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ABSTRACT 

Development of a Synthetic Trileaflet 
Aortic Valve Prosthesis 

By 

J. R. McKinley 

The research reported herein has been an attempt to produce a tri- 

leaflet aortic valve prosthesis using a synthetic cusp material with mechani¬ 

cal properties similar to the natural tissue. Natural leaflets exhibit high 

compliance and pronounced anisotropic behavior. Using the stress-strain 

behavior of natural tissue as a guide, a synthetic composite material was 

formed which resembles the native tissue in terms of anisotropy and compli¬ 

ance. The composite is made of a thin knitted dacron fabric coated with a 

layer of a recently developed, non-thrombogenic polyurethane. The dacron 

knit simulates the collagenous region of the native material, providing the 

distinct mechanical properties. The polyurethane provides a continuous, 

non-permeable, blood compatible coating. 

A significant portion of the research involved selecting methods to de¬ 

scribe the geometry of the aortic valve and to translate the geometry into tech¬ 

niques for forming valves. All the valves were formed in the open position. 

The cusps are described in the open, excised configuration as semi-ellipses 

with a ratio of semi major to semi minor axis of 1.3. 

A series of all-polyurethane valves were formed intact in mounting 

tubes, via a solvent casting process, for use in ventricular assist devices 



where the performance criteria are less stringent. One of these valves in¬ 

cludes physiologically shaped simulated sinuses. Preliminary mock loop 

testing of this valve indicates excellent performance. The intact polyurethane 

valves are attractive candidates for incorporation into the left ventricular by¬ 

pass pumps under development at Rice and Baylor. 

Trileaflet valves were constructed from the anisotropic composite mate¬ 

rial. In a pulsatile mock circulatory loop, the composite material failed. Sep¬ 

aration occurred between the dacron and polyurethane fabric on portions of 

at least one cusp, rendering each valve incompetent. At the present state of 

development, the composite material made of these particular components is 

unsuitable for a prosthesis. 
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I. INTRODUCTION 

A. Background 

The attempt to simulate, in a prosthesis, the trileaflet shape of the nat¬ 

ural aortic valve is certainly not new. The history of prosthetic valves 

abounds with descriptions of various trileaflet devices, many of which were 

implanted in humans. The clinical success of most of these valves has been 

discouraging. Far better success has been achieved with rigid prostheses, 

such as ball and cage valves and pivoting disc valves. The use of the latter 

type is becoming clinically predominant. 

However, these rigid, centrally occluding prostheses have definite 

drawbacks. They cause higher pressure drops than the natural valve, thus 

increasing the workload on the left ventricle. They also produce varying de¬ 

grees of hemolysis and increase the likelihood of thrombogenesis. 

The hope of producing an optimum prosthesis has led researchers in¬ 

evitably back to the idea of duplicating the natural valve. Analysis of the 

early efforts toward trileaflet prostheses reveals some of the obvious reasons 

for their failure. Most of these valves had been made from available synthetic 

materials which were molded in the closed position. The detailed mechanical 

properties of the natural leaflet tissue were not known at the time and the 

synthetic materials chosen bore little resemblance to the natural tissue. The 

construction of the valves in the closed position produced prostheses which 

sealed well but whose tendency to recoil in the closed position during systole 

caused excessive pressure drop. The blood compatibility of the materials 

was likewise suboptimal, and hemolysis and thrombogenesis were common. 
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The natural valve, in contrast, does not recoil elastically to the closed 

position. The cusps are extremely compliant and their density is approxi¬ 

mately the same as blood^. Consequently they literally "float" in the blood and 

change position rapidly with slight disturbances of fluid flow. The position 

of the valve cusps at any instant is set by the mechanical properties of the 

cusps, the geometry of their attachment, and the hemodynamics of the blood 

flow through the aortic root. The combination of these parameters produces 

a unique pressure distribution which determines the instantaneous geometry 

of the valve throughout the cardiac cycle. 

Within the last five or six years, significant fundamental studies have 

been made which bear on both the materials and stereogeometry of the aortic 

valve. Not surprisingly, the groups most prominent in these studies are all 

working on improved aortic prostheses. The effects will be reviewed briefly. 

B. Geometrical 

Sands, et al.^, (1969) reported anatomical data for the human aortic 

valve and compared the data with other animal species. The information in¬ 

cluded average leaflet thickness, commissural height, and a measure of the 

assymetry of the cusps (the percentage of the total circumference occupied by 

each of the three leaflets). Reid^ (1970) performed a similar study but em¬ 

phasized dimensions of the dilatations behind the cusps, the sinuses of 

Valsalva. Reids anatomical description of the sinuses complemented the 

studies by Bellhouse^ which demonstrated theoretically and experimentally, 

the importance of the sinuses of Valsalva to proper function of the aortic valve. 

