices useful for
microsurgery. The potential benefits of these devices include the ability to achieve much
finer control over tool mqtions and tool-tissue forces, and the ability to measure tool-
~ tissue forces in seven degrees of freedom. This chapter examiﬁes these two issués. The
ﬁrst‘part of this chapter discusses the issue of evaluating manual dexterity in teleop-
eration through experiments that simulate 1ﬁic;§surgica1 conditions. The second part
discusses.the measurement of motions.and forces during microsurgery using alternative

microsurgical instruments such as the hand-held microgripper.

4.2 Manual Dexterity

The main purpose of the motion-scaling 'teleoperation ‘system is to extend microsurgeons’
ability to control fine motions. Therefore, it is important to' determine how manual
dexterity is affected by its use. One method of evaluating teleoperation performance
involves executing a task in a controlled environment, and measuring the quality with
which the task was performed. “Peg-in-hole”-type tasks are often used [35, 36, 37]. By

executing the task under different conditions, one can ‘obtain a relative measure of the

performance achieved under each of the experimental conditions (e.g.; teleoperation vs.

67
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direct manipulation), thereby leading to a better understanding of the individual factors

that may bear an influence on task performance.

4.2.1 Task Design

The experimental task itself could consist of simple, general motions involving astruc-

~ tured work environment. Sofﬁe examples are listed in Table 4.1. These could be catego-v
rized as “geneﬁc tasks”, following the terminology used by Hannaford et al. [35}. These
types of tasks provide general results tha’é can be extended to other application-specific
rnanipulétion tasks. Furthermore, the simplicity and structured nature of the tasks
makes it easier to reproduce the experimental conditions and make fair comparisons of -

performance using different hardware.
: \

Table 4.1: Generic tasks

. Task Description

‘Manoeuvre Starting from home position, manoeuvre forceps to end )
position/orientation '

Manoeuvre Starting from home position, manoeuvre forceps and grip

and grasp target object - ‘

Manoeuvre, Starting from home position, manoeuvre forceps, grip

grasp, and | target object, and move it to end position/orientation

reposition

Hold station- | Hold forceps in a specific position and orientation for a

ary - prescribed period of time

Alternatively, the experimental task could involve more complex “application tasks”
which, in this case, would be specific to microsurgery. Table 4.2 offers a few examples.

While the data resulting from the execution of these types of tasks are less general, they

* are more likely to reveal valuable insights into application-specific issues (e.g., mechanical
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\

design, performance limitations, and human-factors issues).

Table 4.2: Application tasks for rnic_rovas)cular surgery

Task | ~ Description :
‘Grasp adven- | Starting from home position, manoeuvre forceps to vessel
titia opening, grip adventitia, and pull it a prescribed amount
Cannulate Starting from home position, manoeuvre forceps to vessel
vessel - opening, insert tips of forceps to a prescribed depth, and

dilate vessel opening a specific amount:

Place guide | With the tips of the forceps inside the cannulated ves-
suture sel, pass the microneedle (held by needle-holders in the
dominant hand) through the anterior wall of the vessel,
between the tips of the forceps )

4.2.2 Performance Measures

The quality with which the task is executed can be qﬁantiﬁed in various ways. Task
completion-time, although crude, is relatively simple to measure; thus, it has been used
in almost all human-factors studies to date as a measure of the ease with which a task
can be performed. In fact, completi'ori time would be an essential performance measure
“here, since task efficiency is paramount in .microsurgical operations.

Tool-tissue force would aiso be an important measure, since it is important to miﬁi-
mize excess contact force in tasks involving delicate manipulation. Mean force is generally
not a good measure since iarge positive and negative swings may not necessarily be re-
flected in the overall average. In “p'eg\—in-'hole” tasks, Hannafofdv et al. used the sum of

squared forces (SOSF):

\

N . .
SOSF =S fdt . (436

=1




!

Chapter 4. Experimeﬁts ‘ ‘ ! 70

SOSF is a general measure that can be combined -among different axes. Furthermore,
SOSF scores for tasks of different durations can be added together since the SOSF is
weighted by time. In compariso.n, an RMS measure is normalized with respect to the
time duration; therefore, the simple addition of several RMS scores leads to bias favouring .
" the shorter tasks. | |

Alternative performance measures (;ould include: peak force, task error or failure rate,
range of tool motion, tool trajectory, and tool velo'city. The next two sections present
experiments that use performance measures to quantify the effects of scaled motion and

scaled force feedback on fine manipulation.
A}

4.3 Motion Scaling Experiment

An experiment was performed to determine how manual dexterity is affected by motion-
‘ scaling teleo;;eration. The task involves ménoeuvering a microneedle such that its tip is
dipped into a series of ﬁpright tubes. Since very fine motions are involved, it'is expected
that the operator’s ability to perform the task will be improved by motion scaling. How-
ever, without perfectly transparenAt teleoperation, it is also _expected that performance
will be a,d\}ersely affected by the indirection of the teleoperation itself. Therefore, this
trade-off should yield improved performance at large scaling factors, and reduced perfor-

mance as scaling is decreased.

4.3.1 Apparatus

The experimental apparatus consists of a “background material” made from a piece of
white paper marked with a 3 mm X 3 mm grid ruled every 0.5 mm, with tick marks every

0.2 mm. The background material is rﬁ_ounted onto a stiff cardboard backing which is

secured by adhesive tape to the operating table. Standing in the middle of the grid
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are three segments of surgical tubing mounted upright, and fixed in place using rubber
cement (see Figure 4.1). Each segment of tubing is 1 mm tall, with an outside diameter
of 0.5 mm and an inside diameter of 0.3 mm. A spatula microneedle from an Ethicon
TG140-6 Plus microsuture is parked in a piece of soft foam just above the grid. The body

of the microneedle is coated with a thin layer of rubber cement to improve the grip.

5

Figure 4.1: Apparatus for motion-scaling experiment

4.8.2 Task

The test subject picks up the microneedle, holding the tip downward in an approximately
vertical orientation, and positions it below the level of the tube openings, at least one
grid-square away. This is the home position.

When instructed to begin, the subject dips the tip of the microneedle into the opening
of each of the three tubes, avoiding contact with the tubes and background material.
The depth to which the tip of the microneedle is inserted is not important, as long as

it actually enters the opening of the tube. The tubes may be traversed in any order.
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Visual feedback is provided through a Carl Zeiss OpMi-8 stereo operati‘ng microscope,
. and magnification is up to the discretion of the test subject.
The task is performed for a prescribed number of repetitions under the following

experimental conditions (not necessarily in this order):

Teleoperation system, position scaling = 6:1;

Teleoperation system, position scaling = 4:1;

e Teleoperation system, position scaling = 2:1;

and Conventional forceps (Dumont #5).

