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ANASTOMOSIS APPARATUS AND METHODS

WITH COMPUTER-AIDED, AUTOMATED FEATURES

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates generally to the field of surgery in which a tubular body
member (e.g., a vein or artery) is to be connected to a second body member, the second
member being another tubular member of a similar size, a smaller size, or a relatively large
member such as the aorta of the heart. More specifically, it relates to an appliance which is
used by the surgeon in making the desired connection, and a computer-controlled apparatus
that actually accomplishes the connecting step under the direction of the surgeon using a
hand-controlled manipulator wand. The goal of the invention is to make significant
improvements over the anastomosis methods of the prior art, which include sewing (suturing)

as well as the use of staples and clips.

Background of Related Art

Surgical procedures have used anastomosis methods successfully for the last 100
years. However, the methods remain crude, are prone to leakage, can cause damage to the
endothelium at the joint, and are time-consuming to perform. Also, in many operations, the
anastomosis procedures are very difficult and fatiguing, even for the most skilled surgeons,

because of access limitations and/or the small size of the vessels requiring anastomosis.

Vascular surgeons perform anastomoses almost exclusively by traditional manual
suturing; consequently, surgeons are required to have great physical stamina and endurance

as well as outstanding manual skill and dexterity. These tedious manual procedures
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considerably extend operating room time, surgeon fatigue and patient risk. Additional
problems associated with manual suturing include the inevitable damage to the blood vessel
intima due to needle/suture puncture as well as necrosis of the vessel tissue adjacent to each
suture. Damage to the intima can cause the deposition of platelets and other thrombotic
materials at each penetration site. Necrosis of the vessel tissue can hinder the healing process

and can result in a reduction of the structural integrity of the blood vessel.

Recently, many other approaches have appeared that involve using metallic staples,
pins or clips instead of sutures. Aside from somewhat ameliorating the endurance and
dexterity requirements, staples and pins have all the same disadvantages as sutures while

clips tend to cause excessive necrosis at each clip location.

During recent years, the number of operations requiring anastomosis has increased
significantly. A primary reason is the pervasiveness of cardiovascular disease in the United
States and other developed countries. In addition, due to the increasing skill of the surgeons,
new operating room equipment and devices, and improvement in surgical procedures, the
success ratio for cardiovascular operations and organ transplant operations has stimulated a
dramatic increase in the number of operations, each requiring numerous and difficult
anastomosis procedures. For example, in the United States alone, over 600,000 coronary
bypass operations are performed each year, and this number is increasing rapidly.
Consequently, it is imperative that improved anastomosis methods be developed and proven

as soon as possible.

Various instruments are known in the prior art for end-to-end and end-to-side
anastomotic surgical stapling together of parts of the alimentary canal (i.e., esophagus,
stomach, colon, etc.). These instruments employ staple cartridges, generally in the shape of a

hollow cylinder, of different sizes to accommodate tubular organs of varying diameters. End-
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to-end and end-to-side anastomoses are achieved by means of at least one ring of surgical
staples. The traditional technique for surgical stapling anastomosis is to position the stapling
cartridge within the tubular organ to be stapled. The cut end of the tubular organ is inverted
(i.e., folded inwardly) over the annular end of the staple cartridge creating an inverting
anastomosis upon stapling. An essential requirement of the inverting anastomotic technique
is the incorporation of knives within the staple cartridge housing to trim excess tissue from

the anastomotic connection.

Representative of such devices are those disclosed in U.S. Patent 5,250,058, Miller, et
al., U.S. Patent 5,697,943, Sauer, et al., and U.S. Published Patent Application No.

2002/0082625, Huxel, et al.