The most recent research efforts include computer graphics®, radio- 

graphic®, and stereophotogrammetric^ methods to describe the subtle 
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geometric detail of the aortic root. The work of Clark7 and Greenfield5 de¬ 

scribes instantaneous position of the cusps throughout the cardiac cycle and 

correlates this with tissue stress. The research reported by Jacobs et al.® 

involves radiographically determining the unique geometry of a potential re¬ 

cipient in order to design a tailored prosthesis. 

The implications of these studies to the present work will be considered 

in a subsequent section. 

C. Materials 

The description of the material properties of the tissues of the aortic 

root is the second major recent advance which offers potential for design¬ 

ing an improved aortic prosthesis. Clark8 has reported mechanical prop¬ 

erties and histological correlations for aortic cusp tissue. Probably the 

most systematic study of the mechanics of the aortic valve, however, is the 

research of Yannis Missirlis8 conducted in the Rice University Biomedical En¬ 

gineering Laboratory under the direction of Dr. C. D. Armeniades. 

Missirlis obtained stress-strain measurements on aortic, aortic valve 

annulus, sinus of Valsalva, and aortic valve cusp tissue. The mechanical 

studies were complemented by detailed histological observations which iden¬ 

tified the components of the tissue. By selectively removing (enzymatically) 

various components, he was able to explain the contribution of a particular 

component to the overall stress-strain observation. 

Secondly, Missirlis mounted intact aortic valves in a static loop and 

applied various diastolic pressures to seal the valve. Using an artist's 

spray brush, India ink microdots were sprayed onto cusp tissue on the ven¬ 

tricular aspect. By photographing the cusps (through a stereomicroscope) 
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at various simulated diastolic pressures, he was able to measure changes in 

position of selected points on the surface of the closed valve. Such an experi¬ 

ment not only describes the closed valve geometry but also produces perfor¬ 

mance characterization which can be compared to a potential prosthetic valve. 

The most striking finding of Missirlis data, in terms of designing a 

prosthetic valve, was the pronounced anisotropy and high compliance of the 

aortic cusp tissue. Figure 1 shows typical stress-strain results. In both the 

radial and transverse directions, the curves show an initial region of low tan¬ 

gential modulus (high compliance) followed by a region of relatively high 

modulus. The extent of the region of high compliance is far greater in the 

radial direction than in the transverse, i.e., the material has pronounced 

anisotropy. Histologically, the stress-strain behavior is primarily attribu¬ 

table to the collagen fiber network within the cusp. While some elastin fibers 

coexist in the collagenous region, they contribute little to the overall effect. 

The collagen region of the tissue is essentially enmeshed in a matrix of low 

modulus biomaterial such as endothelial (aortic side surface) and epithelial 

(ventricular surface) cells. Extracellular mucopolysaccharide material is the 

outer constituent of the cusps and this provides the blood compatible surface. 

The orientation of the collagenous fiber network is similar in principle to the 

model of aortic tissue proposed by Armeniades1®. At low strains, few fibers 

are fully extended. The only contribution to modulus of the composite is the 

slight effect of elastin fibers and/or matrix material. At higher strains, most 

of the collagen fibers become stretched and produce the characteristic modulus. 



Figure 1: Stress Versus Extension For Natural Tissue 
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The data compiled by Missirlis provide design criteria for simulating 

the natural valve with a synthetic biomaterial. In particular, duplication of 

the anisotropic, compliant character of the natural leaflet tissue has been a 

primary objective. The anisotropic character is believed to be a critical fac¬ 

tor in effecting rapid closure and competency in the aortic valve. The ex¬ 

tended region of high compliance radially affords rapid extensibility of the ma¬ 

terial in the proper direction necessary to effect closure and seal. In a sub¬ 

sequent section, the geometry of closure will be analyzed further. 

The overall objective of the research has been to form a composite bio¬ 

material which approaches the natural tissue and to construct tricuspid valves 

using the material. A fibrous woven or knitted portion was envisioned to simu¬ 

late the collagenous network of the natural valve. The fiber portion was to be 

coated or enmeshed in a low modulus (high compliance) matrix which would 

also render the composite blood compatible. An auxiliary consideration was 

to attempt to grow endothelial (smooth muscle) cells on the composite formed 

in order to produce an optimal surface for blood compatibility. The culturing 

of cells on synthetic material has been demonstrated and offers an exciting 

possibility for effecting biocompatible surfaces. 