The manipulators of the fine-motion stage of the motion-scaling teleoperation systerﬁ
are fixed to the operating table as shown in Figure 4.2. The coarse-motion sta,ge‘is not
used. The PID-based controller described in Section 3.3.4 is used without feedforward of
hand and environment forces since contact force is not an issue in this experiment. Hand
tremor is low-pass filtered at 10 Hz.

Since the teleoperation system is fixed to the table in this experiment, the workspace
is limited. Therefore, when using the teleoperation system, the grid/tubing apparatus
18 fndunted on an x-y-z positioning platform which can be adjusted by the experimenter

prior to task execution, according to the instructions of the test subject.

4.3.3 Performance Evaluatign

To measure manual dexterity, performance is evaluated in two ways: completion time
measures the ease and efficiency with which the task is performed, and the number of

task errors reflects the quality or accuracy of the task execution. Completion time is

measured using a real-time software timer activated by a start/stop switch operated by
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Figure 4.2: Fine-motion stage fixed to operating table

the experimenter. Task errors are scored visually by the experimenter: one task error is
counted for each tube that comes into contact with the microneedle. Therefore, the test
subject could score a minimum of 0 and maximum of 3 task errors for each execution of
the task.

Timing starts when the experimenter instructs the subject to begin, and stops once
all three tubes have been traversed. The experimenter monitors progress through the
assistant microscope, and records the number of task errors. Unlimited practice time is
allowed. The task is performed to the subject’s satisfaction, and the best five perfor-

mances (those with the least number of task errors) are used.

4.3.4 Results

Ten subjects were tested, 3 women and 7 men, mostly graduate students in robotics.
Average age was 29.1 years. None were trained in microsurgery, and most had no ex-

perience using teleoperation systems. For each subject and experimental condition, the
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best five performances were averaged to yield a single mean performance‘for each exper-
imental condition. Figures 4.3 and 4.4 show the mean number of task errors and mean
task completion times averaged o-ve,r all subjects. The error bars represent theﬁ'standard
deviation in .fask completion time among subjects.

Average Task Errors

Errors

05k - o ............ ............ ............ ......... ............ ......... L

Forceps o2 4:1 6:1
Scaled Motion

Figure 4.3: Average number of task errors in motion-scaling experiment
3

The quality of task execulti‘on was significantly improved in the ;;resence of motion
scaling. Indeed, the avérage number of task errors with 6:1 motion scaling was 59%
~ less than the that ﬁsing hand-held forceps. As expected,‘ th;e performancelgain provicied
by motion scaliﬁg decreases as motion scaling is also decreased. At a scaling of 2:1,
performance was actually worse than that ‘using conventional forceps, suggesting that
under the given »expe'rimental>conditions, the benefit provided by motion scaling was
superseded by the encﬁmbrance of teleoperation. |

The effect of motion scaling on task efficiency is not as clear. However, it is ap-

parent that teleoperation had a negative effect on the',efﬁcier.lcy'of task execution, as
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Average Task Completion Times - . .
12 i ! T ! ! ! )

PIF ............ ...... ...... PR ............ ............ ............ ........... 4

10k ............ ........................ ............ ............ ...... ........... -

Time (s)

Forceps 2:1 4:1 6:1
.Scaled Motion

Figure 4.4: Average task completion times in motion-scaling experiment

expected. This effect should be reduced with the development of teleoperation con-
trollers that provide improved iransparency. Nevertheless, the improved manipulat.ion
‘capabilities provided by motion scaling should have an indirect impact on the efficiency
" of microsurgery through reduced tissue trauma and imf;roved first-time success of Vafious
fine-motion tasks.

This experiment also demonstrates that completion time taken alone as a measure
of performance is not necessarily adequate for mission-critical tasks where quality of
task execution is also important. Other factors such as fatigue, ergonomics, and tool-
tissue forces are also relevant, but are much more difficult to measure and quantify. The '

following experiment addresses some of these issues by investigating how scaled force -

feedback affects the control of small tool-tissue forces.
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4.4 Scaled Force Feedback Experiment

The previous experiment illustrated how'scaled motion and teieoperation can affect one’s
ability to control fine motions. This section describes an experiment that measures the
effects of scaled force feedback oﬂ the control of small tool-tissué forces. The experiment
involves applying a pfescribed amount of toql-tissue force using either the hand-held mi-
crogripper or the motion-scaling teleoperation system. The tool-tissue force is measured
using the ATI force/torque sensor, and the difference between the intended for;e and the

actual applied force is recorded over a time interval of approximately 6 seconds.

4.4.1 Apparatus

The “tissue” is simulated by a thin piece of latex rubber (taken from a surgical glove)
stretched over an aluminum ring. The latex possesses a compliance similar to that of real
tissue, and is cdmmonly used by“microsurgeons to practice suturing. The tools used were
the hand-held microgripper'(shown in Figure 2.11), and the motion-scaling teleoperation
system with microgripper (shown in Figure 4.2). Both instruments were equipped with

the ATI force/torque sensor to measure tool-tissue force.
R

4.4.2 Task ,

The test subject is instructed to apply a prescribed amount of force to the “tissue”, and
to maintain that force for at least 6 seconds. The force is applied and measured along
one axis only—the axis of the instrument, in a vertical orienfation. The subject practices
applying 3, 9, and 15 grams force while provided with a graphical display of the tool-
tissue force, in the form of an oscilloscope-type display on a CRT. Unlimited practice
time is allowed. ’

During testing, the graphical display is removed. Detailed visual feedback is provided

1 , \
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through an oﬁerating _micros'cope, and both practice and testing a1"e pefformed on the
same area of latex. The experiment is designed in this way to simulate the situation of a
surgeon who is intimately familiar with his or her operating environment. The relatively
simple task of becoming familiar with the “look and feel” of applying a few different
forces to a single object enabled the test subjects to become vefy proficient in a short

period of time.

