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(57) Abstract

A method for fabricating human tissue prosthesis. The prosthesis fabrication method utilizes, for example, a polyurethane
urea-linked block copolymer system which in the cured state is a thermoset elastomer which has lumen surface qualities which are
essentially optically flat. The formulation is essentially a single step process. A clean mandrel (12) is horizontally clasped in the
jaws of a variable speed motor and slowly rotated (18). The pre-polymer solution is placed on the rotating mandrel (12) and thick-
ness adjusted by a mechanical wiper (28). The rotating mandrel (12) having pre-polymer of desired thickness is placed in a sub-
atmospheric environment to remove dissolved gasses and permitted to initially cure while rotating. The final cure is achieved in a
sub-atmospheric environment. Removal of the cured polymeric prosthesis from the mandrel (12) is achieved by placing same in
an aqueous solution at a temperature less than the final cure temperature and then slipping the prosthesis from the mandrel (12).
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Method for Fabricating Prosthesis Material

Technical Field

The present invention relates generally to artificial
prosthesis material suitable for in vivo biocompatible
implantation. It particularly relates to a method of
fabricating human tissue prosthesis utilizing a polyurethane
urea-linked block copolymer system which in the cured state

is properly considered as a cast thermoset elastomer.

Background Art

In recent years, study on artificial prosthesis has
proceeded with some pfogress in vascular surgery. Typical of
these prior art materials include woven Dacron (USCL, Co.
Ltd. of U.S.A.) and the Gore-Tex prosthesis (Gore Co. Ltd.
of U.S.A.). Although clinically used, these maferials have
serious disadvantages. Poor patency is a recurring problem,
particularly with vesse;s having 6 mm or less diameter.

The utility of synthetic polymers as replacement material
for various types of human tissue has been substantially
advanced by recent developments in improved compatibility
characteristics of polymer compositions with the numerous
chemical environments of the body. Although improvements in
body tissue and blood compatibility (hereinafter referred to
as “compatibility”) have enabled more extensive use of
synthetic polymers in prosthetic surgery, the continued

failure of many of these implants has greatly impeded
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progress in treatmeht of persons requiring replacement of

human tissue.

It has now been discovered ﬁhat many of these failures
were the product of mechanical mis~match, as well as
compatibility rejection. VInasmuch as the effects of these
two causes are quite similar -- clotting of the blood and
tissue rejection -- the subsequent failure of the newer
nonthrﬁmbogenic materials was viewed as simply a further
rejection dué;to other chemically adverse reactions to the
prosthetic implant. . |

Recent investigation of vasculaf grafts has disclosed,
however, that such thrombosis and accompanying graft failure
of these nénthrombogenic ‘materials was the result of
mechanical mis-match bétWeen the graft and natural tissues.
Such mis-match inclﬁdes a variance in elastic response and
other physical properties such that the grafted material does
hot mechanically respond in consonance with the natural
tissue. The resulting traumatization and other adverse
tissue reactions cause clotting and occlusion of the vein,
siﬁilar to that experienced with chemical noncompatibility.

These effects of compliance mis-match are particularly
troublesome in small diameter vascular grafts. The continual
variations of blood pressﬁre cause a recurring pulsing motion
resulting' in constant expansion and contraction of the
vascular tissues. VWhere the grafted material is not of an
equivalent CQmpliance with the natural vascular tissue, the

inconsonant response of the grafted portion results in fluid
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turbulence and direct tissue damage at the sutured juncture.
If the diameter of the fluid path is large or if the rate of
fluid flow is high, the adverse effects of thrombosis may not
be severe. This is true, for example, in the larger vessels
such as the aorta which has both large diameters and
substantial blood flow. If, however, these favorable
conditions are not present, blood clots accumulate and
frequently result in occlusion of the fluid path. For this
reason, none of the previous grafts (polymer, Goretex,
Dacron, or ceramic) have been effective iﬁ the venous side of
the circulatory system or where the vessel diameter has been
less than 6 mm on the arterial side. The combination of
minimal diameter and/or reduced blood flow have precluded the
effective use of synthetic material for such vascular grafts.

Because of the wunavailability of suitable synthetic
materials with the required compliance characteristics,
vascular grafts for small diameter blood vessels and coronary
bypass requirements now require the transplantation of
saphenous vein from the leg of the patient or other vein
material from the less critical pérts of the circulatory
system. The procedure is limited, however, due to potential
risks of resultant circulation failure, particularly in older
persons. Furthermore, it is not uncommon for an older
patient to have failing saphenous veins, requiring the use of
potential donors with the accompanying risks of antigenic
réactions. The seriousness of these limitations is

illustrated by the fact that approximately 60% of the
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amputations curréntly performed in ﬁospitals are the result
of vascular faiiure., A final, if perhaps sobering aspect of
saphenous vein harvesting for coronary bypass is the fact
that they areroniy.available for use once.

Similarly, " rejection of prosthetic materials in other
body éystems has been commonly experiencéd. Frequently, the
treétment of such areas as thercommon bile duct, urethra,
ureta and hydrocephalic tubes includes the need of tissue
repiécement which has previously been unsuccessful due to the
concurrent needs of compatibility and meéhanical compliance.
Such requirements are not satisfied by synthetic materials
now available in the commercial market. 7

Earlier polyurethane blqck copolymers; such as Biomer™
and Cardiothane“; are mostly in the family of thermoplastic
elastomers, which are basically characterized as softening or
yielding to deformation due to temperature or plastic-flow
inducing stresses. Most thermoplastic polyurethane
elastomers have a specific formulation or component mix ratio
which produces an elastomer with essentially one set of
material characteristics, i.e., no variation of
characteristics compatibility. Prior vascular graft
fabrication techniques (Lyman - U.S. Patent #4,173,689, Kira
- U.Sf Patént #4,725,273) sought to éevelop graft compliance
factors required for physiologic use by means of various

material elasticity producing techniques, such as controlling
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the dispersion of inter-wall voids or bubbles, or the

formation of graft walls having both through and inter-wall

pore/hole dispersion.