The progress toward these objectives is reported in the following sec¬ 

tions. The experimentation has been primarily of a dual nature (1) forming 

a composite material and (2) fashioning it into a proper and predictable geo¬ 

metry to form a valve. Performance appraisal of the valves in-vitro has also 

been a topic of investigation. 
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II. EXPERIMENTAL 

A. Prëliminary Aspects 

The research was begun by a study of the natural aortic valve. Fresh 

bovine hearts were obtained and dissected to observe the function and 

geometry of the valve. Human valves stored from previous research were 

also studied. From the study, a geometrical representation of the aortic 

valve evolved which differs conceptually from standard descriptions. This 

is discussed in the results section. 

Large physical models of trileaflet prostheses were made to deter¬ 

mine the feasibility of forming valves according to the geometrical descrip¬ 

tion chosen. Next, three physiologically sized valves were constructed 

using available segmented polyurethane mounted on rigid stents. The 

method of forming these valves is described in a following section. Pre¬ 

liminary performance evaluation of these valves was accomplished in the 

Rice Biomedical Engineering Laboratory in an in-vitro pulsatile flow loop. 

A sketch of the loop testing arrangement is given in Figure 2. Loop 

operating parameters for the initial tests are shown in the results summary 

for these valves. Flow and pressure drop data were obtained and compared 

with a commercial ball and cage valve. 

B. Selection of Materials 

Next, stress-strain studies were initiated for various matrix and 

fibrous synthetic materials considered for components of the cusp bio¬ 

material. The testing was done using an Instron Testing Instrument 

(Instron TM-M Model) fitted with an Instron "B" load cell. All samples 
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Figure 2: Circulatory Loop For Valve Testing 



were strained ata rate of 1 cm/min. Corresponding stress indications 

were continuously recorded and printed via the accompanying Instron 

recorder. 

An initial composite material was formed by winding polyfilament 

dacron thread onto a slowly rotating mandril. The mandril was then dipped 

in a solution of polyurethane ("Estane", a B. F. Goodrich product #5714-F1) 

The composite was excessively stiff and this method was abandoned. 

A commercially available thin knitted dacron fabric was selected for 

testing and showed stress-strain behavior similar to natural cusp tissue. 

(The material is a U. S. Catheter & Instrument Co. (U.S.C.I.) fine knitted 

dacron, 0.15 mm thick, catalogue #6102.) Stress-strain characterization 

of the material is given in the results section of the thesis. 

Elastomeric materials were considered to simulate the "matrix" 

material of the composite. Four materials were evaluated via Instron testing 

They were: 

(1) "Biomer" Segmented Polyetherurethane (Ethicon Corp.) 

(2) "Estane" 5714-F1 Polyetherurethane (B. F. Goodrich) 

(3) Segmented Copolyetherurethane #3—2000—I—E (Stanford 

Research Institute) 

(4) Latex or natural rubber materials 

The polyurethanes were considered on the basis of proven thrombo- 

resistance. "Biomer", for instance, is the same product used to form the 

blood contacting bags and diaphram for the Rice Left Ventricular Bypass 

Pumps. The material supplied by Stanford Research Institute (S.R.I.) 
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is one of a series of recently developed polyurethanes designed specifi¬ 

cally for improved blood compatibility properties and increased compli- 

ance. (The original intent for the material was intraaortic balloon 

pumps.) Natural rubber has merit from a blood compabiIity standpoint, 

but its fatigue performance, with respect to constant flexural cycling in a 

13 heart valve, was judged unsuitable for such an application. 

C. Composite Formation 

The next phase of the project involved formation of a composite 

material using the knitted dacron fabric coated with the S.R.I. polyether- 

urethane. This effort required the majority of time and experimentation for 

this project. Many techniques and variations were tried to effect a smooth, 

continuous coating of the fabric with the polyurethane. The eventual 

technique involved first pre-forming a thin film of polyurethane on a 

glass surface and subsequently attaching to the dacron via a solvent 

swelling - vacuum procedure that is described in the following section. 

The polyurethane was supplied in pellet form and was solubilized in 

dimethylformamide solvent. A description of the formation of the thin film 

is given in Appendix A. Explanation of the various composite forming 

methods which were tried is given in Appendix B. 