4.4.3 Performance Evaluation

During testing, the subject is asked to apply either 3, 9, or 15 grams forcé using either
the hand-held microgripper or fhe motion-scaling teleoperation system. Once the subject
feels that the intended force has been attained, the experimenter records the tool-tissue
force for a period of 6.7 seconds (sampling period dt = 6.7 ms, N = 1000). ‘This data
is used to gauge the accuracy with which the subject is able to reproduce the intended
force. The subject is then asked to rate the experience as far as confidence and fa,tigue,'

 where: :
Confidence: 10 = Fully confident that the intended force was attained

0 = Not confident th;it the intended force was attained
Fatigue: 10 = Not tiring .

0 = Tiring _
This procedure is repeated twice, each time using a different level of force in a randomized

sequence. Then, the entire process is repeated using the other instrument.

4.4.4 Resuits

Ten subjects were tested, 2 women and 8 men, mostly graduate students in. robotics.

Average age was 28.2 years. None were trained in microsurgery, and most had no experi-

ence using teleoperation systems. The surﬁ of squared error (SOSE) was used to measure
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the error in applied force for each subject:

N ' '
SOSE = Z(fz - fintended)zdt . (437)

=1

This is similar to tHe SOSF measuré (refer to Section 4.2.2). Figuile 4.5 shéws the rﬁean
‘and standard deviaition over all subjects’ SOSE scores. The plot shows that the average
SOSE scores are much lower where scaled force feedback has been proﬁded. The statis-
tical significance of the results was evaluated using a one-tailed, two-correlated-sample
t test. This was used to test the null hypothesis, Hy: that the SOSE without scaled force
feedback is in reality at least as small as that With.scaled férce feedback. For the 9 g and
15 g tasks, Hy was rejected at the 5%'levell. There was insufficient evidé’nce to reject
the null hypotheéis for the 3 g case.

When subjects used the hand-held instrument, control of tool-tissue force relied al-
most entirely on visual feedback alone. Virtually no kinesthetic feedback was available.
Based on subjects’ testimonies, this dependenéy placed more str‘ain on both the hand and
the eyes. This is reflected in the confidence and fatigﬁe scores. The avefage confidence -
and fatigue levels among all test subjects are shown in Figure 4.6. Scaled force feedback
appears to have had a marked affect here as well. Again, using the one-tailed, two-
cOrrelated-sampie t test', the statistical significance of the results was confirmed. The .
null hypothesis—that the confidence and fatigue scores in the absence of scaled force
feedback are at least as good as those with scaled force feedback—was rejected at the
5% 1evel in all cases: | |

Although the mapping of test subjects’-qualitative sensations to quantitative'scories is
imperfect, the results nonetheless illustrate the dramatic effect that scaled force feedback

can have on a simple, one-degree-of-freedom task. Similar results can be expected for

1A significance level of a = 0.05 represents the prébability level at which the -null hypothesis, Hy,
can be rejected o
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[

manipulation in six or more degrees of freedom, where the magnified feedback of small

forces and torques can aid the operator in controlling small motions and contact forces.

Sum of Squared Error in Applied Force
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Average Confidence Level
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4.5 Motions é.nd Forces in Microsurgery

Presently, there is relatively little k_r.lowledgé of the motions and forces used in micro-
surgery. Indeed, the single problem of ihstrumenting tools for measuring these motions
‘and forces is non-trivial. As a result, up to now, these types of measurements have only
been obtained in a limited manner [23, 38]. A good undefstandihg of the motions and

forces that are used in microsurgery would be valuable in many ways:

e measurements of motions and forces could be used to assist the training of micro-

surgeons;

»_information regarding workspace and tool-tissue forces would be invaluable for the

design and evaluation of microsurgical instrumentation;

¢ measurements can be used to construct accurate computer models of living tissue

for microsurgery pldnning and training;

N

o and measurements could be used to determine the mechanical properties of different
types of vessels and tissues (e.g., artery, vein, nerve), thereby enabling the micro-
surgeon to reduce the possibility of trauma to tissues if force-sensitive instruments

such as the microgripper are used.

Clearly, new devices are needed to accurately measure too.l-tissu'e forces in a wide
range of microsﬁrgical tasks. The hand-held mi‘crogripper (refer to Figure 2.12) is one
such device. It is simple to operate, and could easily be used in. p\lace of conventional
forceps. Equipped with the ATI force/torque sensor, the microgripper enables the mea-
surement of microsurgical forces resolved into gripping force and 6-DOF “wrist” force

- components. For illustration, the next section presents an experiment that was con-

ducted using the hand-held microgripper to measure tool-tissue forces during a simulated

microsurgical task.
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4.6 Simulated Microsurgery Experiment

-In this experiment, tool-tissue forces are recorded while a simuia,“ced microsurgical task
is performed. The task involves gently grasping and pulling the advéntitia of a bléod
vessel, simulated here by a thin éheet of latex. This type of\ activity is extremely common
in reconstructive microsurgery, where one primary activity is vascular anastomosis. The
adventitia and any other superfluous perivascular tissue must be removed before the

vessel can be sutured.

4.6.1 Apparatus ' ' o

The experimental set-up consists of a sheet of latex taken from a surgical glove mounted
on a rigidy' paper frame, with a 15 mm-long slit madek in the latex. This “slit latex”
set-up i‘s commonly used by microsurgeons for training in suturing. The task involves
approaching the operating site, grasping the edge of the slit, pulling' it gently, and then
releasing it (see Figure 4.7). Visual feedback is provided through a Carl Zeiss OpMi-S
stereo operating microécope with power zoom and focus. '

The hand-held microgripper equipped with the ATI force/torque sensor is used to
‘measure tool-tissue forces in seven degrees of freedom while the task is executed.: Idezﬂly,
fool positions would also be rneasured)on-line using a 6-DOF motior\l—tracking system [39]
Svince this was unavailable, the task was repeated using the motion-scaling teleoperation
system,.and position data was recorded in order to provide a general idea of the motions

involved.

4.6.2 Results

The data obtained from the hand-held microgripper are shown in Figure 4.8. The top

" plot shows the gripping force whilé the “adventitia” is grasped and released, and the




Chapter 4. Experiments 83

Figure 4.7: Simulated adventitia grasped and pulled

other plots show the “wrist” forces and torques. Figure 4.9 shows the same parameters
recorded when the teleoperation system was used to perform the task. The slave manip-
ulator position and orientation are also given in Figure 4.9. Note that the positions and
orientations are expressed with respect to the stator coordinate frame, which is rotated
60° from the horizontal plane (refer to Figure 4.2).