Clinical evidence shows that polyurethane elastomer
porous structure grafts experience repeated failures due to
thrombosis and inflammation (Ref. ”POLYURETHANES IN MEDICINE,
Cooper, CRC Press - 1986).

It should be noted that there is a substantial difference
in elongation response between the compéred materials. This
variance becomes even more acute in tﬁe body environment
where the forces to which mechanical response is required are
often small. Consequently, synthetic polymers which appear
to be sufficiently elastic when being manually stretched,
will give little responses to very slight pressures which
occur in the body. Unless the prosthesis material has
mechanical properties matching such tissue to which it is to
be connected, there will be an adverse reaction tending

toward rejection of the material.

Disclosure of Invention

The present invention achieves these and other objectives
by providing a method of fabricating a non-thrombogenic,
non-hemolytic thermoset elastomer vascular prosthesis. By
single step nmixing process at room temperature and
atmospheric pressure, the elasticity is selected to provide a

prosthesis with compliance values ranging from 0.1 to 0.8.

The mix-ratios of components enable elastomer grafts to be
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wiper-formed on a rotating mandrel with the cured grafts
having wall thickness functionally related to bore diameter,
and havihg a range of SHORE hardness values from 50A to 90A.
A method éf the present invention produces a prosthesis

‘that has mechanical or physical compliance properties similar
to that of bodyrtiSSue. Ther prost@esis fabrication method
utilizes, for example, a polyurethane urea-linked block
copolymer -system which in the cured state is a thermoset
elastomer which has 1lumen surface qualities which are
essentially optically flat. The formulation is essentially a
single a single step process. A clean mandrel is
horizontally clasped in the jaws of a variable speed motor
and slowly rotated. .The pre-polymer solution is placed on
the rotating mandrel and thickness adjusted by a mechanical
wiper. 'The rotating mandrel having pre-polymer of desired
thickness is placed in a sub-atmospheric enyironment to
remove dissolved gassés and permitted to initially cure while
rotating. The £final cure is achieved in a sub-atmospheric
environment. Removal of the cured polymeric prosthesis from
the mandrel is achieved by placing same in an aqueous
solution at a temperature 1less  than »the final cure
temperature and then slipping the prosthesis from the
mandrel. The combination of polymer system formulations and
fabrication techniques has led to the development of vascular
grafts which are nonthrombogenic, non-hemolytic, and which
have a compliance factor closely matching its correspondent

physiologic counterpart.
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In one embodiment of this invention there is provided a
method of fabricating prosthesis material for use with a
living body which comprises:

(a) preparing a polymerizable thermosetting material by
mixing components thereof at about ambient temperature and
about atmospheric pressure;

(b) introducing the thermosetting material to the
surface of tubular forming means having rotability about a
substantially horizontal axis therehy forming a relatively
thin film of thermosetting material thereén;

(c) subjecting the thin film to sub-atmospheric pressure
at about ambient temperature thereby imparting isotropic
characteristics to the film;

(d) contacting the thin film with wiper means in order
to remove excess material from the film thereby achieving
desired film thickness; and ,

(e) curing the thin film to a stable physical structure
of prosthesis material.

A further embodiment of the method invention utilizes a
polymerizable thermosetting material selected from the class
of material known as oligomeric diaminobenzoates.

A still further embodiment of the method of the invention
utilizes oligomeric diaminobenzoate which has been chain

extended by modified diphenylmethane diisocyanate or by

methylene bis-p-phenyl-isocyanate.
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Another embodiment of the methodr of the invention
produces a prosthesis material whose surface is optically
flat and has a compliance value ranging from 0.1 to 0.8.

still another embodiment of the invention is a blood and
tissue compatible artificial prosthesis material prepared in
accordance with the methods of this in&ention wherein the
prosthesis material has physical properties of compliance
approximating those of organic tissue counterpart.

A still further and another embodiment of the invention
is a method for repiacing soft body tissue comprising (a)

 preparing prosthesis material in accordance with the methods
of the inventionrand (b) applying the prosthesis material to
a portion of a living body to form an integral combination of
prosthesis material and living tissue.

A more specific embodiment of the invention is a method
of fabricating an artificial prosthesis material for use with
a living body which cpmprisés:

(a) preparing a liquid polymer solution having thermo-
setting properties and physical properties of compliance and
elasticity substantially the same as that of soft body
tissue, by mixing desired components at about atmospheric
pressure and about ambient temperature;

(b) depositing an excess of the polymer solution fo the
surface of a substéntially horizontal rotating mandrel

located in housing means;
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(c) subjecting the interior of the housing means to
sub-atmospheric pressure sufficient to degas the deposited
polymer solution:

(d) contacting the deposited polymer solution on the
rotating mandrel with wiper means thereby adjusting the

thickness of the polymer solution on the rotating mandrel to

desired thickness;

(e) curing the polymer solution on the rotating mandrel
in the housing means for a first predetermined time and at
about ambient temperature and about étmospheric pressure
sufficient to initially cure the polymer to a tacky state;

(f) - removing the mandrel having deposited thereon the
initially cured polymer from the housing means;

(g) subjecting the initially cured polymer to
temperature and pressure conditions and at second
predetermined time sufficient to finally cure the polymer to
a stable physical structure of prosthesis material;

(h) immersing the mandrel having deposited thereon the
stable physical structure of prosthesis material in an
agqueous solution under conditions sufficient to cause a thin
film of aqueous solution to be deposited between the outer
surface of the mandrel and the inner surface of the cured
polynmer; and

(i) removing the prosthesis material from the mandrel.