The composites formed were evaluated both qualitatively and 

quantitatively. The compliance and anisotropic character were tested by 

the Instron testing instrument (generation of stress-strain curves). The 

quantitative measure of bonding between the elastomeric film and knitted 

dacron was established by peel testing a standard sized sample of composite 
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on the Instron instrument. A continuous plot was obtained indicating the 

force necessary to peel the coating as a function of position along the sample. 

Such a test gives information about both the absolute strength of the bond as 

well as the uniformity of bonding over the length of composite. 

Samples of composites were submitted to Dr. S. Eskin at the Taub 

Laboratories, Baylor College of Medicine, for evaluation of their suitability 

for cell culturing as a means of improving thromboresistance. 

D. Valve Forming Period 

In order to fabricate a trileaflet valve using the composite material, a 

suitable method was required to attach the material in the correct geometry to 

a mounting ring or stent. A technique was devised to form a non rigid 

mounting stent of nickel-chromium wire. The method is detailed in Appendix 

C. Like the natural aortic ring, such a stent has some flexural capacity 

toward the center of the aortic root, but is rigid in the axial direction, i.e. 

in the direction of flow. 

Several valves were made (using uncoated dacron material) to 

experiment with suturing techniques for attaching the cusp material to the 

wire stent. When composite material was available, five valves were 

assembled. They are described in the results section of the report. 

E. Performance 

The valves were first tested in a simple backflow device illustrated in 

Figure 3. The volume allowed through the closed valve was measured as 

a function of time and head of fluid. The slope of the curve indicated 

backflow at various pressure differentials across the closed valve. 
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Figure 3: Preliminary Backflow Testing Procedure 
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One valve was submitted to the Taub Laboratories Flow Dynamics 

Section (Baylor College of Medicine) for preliminary fatigue and perform¬ 

ance testing in a mock circulatory loop. 

Three valves were submitted to the Rice University Biomedical Engi¬ 

neering Laboratory test group. Their mock circulatory loop is being modi¬ 

fied to yield a substantially improved model of physiological blood flow 

dynamics. One present goal is to establish a consistent evaluation technique 

for prosthetic valves. The extent of testing of the present valves has been in¬ 

fluenced by the progress of this separate but related study. 

Given the composite material fabricated into a desired geometrical 

form, the question of how to mount the valve for in vitro testing or implant¬ 

ation remains. Several ideas have been considered. The implantation 

considerations are the subject of present work by Dr. S. Eskin and Dr. 

C. D. Armeniades at this Laboratory and the Taub Laboratories. For the 

purposes of the research reported here, the in vitro mounting considerations 

have been primary. One such mounting technique uses a solvent cast 

flexible polyurethane tube with sinuses of Valsalva. The method of making 

this tube is described in Appendix D. One valve has been mounted in this 

way and tested. The sinus tube geometry was selected to match the valve 

geometry. Also, one of the rigid acrylic mounts used in the Rice valve 

testing loop includes sinuses of the same geometry. 

The results of these experimental efforts are given in the following 

section. 
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III. RESULTS AND DISCUSSION 

A. Céômëtrical Considerations 

The shape of the leaflets of the aortic valve Is frequently de¬ 

scribed as semilunar or semicircular, based on the appearance of the 

opened ring as shown in Figure 4. The points on the curves (Figure 

4-C) represent points of attachment of the cusps and also the borders of 

the depressions behind each cusp, the sinuses of Valsalva. The cusps 

are loose tissue, which in the open position of the valve, nearly occlude 

the sinuses. 

Most trileaflet prostheses have been produced from molds made 

of the closed position. Our method has been to describe the valve in the 

open position and assume that the physiological geometry and cusp mate¬ 

rial properties would automatically produce the correct closed geometry 

as well as the correct position of the valve as a function of time for phy¬ 

siological flow and pressure pulsations. This assumption greatly sim¬ 

plifies both the description and construction of the valve. Basically 

then, we have begun with cusp material attached to a suitable ring ac- 

cording to the "open ring" geometry of Figure 4-C. Several tri leaflet 

prostheses have been reported^'which followed an open ring 

concept. They either used a semicircular description of the opened, 

flat cusp or visually cut their material to match an excised cusp. 

Usually an exaggerated taper or excess material was allowed along 

the free edge to improve coaptation. The lack of success of these valves 
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was not necessarily geometric inadequacy but probably material un¬ 

suitability. They were made of coated Teflon and were subject to fibrin 

deposition, calcification, and subsequent stiffening and embrittlement. 