Since the experimental environment was artificial and the test subject was untrained
in microsurgery, the motions and forces exercised here may not necessarily correspond
to those used by a trained microsurgeon under real conditions. However, the results
show that accurate measurement of these parameters is possible. Future experiments
involving experienced microsurgeons working in real microsurgical environments should

yield valuable information.
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Gripping Force vs. Time
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Gripping Force vs. Time
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Conclusions

5.1 Contributioﬁs

> The contributions of this work are three-fold. First, the design of a teleoperated micro-
gripper has been presented,k and different approaches to control héve been demonstrated.
This lightweight, compact device can be used as the end-effector of a h@nd—held instru-
ment, a “third-hand” tool, or a telerobotic motion-scaling Vsystem. The microgripper and

its teleoperation master possess several useful features, and offer some advantages over

conventional forceps:

. . - \
1. Scaling and digital filtering of the force measured at the surgeon’s fingers can min-
imize the effect of hand tremor on the motion of the microgripper. This alone
could greatly extend the resolution with which a microsurgeon can achieve smooth,

controlled gripping motions.

2. Force sensing enables the application of programmable force limits to reduce the
possibility of trauma to tissues. Furthermore, control methods can be used to

emulate different physical mechanisms such as a hemostat.

3. The microgripper enables the measurement of miérosurgical forces resolved into
'gripping force and 6-DOF wrist force components. The mechanical decoupling of
the surgeon’s finger motion from that of the microgripper also makes it possible for

the microsurgeon to employ different grasps of the tool.
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4. The microgripper handle is stiffer than conventional forceps, and requires only a
light squeeze to control the microgripper. This should reduce hand fatigue and

enable steadier fine-resolution control. .

v

5. The microgripper design is compact, lightweight, and scalable. Stroke and force are

relatively high compared to other designs, and control of ‘gripping force is fast and

simple. The basic design can be modified to make other alternative instruments,

for microsurgery and micro-manipulation,

6. The microgripper can be inexpensively manufactured, making commercialization a

viable possibility.

Second, force/torque sensing at the master and slave has been integrated with thé
fine-motion stage of the UBC Motion-Scaling Teleoperation System, ahd three different
controllers have been implemented for bilateral control. These controlleré each possess
attributes that could potentially be useful for microsurgery: high—ﬁd_elity force reflection,
remote centre of compliance emulatioh, and static friction emulation.

Finally, the experimental evaluation of motion-scaling teleoperation performance has
been disc/u'ssed, as has the measurement of motions and forces in mi'-crosurgery.. Ex-
perimental results indicate that motion scaling can dramatically improve the accuracy
with which one can execute a task that requires controlled sub—rnillimet;e movements.

Furthermore, scaled force feedback can imf)rove a person’s ability to control tool-tissue

 forces. Other benefits include increased confidence and reduced fatigue.

5.2 Future Work

The microgripper and teleoperation system described here offers the possibility of im-

proved -dexterity for fine-motion manipulation by providing scaled motion and scaled
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kinesthetic feedback. The following are recomménded as directions for fufure work:

e Some of the individual components of the teleoperation system possess strong po-
N .

tential for use in a broad range of applications in research and in industry. Now

is a good opportunity to refine their design, control, and construction in order to

make them practical for a. Vai‘iety of commercial applications.

For example, the microgripper would be an inexpensive instrument thét could
provide a practical means for manipulating delicate objects in minimally-invasive
surgery, biological research, industrial robotics, and other areas. Migrating the
original design to corﬁmercial productién would not be difficult, and may serve as
a catalyst for the design of other alternative instruments for small-scale manipﬁ-
lation. In addition,lmodiﬁqétions to the original microgripper design éould yield
other useful tools. For example, the gripping arms could be altered in order to
‘perform tasks such as cut.ting,a coagulating, and needlé—holding. As mentioned ear-
lier, the design could be miniaturized for use in laparoscopy, and different force and
displacement capabilities can be achieved using different geometries and aptuation

" methods.

o A force-feedback master for the microgripper should not be difficult to construct
using, for example, a miniature solenoid actuator. Visual and auditory displays of

gripping force can also be tried.

e The motion-scaling teleoperation system offers .a great opportunity for work in
teleoperation, enabling the implementation and evaluation of different controllers.
In future work on teleoperation controller désign, quantitative measures of system

performance, such as those proposed. by Hannaford [40], would be useful. |

/
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o Further human-factors experiments will provide a better underst?mding of how
“manual dexterity is affected by scaled motion, scaled force feedback, and teleop- |
eration in a variety of tasks relevant to microsurgery. The experiments presented
‘here show how teleoperation pérforrﬁance can be quantified experimentally. Future
experiments should reveal the practical merits of different control scheﬁes (e.g.,
RCC, static friction emulation), ahd should provide vqluable insight into various

human-factors related design issues.

¢ The measurement of microsurgical tool-tissue forces in 7-DOF is now possible using
specially instrumented tools such as the hand-held microgripper. Experiments that
measure the motions and forces experienced during inicrosurgery would enable a
more thorough understanding of microsurgery and anatofny. This could be valuable
for training m\icrosurgeons, and for the further developmeﬁt of instrumentation for

' microsurgery.
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Appendix A

Microsurgical Instrumentation and Procedures

!

Instrumentation

FOrceps are available in various shapes and sizes, and are usually made of non-magnetic
stainless steel or titanium since magnetized instruments are undesirable in the presencel
of steel microneedles. The No. 5 jewelerlis forceps is commonly used for general manipu-
lation of delicate tissue (see Figure A.1).

| Microsurgical needle holders have been designed to provide a solid grip on a micronee-
dle. Most needle holders possess scissor-like shanks, and tapered,v curved jaws whose flat
surfaces close together to forrn a secure gripping surface with the microneedle (see Fig-
ure A.1). The No. 5 forceps is not used to drive mlcroneedles since the inner surface
of its tips, or “bit”, possesses insufficient gripping surface to maintain a firm hold on
a microneedle. However, the No..2 forceps offers greater gripping surface, and is actu;
ally preferred by some mlcrosurgeons OVET SCiSSOr- hke needle holders for several reasons:
cost; simplicity of the mechanism; reduced chance of suture entanglement; and ease of
knot tying since both suture placement and tying can be accomplished with the same
instrument.

Microsutures are used primarily te hold tissues together until natural healing can do so
, perr'ﬁanently. A typical application is vascular a,nastemosis, which involves the suturing
of vessels. Virtually all microsutures used today are each composed of a stainless steel

microneedle swaged (i.e., crimped) onto a nonabsorbable suture material, usually made
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Figure A.1: Forceps (top) and needle holder (bottom)

from a form of nylon.