A still more specific embodiment of the more specific

embodiment of the method of this invention comprises a first
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- predetermined time that is less than the'sedond'predetermined
time and the conditions sufficient to deposit a thin film of
aqueous solution include a  temperature 1less than the
temperature sufficient to finally cure the polymer.

A specific ptoduct embodiment comprises a blood and
tissue compatible artificial prosthesis material prepared in
accordance with a method of the present invention.

It is therefore an object of the pfesent invention to
provide a syhthetic material having mechanical compliance
with body tissue. .

It is a further object of the present invention to
provide a medhaﬁicallY'compliance synthetic material having
blood and body tissue compatibility characteristics suitable
for prosthesis use.

It is still a further object of this invention to provide
a mechanically compiiant synthetic material having blood ahd
body compatibility characteristics suitable for prosthésis
use, beiﬁg adaptable fof use as surgical graft, replacement
material or cove;ing fof numerous types of organic tissue.

It is another objective. of this invention to provide such
a prosthesis material having suitable characteristics to
facilitate suturing'or methods of attachment to the subject
area of treatment.

It is still another object of the present invention to

provide a usable methbd for fabrication of the aforementioned

&
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materials, such method being to produce a copolymer product
having a variety of mechanical compliance characteristics
suitable for various types of tissue prosthesis.

The invention accordingly comprises the features of
construction, combination of elements and arrangement of
parts that will be exemplified in the construction set forth

hereinafter and the scope of the invention will be set forth

in the claims.

Description of Drawings

For a fuller understanding of the nature and objects of
the invention, reference should be made to the following
detailed descriptioh, taken in connection with the
accompanying drawings, in which:

Fig. 1 is a prospective view of an apparatus for
producing the prosthesis of the present invention,

Fig. 2 is a further prospective view of the relation
between the housing of the apparatus and the vacuum chamber.

Fig. 3 is a prospective cut-away view of an apparatus for
producing the prosthesis of the present invention showing the

secondary enclosure means in place.

Fig. 4 is a representative view of a wiper or doctor
blade useful in the practice of the present invention.
Fig. 5 is a representative view of a mandrel having

deposited thereon a prosthesis material of the present

invention.
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Fig. 6 is a photomicrograph of the ‘surface of the
inventive prosthesis magnified at 2000x.
Fig. 7 is a photomicrogfaph of the surface of a prior art

prosthesis material magnified at 200x.

Best Modes for Carrying Out the Invention

The artificial prosthesis is fabricated utilizing a
segmented rco-polyurethane and more preferably a hydrophilic
Vpolyurethane.

Formulation of the polyurethane co-colymer- material is
essentially a single step pfocess wherein the entire desired
prosthesis characteristics are obtained by mixing in a single
operation the desired components. For example, the following
mixture has been found advantageous in the practice of this
invéntion: (1) oligomericrdiaminobenzoaté as a pre-polymer,
(2) modified diphénylmethane diisocyanate chain extender, and
(3) appropriate reaction and  material characteristic
modifiers; all at about room  temperature and about
atmospheric pressﬁre; Preferably, no solvent is used.

Since it is wellrestablished that both arterial and
vascular - compliance is principally controlled by bore
diameter and wall thickness, the method of the invention
enables the fabrication of a vascular prosthesis wherein the
desired ccmpliance ié achieVéd by Imeans of an elasticity

formula factor in the elastomer composition which is

consequently determined by wall thickness requirements.

7Y
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The artificial prostheéis fabricated by a method of the
presént invention has been found to have the following
characteristics: (1) the lumen surface is optically clear at
2000 with no surface irregularities or anomalies such as
bumps, pits, voids; however, waviness of the order of 0.25u
may be observed; (2) totally non-thrombogenic and
non-hemolytic as evidenced by in vivo testing; (3) non-toxic,
non-inflammatory tissue reactions; (4) uniform structural
characteristics, i.e., it is isotropic with uniform tensile
strength and elasticity in both 1on§itudinal and radial
directions; (5) enables resilient closure around penetrating
sutures; (6) steam autoclavable; . and (7) is capable of
compliance formulation nearly matching the requirements
defined by graft bore diameter and wall thickness of the
living vessel counterpart.

The polyurethane block copolymer used for the vascular
graft fabrications is of a class identified as oligomeric
diaminobenzoates. Oligomeric diaminobenzoates are usable in
polyﬁrethane cast elastomers because their reactivity is
different from that of other MDI-amine formulations commonly
used in reaction injection molding applications.

Conventional approaches to the preparation of cast
elastomers involve the reaction of a short-chain diamine with
a long-chain polymer terminated with toluene diisocyanate.
Another commonly used system involves reacting diols with
resins capped with MDI, or met@ylene diisocyanate or

methylene-bis-p-phenyl-isocyanate. -
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The use of eitherr system usually is dictated by the
required physical properties of the application.

Oligomeric diaminobenzoates reverse the typical
arrangement of the reacting species and have the amine
funétionality capped onto the ends of the soft segment.

Chain extension is accompiished by using MDI, modified
forms rof monomeric MDI or MDI-containing resins as the hard
segment.

Elastomefs prepared from these formulations exhibit the
best  overall physical properties of ' cast, thermoset
“elastomers, - although other soft segments can = be
used -- polyester, polycarbonate, or'polypropylene glycol.