The prior art anastomotic stapling instruments form generally circular anastomotic
connections, and have been largely limited to alimentary organs. With respect to end-to-side
vascular anastomosis, circular connections, rather than elliptical connections, are sometimes
disadvantageous as they are less physiologic or natural. Representative of devices employed
in end-to-side vascular anastomoses producing a circular connection are U.S. Patent
5,833,698, Hinchliffe, et al., U.S. Patent 6,440,146, Nicholas, et al., and U.S. Patent
6,428,550, Vargas, et al. This unnatural connection may create turbulence in the blood flow
as it courses through the anastomosis, damaging the intima (i.e. inner wall) of the blood
vessel and predisposing it to forming blood clots. In the present state of the art, end-to-end
and end-to-side anastomosis between blood vessels have typically been accomplished by
hand-sewn suturing techniques occasionally employing a connection or suturing aid such as
those represented by U.S. Patent 3,254,651, Collito, and U.S. Patent 3,561,448, Peternel.
These techniques are time consuming, not as reliable as stapling, and subject to greater

human error than stapling. Current stapling instruments used for alimentary canal
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applications are not suitable, however, for vascular anastomosis due to their large sizes and
inability to provide non-circular and low turbulence anastomoses. A typical prior art
instrument has a circumference of approximately 8 cm (3 in), far too thick to accommodate
coronary arteries and veins, which have circumferences ranging from 0.50 to 1.0 cm and

from 1.5 to 2.5 cm, respectively.

An additional drawback of prior stapling instruments is the inability to provide an
everted (i.e., folded outwardly) anastomosis. An inverted vascular anastomosis, such as that
resulting from the use of devices and methods disclosed in U.S. Patent 4,294,255, Geroc,
U.S. Patent 5,250,058, Miller, et al., U.S. Patent 5,336,233, Chen, and U.S. Published Patent
Application 2002/0082625, Huxel, et al., would expose the cut ends of the blood vessels to
the vessel lumen and could lead to the formation of blood clots. For this reason, hand-sewn
everted anastomoses for vascular connections are preferable, despite time and reliability
drawbacks. Attempts have been made to provide instruments capable of creating an everted
and stapled anastomosis, such as U.S. Patent 4,523,592, Daniel, U.S. Patent 4,917,091,
Berggren, et al., U.S. Patent 4,971,090, Berggren, et al., U.S. Patent 6,428,550, Vargas, et al.
and U.S. Published Patent Application 2002/0058955, Blatter, et al. However, these devices
have drawbacks to achieving a uniform and secure anastomosis in that the tissue of the
vessels being joined must be manually stretched over a connector structure which often
results in an uneven tension around the anastomosis. Accordingly, it is a general object of the
present invention to provide an improved instrument and method for vascular anastomosis. It
is also an object of the present invention to provide an automated surgical anastomotic device

small enough to accommodate vascular lumens.

Another objective of the present invention is to provide a computer controlled device

for everted anastomosis. An additional object of the present invention is to provide a method
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for surgical anastomosis that does not require the removal of excess tissue from the
anastomotical connection. Still another objective of the present invention is to provide an
instrument and method for vascular anastomosis that is less time-consuming and more
reliable than the prior art. At present, essentially all vascular anastomoses are performed by
conventional hand suturing due to the deficiencies and drawbacks of the prior art devices.
Suturing an anastomosis is a time-consuming and difficult task, requiring much skill and
practice on the part of the surgeon. It is important that each anastomosis provide a smooth,
open flow path for the blood and that the attachment be completely free of leaks. A
completely leak-free seal is not always achieved on the first attempt. Consequently, there is a

frequent need for resuturing of the anastomosis.

SUMMARY OF THE INVENTION

The design of an automated anastomosis system requires the establishment of a set of
minimum requirements to provide a design guide. These requirements have been defined in
cooperation with a medical advisory board and cover a wide spectrum of anastomosis
procedures. The effect of these requirements on the system appears either directly or
indirectly in the descriptions of the Surgical Automaton System (SAS), the Appliance, the

Applicator and their components.

The design requirements, goals or criteria for the automated anastomosis Appliance

are defined as follows:

Minimal or no disturbance of the endothelium layer to avoid or minimize the
deposition of platelets and other thrombotic materials on the inner surfaces of the

anastomosed vessels.

No requirement for clamps, clips, pins or staples that cause excessive local necrosis.
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No requirement for a cardiopulmonary by-pass machine.
No requirement to stop the heart.
All materials to be used and left in the body must be compatible with living tissue.