Clamps are used primarily to temporarily occlude blood flow in vessels in order to
permit suturing. Although total occlusion of blood flow is necessary, it is also important
to not apply excessive force to the vessel. 30 g/mm is generally accepted as the maximum
pressure tolerable by small vessels in order to avoid significant endothelial trauma, which
could lead to thrombosis'!. The commonly used Acland clamp is available in closing
tensions of 10, 15, or 25 g. Angled clamps, such as the Heifetz clamp, are also frequently
used in conjuction with “wrappers” (e.g., Saran Wrap) in order to provide watertight
closure and support for the sutured vessel in arterial anastomosis.

A clamp-approximator consists of two clamps mounted on a bar or frame (see Fig-
ure A.2). Both movable and non-movable models exist. Clamp-approximators serve two
purposes: to temporarily occlude blood flow from the ends of the vessel to be sutured;
and to hold and align (“approximate”) the ends of the vessel to facilitate suturing. The

Acland clamp-approximator shown in Figure A.2 features an optional frame with cleats

1The aggregation of platelets at an injury site into a solid mass (thrombus) that could obstruct blood
flow.
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Figure A.2: Acland clamp-approximators

that can be used to secure guide sutures.

Tasks in Microsurgery

In order to provide an idea of the types of tasks used in microsurgery, the following is a de-
scription of the steps involved in end-to-end arterial anastomosis, a procedure extremely

common in reconstructive microsurgery, where repairing severed vessels is necessary.

1. Isolate the vessel from the surrounding tissue. Vessels usually produce spasms as a
result of trauma. This can be treated with a topical applicaiton of lidocaine. Saline

solution must be used to keep the vessel constantly warm and moist.

9. Clamp the vessel using a clamp-approximator to stop bleeding and enable accurate

alignment of the severed vessel. Some clamps must be used in conjunction with

special “clip forceps”.

3. Insert a piece of background material underneath the vessels to improve visibility.
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4. Using microscissors, remove any perivascular tissue, and transect the vessel ends

10,

11.
12.

13.

" .
to obtain a clean interface for suturing.

Remove extraneous adventitia from the ends of the vessel by gently pulling on the

adventitia using fine-tipped forceps and cutting it away using microscissors.

J

. Irrigate the open ends of the vessel using heparinized saline solution (delivered from.

a blunt needle or plastic catheter held close to the vessel ope-ning)' to remove any

biood clots or debris.

Cannulate, or gently dilate, the vessel ends using fine-tipped forceps to faciliate

suturing.

. Approximate, or align, the vessel ends in pfeparation for suturing.

Inspect the vessel to determine the appropriate location, bite, and number of sutures

-to be used.

Grasp the mic;‘oneedle with the needle holder, and insert the first “guide” suture
through the anterior wall of one of the vessel segments. While driving the micronee-
dle t‘hroﬁgh‘the wall of the vessel, coupterpressﬁre is usually provided using forceps
(in the nondominant hand) by delicately grasping the adventitia or by gently hold-

ing the vessel open as was done for cannulation.

Pass the microneedle through the wall of the other vessel segment, making sure

~ that the bite and alignment are correct.

Tie a series of single-throw knots to secure the suture. This is commonly performed

using either a needle holder and forceps or two foreeps.

Cut the suture material, leaving a 15 mm tail for applying traction.
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\

14. Place another guide suture, and then place one or more interrupted sutures between
P . . \ Y
the guide sutures. Typically, either two or three guide sutures are eventually placed

equally spaced around the perimeter of the vessel.
15. Turn over the clamp-approximator, and suture the other side of the vessel.

- 16. Wrap the anastomosis with a clear plastic ﬁlrﬁ, and clamp the material in place

- with an angled clamp. Note;‘ wrappers are not always used.
17. Remove the clamp-approximator to restore blood flow in the vessel.

’18: Approximately 20 minutes later, remove the wrapper, and perform a “patency”
test to determine whether or not the anastomosis was successful.. The patency can

be evaluated either by direct inspection or by a test that involves using two forceps

to control blood flow across the anastomosis.




Appendix B

Sterilization Methods

The following is a brief outline of sterilization methods in common; use. A more com-
prehensive, treatment of current sterilization theory, instrumentation, and practices is

covered in [41].

Dry Heat

Thié method involves exposing the product to hot air in a chamber whose temperature
uniformity is regulated by a fan/ bléwer system. Typically, a .temperature of 140 — 170°C
And an exposure time of 66 — 180 minutes are required to achieve a 107° SAL.

In addition to .its simplicity, sterilization using dry heat has the advantages of pene-
trating powef, artd lack of toxic residues. However, the high temperature and relatively
long processing time required may make it unsuitable for certain materials. Products
typlcally sterilized using dry heat 1nclude vials, ampules, oils, petrolatum, heat- stable

powder pharmaceuticals, and heat—stable products that are sensitive to moisture or can-

not be penetrated by steam.

Steam Under Pressure

This technique uses dry saturated steam at a ‘particula,r temperature and pressure. The
uniformity of the temperature distribution is regulated using simple grav1ty dlsplacernent

or a vacuum system which generally produces better steam penetration. A temperature
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of 121 —132°C and a pressure of 15 — 19 psi over 5 — 43 minutes are typically used.
Although slightly more cbnﬁplex than the flry heaf method, using “rﬁoist heat” allows
) lower temperatures and shorter processing times. As with the dry heat ‘method, there
are no toxic residues. However, this method is not effective on products that cannot be
. readily penetrated by steam (e g., packages with enclosed cavxtles) and it is unsuitable
for materials that are sensitive to moisture. Typical products sterlhzed using this method

include surgical dressings, water for injection, and contact lenses.

Radiation

In radiation sterilization, é doée of gamma rays or accelerated electrons is administered
to the product. %°Co and '*"Cs are the usual gamma rdy sources. A typical dose is
1.5 — 3.5 Mrad. |

This fnethod’ is expensi\/‘e, and it requires compl’ex-facilities that comply to strict safety
standards. Furthermore, the result of a rﬁalfunction or accident could be quite serious.
Nonetheless, steam, high ‘temperatu‘res,_a,nd toxic agents are not required,.making this a
viable alternatv‘ive sterilizalntion method for certain materials. Sutures, syringes, dressings,

surgical staplers, gloves, gowns, and face masks are commonly sterilized using radiation.