TDI-amine elastomers contain urethane and urea linkages,
while MDI-polyol elastomers contain only urethane linkages.
MDI-polyamine' elastomérs contain only urea - linkages.
Preliminary investigations by dynamic mechani¢al analysis
indicate oligomeric diaminobenzoate-MDI elastomers have a
higher service temperature than conventional elastomers,
which might be the result of the absence of the urethane
linkage. |

' Specifically, and preferred elastomers for the practice
 of this invention include VIVATHANE™, the generic components
of which comprise the series of polyurethane copolymer
obtained by formula ratio variations of the presently used
chemical  components; = these components aré generically

described as:

o
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1. Base component: (soft chain component) (referred to
as VIVATHANE™) Oligomeric diaminobenzoates
Note: Other soft chain components, e.g., polyether,
polycarbonate, and polypropylene glycol can also be
used for the molecular structure ”back bone.”
2. Chain extenders: (used to control quality of
flexibility or hardness)
a. Diphenylmethane Diisocyanate
b. Modified 4,4’-Diphenylmethane-~-Diisocyanate
3. Reaction and characteristics.modifiers:

a. Methyl ethyl ketone (MEK)
b. Ethyl alcohol
c. Polyester

d. Polyether

Fabrication of a vascular prosthesis in accordance with
this invention comprises the following basic procedure:

(1) A clear fire-polished, amorphous structure mandrel,
e.g., a quartz rod, having the required diameter for the
prosthesis desired, is centered in a chuck.

(2) The chuck spindle is driven by a variable speed
motor (0-100 rpm).

(3) The chuck and mandrel project into a dust-free
chamber or housing maintained at a slight + atmospheric
pressure, so as to prevent micro- and mini-airbourne

contaminants such as dust, hair, lint, etc. from entering.
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(4) The several components of the rliquid polymer/
elastomer are single step mixed, i.e., simultaneously in
accordance with a range of mix ratios associated with the
graft bore diameter and component physiologic wall compliance
factof.,

(5) Component mixrratios ﬁary from

(a) diaminobenzoate pre-polymer to modified
diphenylmethane diisocyenate (MDI chain extender) 3:1 - 6:1
(bi, linkage modifier: 5% - 35%, wherein the

linkage modifier is of the diisobutyl adipute class.

6. Upon completion of component mixing, an adequate

thick f£ilm, approximately 1.5mm thick, is laid or spread onto
the rotating glass or quartz mandrel for the graft length
desired plus 10% for trim.

7. Mandrel rotation is determined according to graft
diameterrand length, since both centrifugal force and liquid
elastomer surfece tensioh forces are used in developing
initial film thickness prior to degassing. Rotation speed
would be readily determined by one skilled in mandrel
casting. |

8. Upon obtaining a reasonably uniform thick walled
caeting, a cylindrieal sleeve is positioned within the chuck
mandrel chamber so as to-create a sealed inner cylindrical
chamberr of smaller volume than the main chamber. The
cylindrical chamber is introduced through an access port on
the wall opposite the chuck mandrel wall. It is centrally

- positioned against a circular sealing gasket centered around

“

4]



WO 90/05501 PCT/US89/05163

17

the chuck position, by means of the extended centering pins
located on a circle equal to the outside diameter of the
sealing tube chamber. This usually is all done in less than
15 seconds.

9. Once the inner chamber is positioned against the
isolation seal gasket, a vacuum is produced within the
isolation cylinder by means of the vacuum exhaust line which
terminates within the séaled isolation volume.

10. The vacuum is allowed to exhaust the sealed inner
chamber so as to cause degassing of enﬁrapped air from the
rotating elastomer film, thus providing the film with
isotopic properties.

11. During degassing -- at an appropriate time as
determined by the degassing condition of the rotating liquid
elastomer film -- the wvacuum 1is momentarily popped (or
interrupted) by quickly allowing air 'at atmospheric pressure
to enter from an access port at the end of the cylinder
opposite from the sealing end; by means of a solenoid
fast-acting valve, or any other rapid opening and closure
means.

12. This sudden inrush of air serves to further assist
in degassing by virtue of the sharp transient pressure rise
causing a sudden implosion of air bubbles contained in the
elastomer film.

13. This alternate vacuum pumping and sudden air
implosion degassing is a procedure whose repetition, if any,

is determined by bore diameter and film thickness.
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14. When degaséing is complete (determined by visual
inspection against projected background lighting), the vacuum
is shut off, the inner isolation chamber is removed.

15. At this poinf, the final desired graft wall
thickness is obtained :by' means of a specially designed
calibrated film.wipiﬁg tool.*

16. The wiping tool or doctor blade consists of a length
of flame polished, uniform diameter quartz rod having a
length greater than the graft 1length. At each end of the
wiping rod, 1-mil thick stainless steel Eape, 1/2" wide, is
wound on in'layers,requiredrto give the final wall thickneés
of the gréft being fabricated, i.e.; if a 0.020” wall
thickness is desired; then 20 turns are wound on each end,
both starting and stopping at identical positions.

17. The "spacé “between the enlarged diameter wall
thickness tape rings is equal to the required graft length
plus 10% trim.

1s8. The diameter of the wiping tool is, from experience,
about rﬁwo times the graft diameter although other diameters
may be used. ‘Having a wiping tool that is twice the diameter
of the mandrel permitsr a maximum removal of excess film
thickness during the first wipe.

19. The calibrated wall-thickness forming or wiping tool
is placed in a position parallel to the 1ligquid elastomer

coated rotating mandrel.

*Note: The wiping tools are made up in advance and are
reusable. : S

%

[
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20. It is brought into mechanical parallel contact with
the rotating elastomer coated mandrel at the surfaces defined
by the positions of the 1/2” wide tape rings or flanges.

21. When in parallel flange contact, approximately
90-95% of excess liquid elastomer is wiped off of the
rotating mandrel, 1leaving a liquid elastomer film on the
rotating mandrel‘having a fairly uniform wall thickness of
the desired value.