The induced blood vessel strains caused by the eversion process should not exceed

30%.
No reduction of patency should be induced by the Appliance.
The Appliance should permit future blood vessel growth.
The Appliance/Applicator (A/A) must be small with minimal access needs.
The application is quick, accurate and highly automated.
The Applicator is low cost and disposable.

The Applicator actions should be driven by micro-electro-mechanical actuators or

other suitable actuation means.

The blood vessel exposure and preparation should be accomplished by traditional

means.

The final automated anastomosis should provide the means for examination, repair

and/or reinforcement with conventional sutures if deemed necessary by the surgeon.

The present invention makes use of miniature Appliance/Applicators (A/A’s) that
execute the anastomosis procedures under the control of the surgeon and the surgical team.
The A/A’s are constructed in various sizes and configurations to accommodate the wide
variations in size of the tubular body members and the various anastomosis types (end-to-end,
end-to-side, and side-to-side joining). The system features a surgeon’s manipulator wand to
which the surgeon attaches the appropriate type and size A/A. Using the wand, the surgeon
positions and actuates the applicator which then automatically performs several sequential

steps to attach the appliance and effect a precise and uniform anastomosis of the tubular
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members. The surgeon’s wand contains the actuators, servos, and sensors that operate the
A/A in response to commands from the surgeon. The appliance portion of the A/A remains
in the patient as a permanent part of the joined tubular members, and the applicator part of the
A/A is withdrawn and discarded after the procedure is complete. The surgeon’s wand, and in
turn, the A/A, is operated by the surgeon via a voice-controlled, computer-driven, intelligent
“surgeon’s assistant” system. The system also may be controlled manually by the surgeon; in
this mode the system still provides the computer-driven, intelligent features and the aut;)matic

performance of sequential steps to effect a precise and uniform anastomosis.

Key equipment items of the system are housed in a mobile console which is placed
adjacent to the operating table, positioned by the surgeon and surgical team for maximum
efficiency and accessibility in performing the necessary anastomosis procedures. The mobile
console is configured with an extendable mast and articulated arms, and the surgeon’s wand
is attached to the end of the working arm mechanism. This provides the “reach” necessary
for the surgeon to perform anastomosis procedures at any desired location on the operating

table.

The present invention provides a precision, positive, and permanent anastomosis
which 1s less likely to experience leakage than are the other methods currently in use. The
invention reduces the time required to accomplish each anastomosis procedure, yielding
significant benefits by reducing surgeon and surgical team fatigue and by reducing the total
time for the operation. Another significant benefit of this invention is that the endothelium
layers are placed in apposition at the joint, and the joining devices do not penetrate the inner
surfaces of the vessels being joined. These features serve to minimize damage to the internal
surfaces of the vessels in the vicinity of the anastomosis and thereby reduce the potential for

formation of blood clots.
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With the foregoing in mind, it is an object of the present invention to provide a
precision surgical appliance for gripping and manipulating tubular vessel structures, such as
blood vessels, that have been exposed and prepared for permanent joining (anastomosis).
The appliance grips the subject vessel near its prepared edge by means of a multiplicity of
sharpened, miniature tines made of stainless steel or other suitable material which precisely,
partially, and permanently penetrate and extend into the wall of the vessel without disturbing
the sensitive intima on the interior of the vessel wall. These tines are held and guided by a
suitably shaped annular collar or individual segments made of silicone, polypropylene, or
other suitable material. Thus, the appliance provides a means for holding, distending,
everting, and/or otherwise distorting the prepared edge of the vessel as well as a means for
permanently holding the prepared edge or the everted interior of the vessel in apposition to

another prepared vessel similarly equipped with a gripping appliance.

It is a further object to provide a positive, flexible, miniature anastomosis appliance to
accomplish the permanent joining of tubular vessels without penetrating the endothelium,
with a minimum disruption of the subsequent fluid flow inside the joined vessels and with

minimum or no necrosis in the tissue near the anastomosis.

It is a still further object to provide a miniature, disposable applicator device which is
configured to position, control, manipulate, distort, and join anastomotic appliance
components in a programmed sequential manner to effect the anastomosis of prepared tubular
structures at the command of a surgeon and without further human intervention once the

automated joining procedure has been initiated.