Ethylene_Oxide

Ethylene oxide (EtO) is a toxic, mutagenic, and possibly carcinogenic gas that is widely
used as a sterilizing aLgent (sterilant) for non-liquid products. Because EtO is flammable
and explosive, it is usually mixed with an inerting agent such as Freon-12"M.

A témpera,ture of 25 — 75°C, pressure up to 25 psi, and exposure time of 1 — 12 hours
are typically used. In addition, the relative humidity (RH) in the EtO chamber i.s'usua,lly

maintained at 40 — 80% in order to ensure good penetration of the gas throughout the
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product or packaging.
The environmental implications of ilsing chlorofluorocarbon (CFC) gases such as

Freon-127M

make this method undesirable unless sterilization using heat, steam, or ra-
“diation are unsuitable. Furthermore, the high cost of the EtO gds is compounded by
the cost of implementing the ‘strict environmental controls and proper evacuation and
aeration systems necessitated by the toxicity of the gas. Also, improper aeration can
result in the presence of .unaccept‘;able toxic residuals in the product itself.

The low processing temperature and the wide range of compatible materials are the
- main advantages of sterilization using EtO. Products com\monly»sterilized using this

method include blood oxygenators, catheters, mechanical heart valves, sutures, tubing

sets, and adhesive bandages.

Alternative Gases/Vapours

- The tdxicity éf EtO has lead to the use of alternative gases or vapour sterilizatii-)n meth-
ods. Chlorine dioxide (C10,), hydrogen peroxide (Hg(jz), fdrmzﬂdehyde (CH,0), per-
acetic acid (PAA), and ozone (O3) are some sterilants currently used. These substances
do not penetrate into many materials as EtO does; thus, residual removal is usually less
of a problem than with EtO. However, this reduced penetration also means that these
alternative substances can be less effective than EtO. |

In addition to possessing the advantages and drawbacks associated with EtO steril-

ization, these alternative sterilants have the added advantage that only ambient temper-

atures (20 — 35°C) and relatively short exposure times (0.5 — 3 hours) are needed.
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Chemical Solutions

Liquid chemical germicides are widely used. for sterilization, disinfection, decontamina-
tion, and antesepsis’. Their effectiveness as sterilants yields at best an SAL of 1073,
1000 times less reliable than heat sterilization (SAL 107°). "I‘hu‘s, chemical germicides
are commonly only used to disinfect some medical devices, instruments, and environmen-
tal surfaces. The cost and complexity of this method is relatively low. However, because
it is also less reliable, the consequences of improper disinfection can be far more serious

\

than those of improper sterilization using other methods.

Aseptic Processing

[ .

Although this method only applies to the sterilization of liquids, it 1s mentioned here
for sake of completeness. Asceptic filtration involves passing the liquid through a sterile
microbiological filter. This rﬁethod does not involve toxic agents and does not cause e;ny
thermal stress on the prbduct. However, the processes and controls involved to achieve

an SAL of 102 or better are complex and can be quite costly.

1Gterilization eliminates all microbial life; disinfection destroys virtually all known pathogenic mi-
croorganisms on a given inanimate object, but does not necessarily destroy all microbial forms (e.g.,
bacterial endospores); decontamination renders an object safe to handle, but not necessarily safe for
patient reuse; and antisepsis inhibits or destroys microorganisms on skin or living tissue.
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Force/Torque Sensor Wiring and Interface

Wiring

The slave maglev manipulator required flexible cables to wire the flotor coi\is and LEDS :
to the stator without creating excessive mechanical loadi(ng. For the same reason, flotor-
mounted devices such as the ATI force/torque sensor and microgripper needed similar
flexible cables.
The availability of miﬁiature, rhulti-qonduétor, flat cables was investigated. They
had to be small, lightweight, énd limp (i.e., not stiff). The latter proved to be the most
challenging requirement. Unfortunately, very few off-the-shelf (OTS) products exist.
| Most of the’products. reviewed are custom manufactured and only available in very large -

quantities.

Flat-Conductor Cables

The electrical wiring between the slave flotor and stator was initially accomplished using
thin, Kapton-ﬁlm flat-conductor cables salvaged from a hard disk drive. This type of
etched-conductor, flexible PC board is corﬁmonly used in devices such as disk drives,
printers, and photocopiers, where a moving part must be connected using a flexible,
multi-conductor cable. It is also used in tough-panels and notebook.computers in order to.'
fit thin, printed circuits into tight spaces. The Kapton sublstrate provided good flexibility,

but its mechanical stiffness introduced significant mechanical loading on the flotor, and
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it can only w1thstand temperatures up to 125 °C.

Companies such as Sytek [42], W.L. Gore & Associates [43] Flex-Link Products [44],
and Merix [45] custom manufacture a variety of different flat-conductor products using
different flexible éubstrates. However, kapton and mylar-based off-the-shelf ﬂat-condu;:tor
.circuits are only available with thicker and stiffer, non-etched conductors. |

Advanced Circuit Technology [46] and Noble (“pinflex” product line) [47] are two
sources of off-the-shelf products. Advanced Circuit Technology also sells some OTS “flex
circuits”, and a “prototyper’s lab kit” containing a Variety of different flexible circuits
can be purchased for US$99. “Fléx cable” prod{lc_ts manufactured by companies such as

Amp and Parlex are also available through suppliefs such as Digi-Key[48].

Round-Conductor Ribbon Cable

Phoenix Wire [49] manufactures a wide range of miniature TFE-Teflon-insulated wires
thgt are available as flat or twisted multi-conductor cables. Gore manufactures a similar
32 AWG PTFE-insulated ribbon cable. The ‘stranded cqﬁductors are very flexible, and
the in;ulation offers good flexibility and immunity to chemiclals and high temperatures
(up to 260 °C). However, the it is still relatively stiff.

‘Temp-Flex Cable manufactures ﬂexibleAribbon cable with conductors as small as
46 AWG, and insulation materials such as FEP and PFA. Although the tiny 46 AWG ca-
ble is much lighter and less stiff than all other products seen, its conductor size limits its
current-carrying capacity, making it impractical for wiring the flotor of the slave manip-
ulator. The stiffness of the larger-gauge éables is simliar to that of Teflon. Furthermore,
the insulation material is only rated té; 105 °C.

Calmont Engineering & Electronics Corp. [50] manufactures a silicone-jacketed rib-

bon cable composed of 34 AWG stranded (40/50) bare copper conductors. Its silicone

insulation and stranded conductors make it flexible and very limp even in tight bends,
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and the insulation is stable to high temperatures (up to 150 °C). Since the cable is only
available in large quantities, a sample length was purchased at considerable expense. This
cable was used for the umbilical cables linking the flotor coils and LEDs, force/torque

P
\

sensor, and microgripper to the stator.