22, The excess liquid elastomer removed by the wiping
tool on the first wipe is removed by, fof example, lint-free
stripping pads.

23. - The wiping tool is again placed in parallel
mechanical contact with the rotating film covered mandrel in
order to remove the slight amount of excess film left on the
mandrel due to surface tension forces existing at time of
first wiping tool withdrawal. These surface tension_forces
cause = some of the excess first wiped film to withdraw or be
pulled back onto the rotating mandrel on first wiping tool
retraction.

24. completion of the second wiping tool removal will

result in a liquid elastomer film having acceptable uniform

thickness.
25. At this point, the elastomer has become sufficiently
stable to retain dimensional uniformity, due to curing

initiative. Time to this point is approximately 5 to 25,

typically, 10-12 minutes.
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726. rNext, the mandrel is reduced in rotational velocity
by about one-half of the velocity in film forming. This
rotation velocity is maintained for lone hour, during which
time the elastomer has self-cured, at room temperature, to

essentially a tack-free state; sometimes referred to as the

"spindle cure.”

27. After the self-curing procedure, the elastomer .

coated mandrel is placed for final cufe in a 40° to 75°,
preferably aboﬁt, 50°C oven for about 2-10 hours, preferably,
five hours; sometimes referred to as the éoven cure.”

28. Because the rspeCific formulations wused in the
vascular  prosthesis fabrication produce an Vessentially
non-hydrolytic thermoset polyurethane copolymer, (water
absorption less than 0.3% by weight), this,non-hydrblytic
property 1is wused to enable removal of the cured vascular
prosthesis from the mandrel. ,

29, The éombined cured elastomer prosthesis and mandrel
are fully immersed in a container of aqueous solution such as
de-ionized water maintained at a temperature 1less than the
cu:ing temperature, such as about 45°C, if, for example, the
oven cure was 50°C, fbr a period of from 1-6, preferably,
about three hours; although lOngef times up to 2-3 days may
be used; sometimes referred to as the “hydrate cycle.”

30. During this time, a water film approximating several

molecular thicknesses, forms between the inside surface of

1]
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the cured prosﬁhesis and the surface of the mandrel, by means
of capillary intrusion of the water film into the prosthesis/
mandrel interspace.

31. Upon complete interspace filling, the water film
provide a good 1ubricity condition which enables the

elastomer vascular prosthesis to be gently slipped off the

mandrel.
32. However, for purposes of ease of handling and
autoclaving, the elastomer prosthesis is left on the glass

mandrel after ready removal state is effeéted.

33. The elastomer prosthesis oﬁ the mandrel is
preferably placed in a Pyrex screw cap tube of suitable
dimensions and then autoclaved on a standard liquid cycle.

Referring now to the drawings in greater detail, Fig. 1
shows an apparatus useful in the practice of the present
invention. Housing 10 encloses mandrel 12 fixedly attached
to rotatable means 18, e.g., variable drive electric motor
together with rotating speed control means 20, by means of
adjustable chuck means 14. Associated with housing means 10
is movable secondary enclosure means 24 which may be a
cylindrical tube or other hollow sleeve-like device having
entry means into housing 10 by way of access hold 23.
Enclosure means 24 has quick release valve 26 at its distal
end. The proximal end of enclosure means 24 when inserted
into housing 10 fits against seal means 15 and rests between
guide pins 16 for ease of accurate insertion against seal

means 15, e.g., an O-ring. When fully inserted, enclosure
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means 24 may be evacuated to sub-atmospheric pressure by
means of a vacuum pump (not shown) which expels the
atmosphere of means 24 through connection device 22.

Housing 10 may be open on the lower front 17 for access
to mandrel 12 or it may have open and closure means (not
shown) or may have other features readily recognizable by the
arf for acéess to mandrel 12 during the practice of the
present invention. | .

In one mode for practice of the invention, as aforesaid,
and now referring to Fig. 1, liquid présthesis material is
deposited on the mandrel 12 which is held by chuck 14 and
rotated by electric motor 18. Speed of rotation is
controlled by rheostat means 20, which is capable of
controlling rotational speed between 0-100 rpm. Use of a
spatula such as shown in Fig. 6 is useful for this purpose.

As illustrated in Figs. 2 and 3, while continuing the
rotation of mandrel 12 containing the deposited film of
prosthesis material 13, enclosure means 24 is moved into
position through access opening 23 until its proximal end is
fixed and aligned with guide or retaining pins 16 firmly
against seal ring 25. Release valve 26 is closed. A vacuum
is drawn inside tube 24 by a vacuum pump (not shown) through
vacuum hose connection device 22. After degassing of the
material film 13, rapid release valve means 26 is opened to

implosively return enclosure means 24 to atmospheric

pressure. Enclosure means 24 is withdrawn from housing 10

through opening 23 (see Fig. 1).

w
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Referring to Fig. 4, wiper or doctor blade 28 is prepared
by wrapping thin iayers of méterial 30, such as foil, on each
end of blade 28. This wiping tool 28 is then placed in
contact with rotating mandrel 12, as illustrated in Fig. 5.
Wiper 28 contacts film 13 on mandrel 12 and wrapped ends 30
contact mandrel 12 at locations without a deposit of film.
In this spaced relationship, excess material is removed from
the rotating mandrel 12 thereby preparing a film of deposited
material 13 of desired thickness on mandrel 12. Wiper 28 is
removed from contact with mandrel 12. |

Rotational speed is reduced by approximately one-half and
the film 1left to self-cure, at. room temperature, for
approximately one hour.