It is an even further object to provide a properly shaped expandable sub-component of
an applicator which can be inflated to various degrees in a controlled manner with a suitable

liquid (such as a saline solution) so as to automatically align, distend, and/or evert the vessel
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surfaces to be joined without damaging or otherwise harming the intima of the vessels being

joined.

It is a still further object to provide a system which can be equipped with appropriate
appliances and applicators, positioned appropriately adjacent to anastomotically prepared
vessel edges and commanded to automatically, and without further human intervention,
accomplish a variety of anastomosis procedures using preprogrammed computer logic and

protocols.

It is also an object to provide a system which, when equipped with appropriate
appliances and applicators, can automatically accomplish the anastomotic end-to-end, end-to-
side, and/or side-to-side joining of two properly prepared tubular vessels with access limited

to only the mating end or mating side of each vessel being joined.

And it is an object to provide software which allows a preprogrammed computer to
operate the applicator actuators, displays, and all other elements of the system in a logical,

safe, controlled, auditable, reliable, and medically sound manner.

Further objects and advantages will be evident form the following drawing figures,

description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1A-C are representations of Type I end-to-end, Type II side-to-side and Type III

end-to-side anastomoses, respectively.

Fig. 2 is a schematic representation of a type I end-to-end anastomosis.

Fig. 3A is a schematic cross section of blood vessels partially everted for a Type I

anastomosis.
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Fig. 3B is a schematic cross section of blood vessels in apposition with intima-to-

intima contact in a Type I anastomosis.

Fig. 4A is a schematic cross section of blood vessels partially everted for a Type II

anastomosis.

Fig. 4B is a schematic cross section of blood vessels in apposition with intima-to-

intima contact in a Type II anastomosis.

Fig. 5A is a schematic cross section of blood vessels partially everted for a Type III

anastomosis.

Fig. 5B is a schematic cross section of blood vessels in apposition with intima-to-

intima contact in a Type III anastomosis.

Fig. 6A is a graph showing the strain to rupture relationship of everted arteries and

veins.

Fig. 6B illustrates a partially everted blood vessel.

Fig. 6C illustrates a fully everted blood vessel.

Fig. 7 is a graph showing the approximate normalized strain due to partial eversion.

Fig. 8 is a graph showing the approximate effect of blood vessel cut-off angle on the

strain due to eversion.

Fig. 9A illustrates a planar arterio/venotomy for approximate calculation of eversion

strain.

10
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Figs. 9B and C are graphs relating eversion dimensions of an arterio/venotomy to

strain.

Figs. 10A-C illustrate the general configuration of the Surgical Automaton System

(SAS) of the present invention in transport (10A & B) and operational (10C) configurations.

Fig. 11 is a block diagram of the operations of the five subsystems of the SAS.

Fig. 12 is a top view of the surgeon’s wand portion of the SAS.

Fig 13 is a side view of the surgeon’s wand.

Fig. 14 is a schematic layout of the operational elements of the surgeon’s wand with

enlarged views of the transmission gears and applicator drive gears.

Fig. 15 illustrates the transmission and applicator drive gear assemblies within the
surgeon’s wand including end views thereof showing the relationship from one end of the

wand to the other.

Fig. 16 illustrates side and end views of the transmission gears showing the seven

position translating drive pinion and snubber assembly.

Fig. 17 illustrates alternative stylus types for the surgeon’s wand.

Fig. 18 illustrates the general operation of the SAS working arm.

Fig. 19 illustrates the conceptual balancing principles for the variable length of the

working arm.

Fig. 20 illustrates the working arm footprint for a specific SAS cart location.

11
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Figs. 21 A-C illustrate the components of a Type I PAG assembly according to the

present invention.

Figs. 22A-E illustrate the sequence of operations leading to eversion of a blood vessel

end in a Type I anastomosis according to the present invention.

Figs. 23A and B illustrate the sequence of formation of a Type I anastomosis

according to the present invention.

Figs. 24 A and B illustrate release of the PAG holder/ejector assemblies of the present

invention following completion of a Type I anastomosis.