Force/Torque Sensor Wiring

The ATI nano-transducer was purchased without the standard bulky connector and cable,
so that it could be wired -with the rﬁorg flexible si.liconé-jacketed cable. Unfortunately,
the eighteen 32 AWG enamel-coated wires leaving the transducer were bent to a sharp
90° angle to accomodate the standard connector and cable assembly. Therefore, a collar
made from PVC plasfcié was constructed .to protect the delicate wires. | |

Figure C.1 and Table C.1 describe the wirin.g that was performed ‘;a,t the transducer,
as well as the connection of .the transducer to the ATI multiplexer (MUX) box. In order
to simplify wiring, all V4 wires were bugsed together and all ground wires were bussed
together, both at the tranéducér and at the MUX box.' Specifics regarding the wiring and

operation of the force/torque sensing system are provided in [51].

Interface to XVME-ZOO

The ATI force/torque sensor is typically sold with a standard RS-232 serial interface.
With six-axis force/torque measurements transmitted in binary format at 38.4 kbaud,

the 'speeci of I/0 is limited to 369 Hz:

(6 azes x 2 bytes/azis)+ (1 byte error flag).:' 13 bytes (C.38)

13 bytes x 8 bits/byte + 38.4k bits/second = 2.7 ms = 369 H - (C.39)
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Table C.1: Wiring of the ATI Nano-Transducer ,

ATI Nano-Transducer ATI MUX box
Group | Description | Wire Colour | Stripe Colour || Wire Colour
1T V+ Red — : Red
“Ground Dark Green | — ; Black
. | Signal | Copper | Gold White
1S V+ Red — " Red
Ground Yellow . — . Yellow
Signal Light Green | Silver Green -
2T V+ " | Red . — Red
Ground Dark Green | — Black
Signal Copper Black White
25 V+ 1 Red — Red
| Ground Yellow — Yellow
- Signal | Light Green | Green Green
3T V+ Red ' — Red
Ground Dark Green | — Black
Signal Copper | Blue White
35 | V4. Red — : Red
Ground Yellow | — Yellow
Signal Light Green | Violet Green

Therefore, the ATI interface box was purchased with the additional parallel interface
option. This interface provides faster I/0 speeds since 16 bits (two bytes) are transmitted
in parallel. At maximum speed (“fast” mode), the parallel interface should be capable

of transmitting six-axis data at a rate of 7.07 kHz:

(6 azes x 2 bytes/azxis) + (2-byte error flag) = 7 2-byte words (C.40)

7 words x 20.2 ps/word = 141.4 us = 7.07 kHz (C.41)

The Xycom XVME-200 digital I/0 (DIO) board ‘was used to provide an interface
)

between the ATI parallel interface and the VME-bus CPUrunning VxWorks. Tables. C.2
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1

4 1 \

to ATI MUX box

silicone-jacketed
ribbon cable

6-strand
bundle

6-strand
bundle

force/torque
transducer
front plate
(top view)

Figure C.1: Top view of ATI nano-transducer front plate, wires, and cable

and C.3 describe the wiring between the XVME-200 and the ATT interface.
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Table C.2: Wiring of the XVME-200 (Input) to the ATI Parallel Interface (Output)

-XVME-200 ATI Parallel Interface
Automatic Handshake | Manual Handshake
Connector | Pin | Description || Pin | Description Pin | Description
JK1 1| N/C — —
2 | Ground 1 | Ground 1 | Ground
3 | H4 out-1 49 | IBF — '
4 | Ground -1 | Ground 1 | Ground
5| H2 out-1 — : —
6 | Ground 1 | Ground 1 | Ground
7 | TMR out-1 — —
8 | Ground 1 | Ground 1 | Ground
9 | H2 in-1 — | e
10 | Ground 1 | Ground 1 | Ground
11 | H3 in-1 50 | STB 50 | STB
12 | Ground 1 | Ground 1 | Ground
13 | H1 in-1 — C—
14 | Ground 1 | Ground ‘1 | Ground
15 | TMR in-1 — —
16 | Ground 1 | Ground 1 { Ground
17 | PB7-1 10 { Output bit 15 10 | Output bit 15
18 | Ground - 1| Ground 1 | Ground .
19 | PB6-1 9 | Output bit 14 .9 | Output bit 14
20 | Ground 1 | Ground 1 | Ground
21 | PB5-1 8 | Output bit 13 - 8 | Output bit 13
22 | Ground 1 | Ground 1 | Ground
23 | PB4-1 7 | Output bit 12 7 | Output bit 12
24 | Ground 1 | Ground 1 | Ground
25 | PB3-1 6 | Output bit 11 6 | Output bit 11
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Table C.2>: Continued

XVME-200 ATI Parallel Interface .

, Automatic Handshake | Manual Handshake
Connector | Pin | Description || Pin | Description . Pin | Description
JK1 26 | Ground 1 | Ground ' 1 | Ground

27 | PB2-1 5 | Output bit 10 - 5 | Output bit 10
28 | Ground "1 | Ground 1 | Ground

29 | PB1-1 4 | Output bit 9 4 | Output bit 9
30 | Ground 1 | Ground 1 | Ground

31 | PBO-1 3 | Output bit 8 3 | Output bit 8
32 | Ground 1 | Ground 1 | Ground

33 | PAT7-1 39 | Output bit 7 39 | Output bit 7
34 | Ground 1 | Ground 1 | Ground

35 | PA6-1 40 | Output bit 6 40 | Output bit 6
36 | Ground .1 | Ground 1 | Ground

37 | PA5-1 41 | Output bit 5 41 | Output bit 5
38 | Ground 1 | Ground 1 | Ground

39 | PA4-1 42 | Output bit 4 42 | Output bit 4
40 | Ground . |~ 1 | Ground 1 | Ground

41 | PA3-1 43 | Output bit 3 43 | Output bit 3
42 | Ground 1 | Ground 1 | Ground

43 | PA2-1 44 | Output bit 2 44 | Output bit 2
44 | Ground 1| Ground . 1 | Ground A
45 | PA1-1 45 | Output bit 1 45 | Output bit- 1
46 | Ground 1 | Ground 1 | Ground

47 | PAO-1 - 46 | OQutput bit 0 46 | Output bit 0
48 | Ground 1 | Ground 1 | Ground