Subsequent to self-curing, the mandrel 12 with film 13 is
removed from housing 10 and oven cured at a temperature of
about 50°C for approximately 5 hours. ‘ ,

The cured prosthesis on the mandrel is then immersed in
de-ionized water at about 45°C for about three hours. Water
film forms between the prosthesis and mandrel thereby
providing sufficient 1lubricity to permit the formed
prosthesis to be slipped off the mandrel. The inside
diameter surface of the prosthesis of this invention is
optically flat as evidenced by the photomicrograph magnified
2000x shown in Fig. 7. The ?rosthesis matérial of the prior
art (Goretex) magnified to 200x as in Fig. 8 shows

considerable unevenness, thus having serious blood clotting

protuberances.
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The resultant prédﬁct of the rotating mandrel cast
elastomer film process is blood and body-tissué compatible
thermoset copolymer whose mechanical compliance may be
adjusted to match various tissues within the body. These
synthetic materials have been produced which mechanically
respond in essentially the same manner as body vascular
tissﬁe. The harmoniousr operation of such grafts has been
evidenced by the natural pulsing motion of the graft in the
actual circulation system of test animals. Such grafts have
ﬁeen, successfully implanted in dogs whosé rate of thrombosis
is much higher than that of human systems.

, Potential wuses of the cast film polymer are foreseeably
extensive. In addition to significant application in
vasculér graft treatment,r the material may be utilized for
prosthesis treatment of stomach and bladder tissue, as well
as for ﬁrosthetic nerve cuff material. The placement of
small diameter duct work of the body is another major medical
application having specific utility in urethra, ureta, common
bile duct and similar prostheses. The cast film polymer may
be formed in sheets ‘and applied as a skin covering in burn
treatment or for other skin coﬁering applications.
Additional &ses may develop where the prosthesis requirements
include the requirements of compatibility and mechanical
compliance. This method permits fabrication of numerous
- shapes = and forms byrvarying the surface configufation of the

forming device used in the film or form casting process.

*
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Examples:
The following summarizes the results obtained from the

practice of the inventive method:

No. 1

Liquid thermosetting prosthesis starting material was
prepared by mixing in a‘glass container 3.5 ml of VIVATHANE",
3.0 ml of diisobutyl adipate and 1.0 ml of methylethylketone
(MEK) at room temperature (24°C) and atmospheric pressure.
This material was placed on the rotating mandrel and
processed in accordance with the methodé described for this
invention. 'After a spindle cure of two hours at 24°C with a
mandrel vrotational speed of 20 rpms; an oven cure of two
hours at 50°C; and, an overnight hydrate cycle at 45°C in
water, the finished prosthesis material was easily removed
from the mandrel, had a wall thickness of 0.004” and an
internal diameter of 3 mm; its color was good, fransparency
good, and its internal surface was smooth as typically shown
in Fig. 7. Two wipes of the wiping tool were used to obtain

wall thickness.

No, 2

Liguid starting material was prepared and processed as

generally described in Example No. 1 under the following

conditions:

A. VIVATHANE™ 3.5 ml
Diisobutyladipate 3.0 ml Pre-starting
Dibutylamine 0.5 ml prosthesis material
MEK 0.5 ml
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B. Spindle Cure: 2 hours €@ 24°C and 20 rpms
Oven Cure: Overnight @ 50°C

Hydrate Cycle: 2 hours at 45°C in water
C. Results - Wall thickness: 0.004” (one wipe)
Internal diameter: 3 mm
Color: good

Transparency: good
Surface: smooth

No. 3
The procedure of Example No. 1 was repeated under the
following conditions:

A. VIVATHANE"™ .5 ml

3
Diisobutyladipate 3.0 ml Pre-starting
Dibutylamine 0.5 ml prosthesis material
MEK - 0.35 ml '
B. Spindle Cure: 1.5 hours @ 24°C and 30 rpms
Oven Cure: 2 hours @ 50°C

Hydrate Cycle: 2 hours at 45°C in water
C. Results - Wall thickness: 0.0025” (one wipe)
. Internal diameter: 3 mm
Color: good
Surface:. smooth

Note: The prosthesis had a tendency to wrinkle
easily. :

No. 4 '
The procedure of Example No. 3 was repeated with the same

pre-startingrmaterialrcomposition under the following

conditions:

A. same as Example No. 3.

B. Spindle Cure: -2 hours @ 24°C and 40 rpms
Oven Cure: 2 days @ 50°C

Hydrate Cycle: 2 hours at 45°C in water

L]
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C. Results - Wall thickness: 0.0020” (3 wipes)
Internal diameter: 3 mm
Color: good
Surface: smooth

Note: The prosthesis had a tendency to wrinkle easily

and was removed from the mandrel with some
difficulty.

No. 5

The procedure of ‘Example 1 was repeated under the

following

conditions:

A. VIVATHANE" 3.5 ml
Diisobutyladipate 3.0 ml Pre-starting
Dibutylamine 0.35 ml prosthesis material
MEK 0.35 ml

B. Spindle Cure: 2 hours @ 24°C and 30 rpms
Oven Cure: 2 days @ 50°C

Hydrate Cycle: overnight @ 45°C in water

C. Results - Wall thickness: 0.002” (one wipe)
Internal diameter: 3 mm
Color: good
Surface: smooth ,

Note: The prosthesis had a tendency to wrinkle.

No. 6

The procedure of Example 1 was repeated under the
following
conditions:
A. VIVATHANE" 3.5 ml \

Diisobutyladipate 3.0 ml Pre-starting

MEK 0.35 ml prosthesis material
B. Spindle Cure: 1.5 hours @ 24°C @ 50 rpms

Oven Cure: 2 hours @ 50°C

Hydrate Cycle: 2 hours at 45°C in water
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C. Results: Wall thickness: (0.018")

' - Internal diameter: 3 mm
Color: . good
Transparency: good
Surface: smooth

No. 7
The proCedure of Example 3 was repeated with the same

pre-starting material composition under the following

conditions:
A. Same as Example No. 3.