Figs. 25A and B illustrate a completed Type I anastomosis according to the present

invention with Fig. 25B being a longitudinal cross section of Fig. 25A.

Fig. 26 is a chart of the steps in performing a Type I anastomosis according to the

present invention keyed to the transmission drive of the apparatus.

Figs. 27A-H illustrate the components of a Type I appliance/applicator of the present

invention through its operation in accordance with the steps of Fig. 26.

Figs. 28A-D illustrate alternative connector structures for a Type I PAG of the present

invention.

Fig. 29 is an exploded view of the major components of a Type IIl PAG assembly

according to the present invention.
Fig. 30 illustrates the Type Il PAGs according to the present invention.
Figs. 31A and B illustrate the Type III side graft PAG holder of the present invention

in closed and open configuration.

12



WO 2005/089113 PCT/US2005/006800
Fig. 31C is a cross section of a Type III side graft PAG in its holder prior to

connection with a cooperating end graft PAG and subsequent ejection.

Fig. 31D is a cross section of a Type III side graft PAG connected to a Type III end

graft PAG and ejected from its holder.

Figs. 32A and B illustrate the Type III end graft PAG holder of the present invention

in closed and open configuration.

Fig. 32C is a cross section of a Type III end graft PAG in its holder prior to

connection with a cooperating side graft PAG and subsequent ejection.

Fig. 32D is a cross section of a Type III end graft PAG connected to a Type I1I side

graft PAG and ejected from its holder.

Fig 33A illustrates the preparation of a side graft blood vessel for anastomosis.

Fig. 33B illustrates the presentation of the Type III appliance/applicator of the present

invention to the side graft vessel.

Figs. 34 A-E illustrate the steps of preparing the side graft vessel for eversion using

the Type III appliance/applicator of the present invention.

Figs. 35A-F illustrate the steps of eversion of the side graft vessel wall and

engagement of the side graft PAGs of the present invention.

Fig. 36 illustrates the insertion of the trimmed side graft vessel into the Type III

appliance/applicator of the present invention for eversion and anastomosis.

Figs. 37A-D illustrate the end graft PAG holder ejector assembly and everter of the

present invention in condition to receive the end graft vessel, Fig. 37A being a top view, Fig.

13
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37B being a longitudinal cross section, Fig, 37C being a horizontal cross section and Fig.

37D being a horizontal cross section with the end graft vessel in place.

Figs. 38A-D illustrate the steps of eversion of the end graft vessel and engagement of

the end graft PAGs of the present invention.
Figs. 39A-C illustrate the steps of completion of the Type III anastomosis.

Figs. 40A and B illustrate a completed end Type III anastomosis according to the

present invention with Fig. 40B being a cross section thereof.

Fig. 41 is a chart of the steps in performing a Type III anastomosis according to the

present invention keyed to the transmission drive of the apparatus.
Fig. 42 is an exploded view of an appliance/applicator kit of the present invention.

Fig. 43 is a view of an operating room illustrating alternative embodiments of the

Surgical Automaton System (SAS) of the present invention.

Fig. 44 is a schematic layout of the operational elements of an alternative embodiment

of the surgeon’s wand.

Fig. 45 is a view of the appliance/applicator interface of the alternative embodiment

of Fig. 44.

Fig. 46 is a partial schematic of an alternative embodiment of the appliance/applicator

used with the surgeon’s wand of Fig. 44.

14
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DETAILED DESCRIPTION OF THE INVENTION

Turning now to the drawings, there are three basic types of anastomosis procedures
that would be performed using the SAS A/A kits. The three types are illustrated in Fig. 1A~
1C and are, end-to-end, side-to-side and end-to-side, respectively. In all the figures and in this
discussion, they are referred to as Type I, Type II and Type III, respectively. It can be seen
that Type III is essentially a hybrid combination of Type I and Type II; however, it is
included here as a basic type because of its importance and prevalence in coronary by-pass
procedures. Figure 1 includes arrows indicating the direction of blood flow. It is important to
understand that the functioning of the SAS system is not materially affected by the direction
of blood flow in the vessels. The arrows shown merely represent one possible arrangement of
the proximal and distal components of the graft. In many of the subsequent figures, the
vessels to be joined are identified as proximal and/or distal, but this is done only as a means
of identifying each vessel for the purpose of discussion, and the anastomosis process itself is

not affected.