Our observations of bovine and human valves convinced us that 

the "open ring" curves varied slightly from a semicircular shape. A 

few opened valves were photographed and the locus of points of attach¬ 

ment was compared to other curves. The points fit exceptionally well 

with a semi-elliptical description as illustrated in Figure 5. The eccen¬ 

tricity of the ellipse was slightly different in the bovine and human 

specimens. The ratio of major to minor axis dimensions in the human 

valve observed was approximately 1.35 whereas the bovine ratio was 

approximately 1.5. (A semi-circular cusp would of course have a ratio 

of 1.0.) These observations are not statistical, based on only one human 

valve and 3-4 bovine valves. It is difficult to compare these observations 

with literature descriptions of valve anatomy since the anatomical studies 

report only measurements made on the intact valve. Usually, only the 

valve height is reported, i.e., the distance from the commissures to the 

most distant point of attachment to the aortic ring (Figure 6). No equa¬ 

tion or description of any other points of attachment is addressed. The 

"opened ring" geometry is a convenient way to describe all the points 

of attachment. The depth and diameter data from Reid's study corres¬ 

pond to a ratio of 1.41 of major to minor axis for the ox. Sand's data, 

interpreted for comparison to our description, gives an average ratio of 
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approximately 1.3 for human valves. Sand's data for bovine valves, 

on the other hand, is in substantial disagreement with our observations. 

He reports a shallower valve (1.0 ratio) for the bovine whereas our ob¬ 

servations indicate a steeper valve (1.5 ratio). 

The prototype valves constructed with the composite cusp mate¬ 

rial (described in Section III-C) are designed according to a semi ellip¬ 

tical planar configuration with a 1.3 ratio of major to minor axis. 

A slight simplification chosen in this design is to assume that the 

points of cusp attachment in the closed, intact ring all fall on a cylindri¬ 

cal ring whose diameter is that of the aorta at the point of junction of the 

valve and aorta. This is illustrated in Figure 7. In the fully open posi¬ 

tion, the cusps lie very nearly on the projected cylinder. 

In fact, there is a slight deviation from the "cylindrical" assump¬ 

tion. The points appear more accurately to fall on a section of a cone as 

illustrated in Figure 7-b. Reid^ reports a similar description. Also, 

the valve we have designed is symmetrical. In fact, the non-coronary 

cusp is slightly larger than the other two, and certainly each individual 

animal has some unique variance from a "statistical" valve. These items 

must be considered in designing a specific valve for a specific recipient. 

The deviation from a semi-circular open ring cusp description 

was considered in terms of strain implications in two directions. Con¬ 

sider Figure 8-a in which a single cusp in the fully opened position is 

depicted. The mini mum strain required for coaptation would occur as 
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shown in Figure 8-b when point B in the open valve moves to the co¬ 

aptation point B' in the closed valve. The tissue comprising the line 

AB in the open valve ("radial" direction) becomes AB' in the closed 

valve. The arc length CB in the open valve ("transverse" direction) 

becomes the line CB' in the closed valve. The ratio of length AB to arc 

length CB in the open valve is the ratio of semi-major to semi-minor axis 

of the ellipse in the plane formed by cutting the ring and laying it open 

as in Figure 4-c. 

Now for a given valve angle a (Figure 8-c) and a given ratio of 

axes of the ellipse, the lengths of CB1 and AB' can be computed and com¬ 

pared with the original lengths of the corresponding tissue in the open 

(relaxed) valve. Such calculations are illustrated in Figure 9 where 

valve angle is plotted versus extension for various ratios of ellipse 

axes. For a 45° angle valve, for instance, the minimum extension re¬ 

quired for the longest "radial" specimen (distance AB) in a 1.0 ratio 

(semi-circular) valve is 35% (X = 1.35). For a semi-elliptical valve 

with a 1.3 axis ratio, the extension required is only 4% (X = 1.04). Be¬ 

sides being more compliant in the radial direction, the geometry of an 

"elliptical" valve is, therefore, by itself, an advantage in effecting clo¬ 

sure when compared to a "semi-lunar" valve. These considerations are 

of course for a minimum coaptation requirement. The true side view of 

tissue segment AB viewed in the closed position is not as in Figure 8-c 

but more nearly like Figure 8-d. The rationale for a "steeper" ratio 
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Figure 8: Detail of Single Cusp 
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valve is amplified. As a result of the geometrical and material evolution 

of the valve, a coaptation "surface" rather than a single coaptation point 

is generated in the closed valve. The tendency for regurgitation is 

therefore decreased. 