B. Spindle Cure: 2 hours @ 25°C @ 10 rpms
Oven Cure: 2 hours @ 50°C
Hydrate Cycle: 2 hours at 45°C in water

C. Results - Wall thickness: 0.006”
Internal diameter: 4 mm
Color: good
Transparency: good
Surface: smooth

NO. 8

7

The procedure of Example 5 was repeated with the same
starting material composition under the following conditions:

A. Same as Example No. 5.

B. Spindle Cure: 2 hours @ 25°C @ 40 rpms
Oven Cure: 2 hours @ 50°C
Hydrate Cycle: overnight @ 45°C in water

C. Results - Wall thickness: (0.012”)
Internal diameter: 3 mm
Color: good
Transparency: good
Surface: smooth

‘o
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No. 9

The procedure of Example 1 was repeated under the

following

conditions:

A. VIVATHANE" 3.0 ml
Diisobutyladipate 2.0 ml Pre-starting
Dibutylamine 1.4 ml prosthesis material
MEK 1.0 ml

B. Spindle Cure: 1.5 hours @ 24°C @ 25 rpms
Oven Cure: 4 hours @ 50°C

Hydrate Cycle: 2 hours at 45°C in water

C. Results - Wall thickness: (0.015”)
' Internal diameter: (4 mm)
Color: good
Transparency: good
Surface: smooth
No. 10
The procedure of Example 1 was repeated under the
following
conditions:
/7
A. VIVATHANE" 3.0 ml
Diisobutyladipate 2.5 ml Pre~starting
MEK 1.25 ml prosthesis material
B. Spindle Cure: 1.5 hours @ 24°C @ 25 rpms
Oven Cure: 4.0 hours @ 50°C
Hydrate Cycle: 2 hours at 45°C in water
C. Results - Wall thickness: 0.012”

Internal diameter: 4 mm
Color: good
Transparency: good
Surface: smooth
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No. 11
The procedure of Example 1 was repeated under the
following ‘ :
conditions:
A. VIVATHANE™ 3.5 ml
Diisobutyladipate 2.8 ml
MEK 1.0 ml
B. Spindle cCure: 1 hour @ 24°C @ 20 rpms
Oven Cure: 2 hours @ 50°C

Hydrate Cycle: 4 hours at 45°C in water
C. Results - Wall thickness: 0.004” (two wipes)
Internal diameter: 3 mm
Color: good
Transparency: good
Surface: smooth
The formed prosthesis hay vary in dimensions as desired.
The inside diameter will depend upon-the size of the mandrel.
A typical range for microévascular grafts may be as fine as a
diameter of 0.01 inch to 0.04 inches, with a practical upper
limit (for large borergrafts) of from 1'inch or more. The
larger. sized film-sheet prosthesis can be cué ‘into flat
sheets or otherwise shaped for making gauze types of
‘products, shunts, bladders, uretas, urethras, sewing rings
and patches and diaphrams fqr various types of réconstructive
surgical procedureé. Preferably, the prosthesis of the
invention may be from Imm to 6mm in diameter. It can be
widely used in the 6mm and less diameter range.
| Compliance of the inventive prosthesis varies with its
use such'asr artery or véin and the diameter of the living
vessel counterpart. Therefore, the preferable compliance for

the inventive prosthesis cannot be predicted since by its

very nature, compliance varies with the bore diameter and
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wall thickness, the bodily region to which ﬁhe artificial
prosthesis is applied or attached. Nevertheless, the
inventive prosthesis will have a compliance closely matching
that of its 1living vessel counterpart. Since the living
vessel where the usual vascular constructive surgery is
performed has a compliance value from about 0.1 to about 0.8,
it is preferable that the inventive prosthesis have a
compliance value from 0.1 to about 0.8. The inventive
prosthesis having a compliance of from 0.1 to 0.8 can be used
as arteries -having a proper diametef. With an inside
diameter of 6mm or less and a compliance of from 0.1 to 0.5,
it can be preferably used as arteries ,of small diameter.

For chain extension, in addition to the preferred MDI,
modified forms of nomeric MDI or MDI-containing resins, any
suitable organic diisocyanate may be used in the process of
this invention such as, for example, aliphatic dijisocyanates,
aromatic diisocyanates, alicyclic diisocyanates, and
heterocyclic diisocyanates including such as, for example,
ethylene diisocyanate, ethylidene diisocyanate, propylene

diisocyanate, butylene diisocyanate, cyclopentylene - 1,3 -

dissocyanate, cyclohexylene - 1,4 - diisocyanate,
cyclohexylene - 1,2 - diisocyanate, 2,4 - tolylene
diisocyanate, 2,6=-tolylene diisocyanate, 4,4’ -

diphenylmethane diisocyanate, 2,2 - diphenylpropane - 4,4’ -
diisocyanate, p-phenylene diisocyanate, m~phenylene
diisocyanate, xylylene diisocyanate, 1,4 - napthylene

diisocyanate, 1,5 - naphthylene diisocyanate, diphenyl - 4,4
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*diisocyanate, azcbénzene - 4,47 - diisocyanate,
diphenylsulfone - 4,4’ - diisocyanate, dichlorohexamethylene
diisocyanate, tetramethylene diisocyanate, pentametylene
rdiisocyanate, hexamethylene diisocyanate, l-chloroboenzene -
2,4 - diisocyanate, furfurylidene diisocyanate, triphenyl
methane triisocyahate and the like.
Although the invention has been described in considerable

detail for the purpose of illustration, it is to be

understood that variations may be made therein by those-

skilled in the art without departing frém the spirit of the
invention and the scope of the claims.