The components that remain in the body after a Type I anastomosis procedure are two
sets of precision anastomosis grippers (PAGs) 100 and their connection means and are shown
in schematic form in Fig. 2. These components are referred to as the appliance. The PAGs
100 grip and shape the prepared ends of the blood vessels 126, 230 and 23 1with no
penetration of the endothelium layer of the blood vessel. When the two sets of PAGs 100 are

connected, the blood vessel walls are held in apposition with intima-to-intima contact.

All the actions of the appliance components such as (but not limited to) attaching,
positioning, and manipulating are performed by a small disposable applicator 9(to be

discussed later). The applicator and its various actuators and motions are controlled and

15
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sequenced by a computer system. The computer system is controlled by the surgeon using a

small set of generic commands.

The ideal configuration of the blood vessels for a Type I anastomosis is shown in
Figure 3. The exposed and trimmed ends 127 of the vessels 126 to be joined should be
partially everted as shown in Fig. 3A and then held in apposition with intima-to-intima
contact, as shown in Fig. 3B, to provide a hemodynamic seal. The intima-to-intima contact
also serves to avoid or minimize the thrombogenicity associated with exposing the blood
flow to non-intimal materials. The means for achieving the partial eversion and the means for

maintaining the intima-to-imtima contact are not shown in this idealized depiction.

The ideal configuration of the blood vessels for a Type II anastomosis is shown in
Figure 4. The vessels 230 must be exposed and then subjected to arteriotomies (or
venotomies) to provide the desired passageway between the two vessels 230. The edges 237
of the arteriotomies/venotomies are partially everted, as shown in Fig. 4A, and then held in

apposition with intima-to-intima contact, as shown in Fig. 4B.

All the comments concerning the Type I anastomosis in Figure 3 apply equally to the

Type II anastomosis shown here.

The ideal configuration of the blood vessels for a Type III anastomosis is shown in
Figure 5. The vessels 230 and 231 must be exposed and the end graft vessel 231 trimmed to
the angle desired for the anastomosis. A matching arteriotomy/venotomy is then performed
on the side graft vessel 230. The edges 238 and 237 of the end graft and the
arteriotomy/venotomy are partially everted, Fig. 5A, and held in apposition with intima-to-

intima contact, Fig. 5B.

16
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All the comments concerning the Type I anastomosis in Figure 3 apply equally to the

Type III anastomosis shown here.

The ability of a blood vessel to be stretched without rupture depends upon the age and
the vascular health of the patient as indicated by the experimental data reported by Yashimoto
and many others. The data plotted in the graph of Figure 6A clearly indicate why a maximum
strain of 30% was chosen as a design goal. This conservative approach also permits the use
of convenient, approximate analysis methods for calculating strains. This design goal is
obviously a very important one although in many cases it greatly complicates the design

process.

Figure 6B also defines the partial eversion process in terms of the lumen diameter (d),
the wall thickness (t), the radius of curvature of the stretched end of the vessel (r) and the
angle through which the end is stretched (9). The special case of a fully everted vessel, Fig.
7C, is defined as r=0 and ¢ = 180 degrees. The approximate strains induced in typical fully
everted arteries and veins, Fig. 6C, are shown on the graph. A typical fully everted artery
experiences a maximum strain of approximately 67% while a typical fully everted vein
experiences a maximum strain of approximately 33%. It is clear that any device or procedure
that involves fully everting an artery should be regarded as extremely dangerous particularly

when applied to more mature patients.

The normalized eversion strain, i.e. the ratio of strain to fully everted strain, as a
function of the eversion angle and the ratio of eversion radius to blood vessel thickness is
plotted in the graph of Fig. 7. The graph shows the normalized eversion strain for a number
of eversion radius-to-thickness ratios. This graph is important in identifying the desired
eversion angle and, in combination with the discussion in Figure 6, to assess if the eversion

will be in a dangerous zone.