49 | N/C — —

50 | Ground 1.| Ground 1 | Ground

A

110



Appendix C. Force/Torque Sensor Wiring and Interface 111

Table C.3: Wiring of the XVME-200 (Output) to the ATI Parallel Interface (Input)

XVME-200 ATI Parallel Interface
S Automatic Handshake | Manual Handshake
Connector | Pin | Description || Pin | Description Pin | Description
JK2 1|N/C — —
2 | Ground 1 { Ground . 1 | Ground
~ 3 { H4 out-2 19 | OBF 19 | OBF
4 | Ground 1 | Ground 1 | Ground }
5 | H2 out-2 — ' — A
6 | Ground 1 { Ground- 1 | Ground
7 | TMR out-2 — —
8 | Ground 1 | Ground 1 | Ground
9 | H2 in-2 — —
10 | Ground . 1| Ground 1 [ Ground
, 11 | H3 in-2 20 | ACK 20 | ACK
12 | Ground 1 | Ground 1 | Ground
13 | H1 in-2 — —
14 | Ground 1 { Ground 1 | Ground
15 | TMR in-2 — ’ —
16 | Ground 1 | Ground 1 | Ground -
17 | PB7-2 18 | Input bit 15 — :
18 | Ground 1 | Ground - 1| Ground -
19 | PB6-2 17 | Input bit 14 —
20 | Ground - 1 | Ground 1 | Ground
( 21 | PB5-2 16 | Input bit 13 —
; 22  Ground 1 | Ground 1 | Ground
23 | PB4-2 15 | Input bit 12 — :
24 | Ground 1 | Ground 1| Ground
25 | PB3-2 14 | Input bit 11 —
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Table C.3: Continued

XVME-200 ATI Parallel Interface
| Automatic Handshake | Manual Handshake |

Connector | Pin |.Description || Pin | Description Pin | Description
JK2 26 | Ground 1 | Ground 1 | Ground

27 | PB2-2 13 | Input bit 10 —

28 | Ground: 1 | Ground 1 | Ground

29 | PB1-2 12 | Input bit 9 —

30 | Ground 1 | Ground _ 1 | Ground

31 { PB0-2 . 11 | Input bit 8 49 | IBF

32 | Ground 1 | Ground 1 | Ground

33 | PA7-2 31 | Input bit 7 31 | Input bit 7

34 | Ground 1 | Ground 1 | Ground

35 | PA6-2 32 | Input bit 6 32 | Input bit 6

36 | Ground ‘1 | Ground 1 | Ground

37 | PA5-2 33 | Input bit 5 33 | Input bit 5

38 | Ground 1 | Ground 1 | Ground

-39 | PA4-2 34 | Input bit 4 34 | Input bit 4

40 | Ground 1 | Ground 1 | Ground

41 | PA3-2 35 | Input bit 3 35 | Input bit 3

42 | Ground 1 | Ground 1 | Ground

43 | PA2-2 36 | Input bit 2 36 | Input bit 2

44 | Ground 1 | Ground 1 | Ground

45 | PA1-2 - 37 | Input bit 1 37 | Input bit 1

46 | Ground 1 | Ground 1 | Ground

47 | PAO-2 38 | Input bit 0 38 | Input bit 0

48 | Ground 1 | Ground 1 | Ground

49 | N/C — —

50 | Ground 1 | Ground 1 | Ground
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Device Driver

A set of library routines was written to handle communication between the XVME-
200 and the ATI interface under VxWorks. The. precedﬁres enable the caller to send
comrﬁands as well as receive sensor data using ‘an interrupt-driven routine. All code -
resides in the directory shyank /proj/xvme200.

The routines rely on a modified version of a VxWorks XVME-200 dev1ce driver (origi-
nally written by Alison Taylor). Details regarding the operation of the XVME 200 can be
found in [52] and [53]. Initially, the device driver was altered to support 16-bit double-
buffered input with automatic interlocked input handshakmg through PI/T 1 (Mode 1,
Port A Submode XX, Port B Submode X0), and 16-bit double-buffered output with au-
tomatic interlocked output handshaking through PI/T 2 (Mode 1, Port A Submede XX,
Port B Submode X1). |

In these modes of operation, there were no problems with data transfer and out\'put
handshaking from the XVME-200 to the ATI. However, the input handshaking performed
by the XVME 200 did not perform predlctably The general sequence of events while

reading data should proceed as follows:

1. The ATI parallel interface presents data to the input port of the XVME-200;

2. The ATI parallel interface asserts the STB line, indicating that data is ready to be

read;

3. The data is read from the port, triggering the automatic generation of a handshake

‘pulse at the H4 line of the XVME-200;

4. The handshake pulse is held for t;s, then lowered.

In order to meet the timing requirements of the ATI parallel interface, the IBF hand-

shake pulse must have a minimum width of 0.12 ps (tis), and the time from STB assertion
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‘to IBF lowering (tsir) -must not be less than 0.8 us {51]. Using an oscilloscope, it was
observed that t;; was not consis’tent; occasionally violating the minimum timing require-
ment for t4;,. This usually occurred at the beginning of a sequence of data trdnsmitted
from the ATI ihterface to the XVME-200. Since this issue could not be resolved, fhe
automatic handshaking using fhe H4 line was bypassed, and handshaking was performed
manually. Manual handshaking reqﬁired an output line; however, no ex&ra output lines
were available. |

Fortunately, the ATI parallel intérface reads daté 16-bits at a time, but @lways expects
the vrnost significant byte to be zero. Therefore, the input lines corresponding to the most
significant. byte of the ATI were tied to logiéal ground. PI/T 2 of the XVME-200 was
reconfigured to provide S-Bit double-buffered oufput with automatic interlocked output
handshaking (Mode 0, Port A Submode 01), and 8-bit double-buffered output with no
handshaking (Mode 0,‘ Port B Submode 01). The least significant bit (LSB) of Port B
was connected to the IBF line of thé ATI for manual handshaking, and the remaining
seven Port B output lines were not used. The sofware was altered to support manual
v‘handshaking. The resulting wiring change is included in Tableé C.2 and C.3.

Using manual handshaking and the library routines described above executing on a
SPARC 1-e CPU, a maximum samplinhg rate of 1 kHz Was,achiéved for 6—a>;is force/torque
measurements. Each sampling cycle involved s-ending a “fast oufput” command ("N) to

the ATI parallel interface, and then receiving the resulting 14-byte data in binary form.