It will thus be séen that the objects set fqrth above,
and those made apparent from the foregoing description, are
efficiently attained and since certain changes may be made in
the above construction without departing from the scope of
the invention, it is intended that all matters contained in
the foregoing description or shown in the accompanying
drawings shall be interpreted as illustrative and not in a
limiting sense.

It is also to be understood that the .following claims are
intended to cover all of the generic and specific features of
the invention herein described, and all statements of the
scope of the invention which, as a matter of language, might
be said to fall therebetween.-

Now that the invention has been described,

(€3
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What is Claimed Is:
1. Method of fabricating prosthesis material for use

with a living body which comprises:

(a) preparing a polymerizable thermosetting
material by mixing components thereof at about ambient

temperature and about atmospheric pressure;

(b) introducing the thermosetting material to the
surface of tubular forming means having notability about a
substantially horizontal axis thereby forming a relatively
thin film of thermosetting material thereén;

(c) subjecting the thin film to sub-atmospheric
pressure at about ambient temperature thereby imparting
isotropic characteristics to the film;

(d) contacting the thin film with wiper means in
order to remove excess material from the film thereby
achieving desired film thickness; and /

(e) curing the thin film to a stable physical

structure of prosthesis material.

2. Method according to claim 1 wherein the

polymerizable thermosetting material is an oligomeric

diaminobenzoate.
3. Method according to claim 2 wherein the oligomeric
diaminobenzoate is chain extended by a modified

diphenylmethane diisocyanate.

4. Method according to claim 3 wherein the elasticity
of +the material 1is selected by the addition of a polymer

linkage modifier of the diisobutyl adipate class.
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5. Methéd, according to claim 3 wherein the ratio of
oligoméric diaminobenzoate to ﬁodified diphenylmethane
diisoéyanate is ffom 1:3 to 6:7 by volume.

6. Method according to claim 5 wherein the surface of
the prosthesis material is optically flat and the and the
méterial has a compliance valué ranging from 0.1 to 0.8.
| 7. Method according to claim 6 wherein the film
thickness is from 0.0017to 0.03 inches.

8. A blood and tissue compatible artificial prosthesis
material prepared in,adcordance with claiﬁs i, 2, 3, 4, 5, 6
or 7 wherein the prosthesis has physical properties of
compliancé approximating those of organic tissue counterpart.

9. Artificial prosthesis material as according to claim
8 wherein the material is configured as a nerve cuff.

10. 'Artificial prosthesis maﬁerial according to claim 8
wherein the material is fofmed in a sheet structyre suitable

for protective or prosthesis application for skin.

11. Artificial prosthesis duct formed in accordance with
claim 8.
12, Artificial prosthesis vascular graft formed in

i

accordance with claim 8.
13. Method for replacing sofﬁ body tissue comprising:
-(a) preparing prosthesis material in accordance
with the method of claims 1, 2, 3, 4, 5, 6, or 7; and
(b) applying the prosthesis material to a portion
of a 1living body to form an integral combination of

prosthesis material and living tissue.
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14. Method of fabricating an artificial prosthesis
material for use with a living body wﬁich comprises:

(a) preparing a ligquid polymer solution having
thermosetting properties and physical properties of
compliance and elasticity substantially the same as that of
soft body tissue, by mixing desired components at about
atmospheric pressure and about ambient témperature;

(b) depositing an excess of the polymer solution to
the surface of a substantially horizontal rotating mandrel
located in housing means; |

(c) subjecting at least a portion of the interior
of the housing means to sub-atmospheric pressure sufficient
to degas the deposited polymer solution;

(d) contacting the deposited polymer solution on
the rotating mandrel with wiper means thereby adjusting the
thickness of the polymer solution on the rotating mandrel to
desired thickness;

(e) curing the polymer solution on the rotating
mandrel in the housing means for a first predetermined time
and at about ambient temperature and about atmospheric
pressure sufficient to initially cure the polymer to a tacky
state;

(£) removing the mandrel having deposited thereon
the initially cured polymer from the housing means;
(g) subjecting the initially cured polymer to

temperature and pressure conditions and at second
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predetermined time sufficient to finally cure the polymer to
a stable physical structure of prosthesis material;
(h) immérsing the mandrel having deposited thereon

the stable physical structure of prosthesis material in an

aqueous solution under conditions sufficient to cause a thin

film of aqueous solution to be deposited between the outer
surface rof-the mandrel and the inner surface of the cured
polymer; and

(i) removing the prosthesis material from the
mandrel. -

15. Method according to claim 14 wherein the first
predetermined time is less than the second predetermined time
and the conditions sufficient to deposit a thin film of
aqueous = solution include a temperature less than the
temperature sufficient to finally cure the polymer.

16. Method according to ciaim 15 wherein  the polymer

solution comprises oligomeric diaminobenzoate extended with

methylene bis-p—phenyl—isocyanate or with methylene
diisocyanate.
'17. A blood and tissue compatible artificial prosthesis

material fabricated in accordance with claims 14, 15 or 16.
18. Artificial prosthesis material according to claim 17
wherein the material is configured as a nerve cuff.
19.1 Artificiéi prosthesis material accordingrto claim 17
wherein the material is formed in a sheet structure suitable

for protective or prosthesis application for skin.

»

in
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20. Artificial prosthesis duct formed in accordance with
claim 17.
21. Artificial prosthesis vascular graft formed in
accordance with claim 17.
22. Vascular graft in accordance with claim 21 wherein

the graft has an inner diameter of 6 mm or less.
23. Method for replacing soft bo@y tissue comprising:
(a) fabricating prosthesis material in accordance
with the method of claims 14, 15, or 16; and
(b) applying the prosthesis maﬁerial to a portion
of a living body to form an integral combination of

prosthesis material and living tissue.
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