17
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Assuming that the eversion radius is twice the blood vessel thickness (t/t = 2), the
graph shows that an eversion of 60 degrees will yield a normalized strain of approximately
75% of the fully everted strain. Knowing the fully everted strain as a function of the lumen
diameter and the wall thickness of the blood vessel, one can calculate the approximate
induced strain at this eversion angle. Then, this strain is used in Figure 6 along with the age

of the patient to identify if the patient is in or near the dangerous rupture zone

Another interpretation of this graph is that as the eversion radius to wall thickness
ratio increases, the eversion angle for the same normalized strain decreases. For example, for
a normalized strain ratio of 0.4 units, the eversion angle is approximately 35, 45, 55, 60 and

80 degrees for eversion radius-to-thickness ratios of 4, 2, 1, 1/2 and 0, respectively.

The cut-off angle of vessels being anastomosed is another factor in determining the
strain applied due to eversion. The cut-off aﬁgle for Type I anastomosis is normally 90
degrees; however, smaller cut-off angles are sometimes used to reduce the strain for a given
eversion angle. The graph in Figure 8 shows that the cut-off angle is a powerful design tool

for avoiding excessive strains.

In the case of Type III (end-to-side) anastomoses, the end of the side graft vessel is
usually cut at an angle considerably less than 90 degrees because of space limitations within
the patient’s body. This, of course, also reduces the strain due to eversion in the side graft
vessel. For example, the graph shows that a cut-off angle of 30 degrees reduces the eversion

strain to 50% of the strain in a 90 degree graft.

This graph can be used along with the graph in Figure 7 to determine the
combinations of cut-off angle, eversion angle and eversion radius that will result in strains

less than 30% for a given blood vessel lumen diameter and wall thickness.
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The Type II and Type IiI anastomoses require the eversion of the edge of a hole in the
side wall of a blood vessel, unlike Type I which requires the eversion of the vessel ends only.
The strain due to eversion of the edge of an arteriotomy/venotomy in the side wall of a blood
vessel can be estimated by analyzing a hole in a planar surface as indicated in Figure 9A. The
analysis assumes that the edge of a circular hole of diameter, D, is to be everted on the locally
planar side of a blood vessel. The blood vessel is assumed to have thickness t, the eversion
radius is r and the eversion angle is ¢. The results of the analysis are shown in the graphs in

Figure 9B and 9C.

These graphs can be used to estimate the eversion strain for a circular hole in the
locally planar side of a blood vessel. The graphs can also be used to roughly estimate the
eversion strain for a non-circular hole if the shape of the hole is smooth (an ellipse, for
example), and D is defined as the diameter of a circle whose circumference is numerically the

same as the perimeter of the actual hole.

The foregoing calculations and graphs make it possible for a surgeon to calculate the
strain level that will be placed on a blood vessel at the point of anastomosis prior to surgery.
In addition, the degree of eversion that the vessels will withstand may also be readily

determined and, thereby, the likely success of the anastomosis.

As previously noted, it is preferred that the ends of vessels to be joined by
anastomosis be everted so as to bring the endothelial layers into direct contact and avoid
exposure of the cut ends of the vessels to the vessel lumen. Achieving this eversion to the
precise degree necessary to result in endothelial contact without placing excessive strain on

the vessels is difficult when performed manually by suturing or with prior art devices.
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The present invention provides an apparatus and method whereby the eversion and
anastomosis may be performed efficiently, without undue strain on the vessels being joined,

and in less time and with better precision than manual suturing.

The surgical automaton system, SAS, of the present invention is depicted in Figures
10A, 10B and 10C. The main components of SAS are a mobile transport cart 1, a mast
assembly 2, a positioning arm 3 with a sliding segment 4, a working arm 5 with a sliding
segment 6, a surgeon's control panel 7, a surgeon's wand 8 with an appliance/applicator 9,
two appliance/applicator trays 10, and a master control panel 11. These equipment items are
described briefly in the following paragraphs. It should be apparent that the small
appliance/applicator 9 at the end of the surgeon’s wand 8 is the key component of the entire
system since it is the unit that physically accomplishes the anastomosis. The
appliance/applicator 9 introduces the primary enabling technologies that permit the system to

achieve the established design goals and will be described and discussed in detail herein.

The mobile transport cart 1 is preferably constructed with a stainless steel exterior for
ease in maintaining cleanliness to hospital standards. The unit is equippéd with large wheels
on the front and swivel casters on the rear and is easily moved around the hospital manually
by one person grasping the transport handle 12. The cart is also equipped with stabilizer pads
13, which extend on command to hold the cart in place during a surgical procedure and may

be electrically or mechanically operated.

The cart 1 is equipped with a master control panel 11 that provides all power on/off
functions, mast positioning, self-test diagnostics and equipment status displays. The master
control panel 11 is equipped with a master lock feature that allows only authorized users
access to the use of the SAS system. The panel 11 has visuals that provide feedback on the

state of the operational steps and the available appliance/applicators 9 in the trays 10. The
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cart 1 is equipped with a heavy-duty, permanent electrical power cable which is "green dot"

coded UL Hospital Grade for safety in the operating room environment.

Within the SAS cart 1 is an electrical power supply and backup system compatible
with hospital alternating current power. The power backup system will provide power to the
SAS in the event that the hospital power supply fails. The power system is located in the
lower compartment of the cart 1 because of its relatively large size and weight. The weight is
used advantageously to improve the stability of the cart 1 during a surgical procedure or
during transport. Also in the lower portion of the cart 1 is the power conditioning/distribution
unit which provides regulated power for the various functions of the SAS unit. These
requirements range from the high power devices such as mast drive motors and stabilizer
drive motors to low voltage/low power devices for the computer, the control panels/displays,

and the instrumentation/status reporting circuitry.

The cart 1 is configured with permanent electrical harnesses, with special attention to
routing, grounding and shielding so that power and signal circuits are properly separated,
isolated and interference-free. The cart 1 also houses computational units with digital
processor/memory devices to provide computational capabilities equivalent to those of the
latest state-of-the-art, high-performance personal computers or workstations. The
computational capabilities are initially sized to provide a 100% performance margin to assure
adequate allowances for software enhancements and additional system functions that may be
deemed desirable for future performance improvement. The cart 1 preferably houses two
circuit card assembly (CCA) cages with six CCAs per cage; spare CCA slots are available to
allow a future growth in functions without redesign of the basic unit. The cart 1 also houses

monitoring instrumentation and recorders.
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The cart 1 houses a mast assembly 2 drive system which, on command, extends the
top mast 14, main mast 15 and the appliance/applicator kit utility tray 10 to the desired
height. The vertical drive system preferably consists of an electric motor with speed reducer
coupled to a gear that engages a rack on the vertical mast although other suitable electro-
mechanical or hydraulic systems affording a similar degree of reliability and control may be
used. The high gear ratio and a brake help achieve the desired resistance to mast movement
once the mast is in the desired position. The mast position is controlled normally from the
master control panel 11 on the cart 1, but it also can be controlled from the surgeon's control

panel 7.

An appliance/applicator kit 16 comprises a sterile appliance/applicator 9 itself
contained in a sealed sterile container with certain important attributes. First, the
appliance/applicator 9 is restrained in a fixed position within the container, yet it can be
easily removed after the seal has been broken and the lid removed from the container.
Second, a plastic pinion projecting into the transmission portion of the appliance/applicator 9
holds the appliance/applicator’s input gears in the proper initial position during shipment and
storage. This restraint pinion is manually removed after the container’s lid has been removed.
Third, the container has a set of bar code symbols on its bottom and on its seal that indicate
the type and size of appliance/applicator 9 contained within. Fourth, the removal of the
appliance/applicator 9 from the container also causes the removal of a special bar code
symbol on the bottom of the container which indicates that the appliance/applicator 9 has
been used or is otherwise unavailable for use. The reason for these features of the

appliance/applicator kits 16 will become apparent later.

In order to maintain and display the status of the appliance/applicator kits 16 (type,

size, ready/used) in the appliance/applicator utility trays 10, the trays are equipped with a bar
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