Finally there are points in Figure 11 which indicate extension 

ratios very close to 1.0 in both directions (radial and transverse). If 

one were restricted to synthetic cusp material which had poor compli¬ 

ance, the "best" choice of cusp shape could be chosen from the simple 

trigonometric consideration. 

Taper: The preceding considerations did not require any parti¬ 

cular cusp "taper". The natural opened, planar, excised cusp shows 

a slight taper of the free edge as sketched in Figure 10-a. This is well 

recognized but has not been described in any quantitative manner. Un¬ 

doubtedly, the subtle taper has importance in the physiological situation. 

Since the fully opened cusps nearly occlude the sinuses (and conse¬ 

quently the coronary ostia), one possible explanation for the slight con¬ 

cavity would be to insure that occlusion would not occur. 

It is interesting to compare the opened, planar description of the 

cusps for various trileaflet prostheses. One such valve is the Kolff 

valve, a polyurethane device formed on a mold in the closed position. 

If opened fully against its cylindrical housing, and viewed in the ex¬ 

cised, planar configuration, a single cusp appears as in Figure 10-b. 

The cusp has a "ratio" of only 0.9, significantly shallower than the natu¬ 

ral valve. To compensate, the "taper" is exaggerated as shown. This 
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valve seals very well. In the closed position, the free edges all lie in 

the same plane (Figure 10-c) whereas the natural valve free edges meet 

slightly below the corresponding plane (Figure 10—d). Figures 10-e and 

10—f show geometries of two other leaflet valves reported in the literature. 

Again, substantial taper is apparent and the respective literature 

sources'indicate excellent coaptation. Such triangular tapering 

is obviously effective in improving coaptation for "shallow" valves. 

A disadvantage of such a design, with regard to implantation, is that 

the prostheses would be less likely to fit the existing sinuses. Such geo¬ 

metries should however be acceptable for auxiliary medical devices 

such as ventricular assist bypass pumps. Improved coaptation should 

likewise be effected by making much steeper valves without taper in ac¬ 

cordance with Figure 9. 

The provision of such a taper to a "steeper valve" (such as Fig¬ 

ure 10-a) might hinder more than help coaptation. Excess cusp mate¬ 

rial has been shown to interfere with proper function as much as too 

little tissue. The issue of optimizing the taper or free edge geometry 

has certainly not been resolved in the prototypes described in this re¬ 

port. 

Summary of Geometrical Considération 

To summarize the geometry of construction, the cusp material is 

attached to an opened ring formed in the shape of 3 semi-ellipses with 

ratios of major to minor axis of 1.3. The planar "ring" is then wound 
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around a cylinder to bend it into a cylindrical shape after which the un¬ 

attached commissural edges are bound. The geometry assumes compe¬ 

tency without resort to excessive tapering of the free edge of the cusp. 

The extent of tapering on given prototypes is described for each valve. 

B. Materials 

Formation of a composite biomaterial which approaches the natu¬ 

ral cusp tissue has been the single most important consideration for this 

project. Such a material is described in this section. 

Figure 11 shows the stress-extension curves for actual human 

aortic valve tissue as reported by Missirlis^. Plotted on the same 

graph are stress-extension data for a polyurethane material (isotropic) 

which has been used for a recent trileaflet valve. Obviously, such a 

material is excessively stiff in comparison with the "radial" direction 

stress-strain requirement of natural tissue. 

Corresponding curves for the 0.15 mm thickness knitted dacron 

material are shown in Figure 12. Like the natural cusp tissue, this ma¬ 

terial exhibits pronounced anisotropy in its stress-strain behavior and 

shows similar compliance. This material was chosen to simulate the fi¬ 

brous, collagenous portion of the cusp material. 

Properties of various elastomers are illustrated in Figure 13. 

Natural rubber shows desirable compliance but was rejected on the ba¬ 

sis of poor fatigue properties as mentioned earlier. The most compliant 

polyurethane tested was supplied by Stanford Research Institute (S.R.I.). 
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Because of its demonstrated blood compatability^, it was selected as the 

coating material for the composite. The composites described below are 

formed using this S.R.I. polyurethane and the 0.15 mm thickness 

knitted dacron fabric. 

Since the "coating" material is significantly stiffer than the woven 

material, very thin films of the polyurethane are necessary in order to 

approach, in a composite, the desirable compliance of the woven fabric. 

Knowing the stress-strain behavior of the polyurethane and woven 

dacron, the stress-strain curve for a composite of fixed dacron thick¬ 

ness and various coating thicknesses can be calculated. Results of 

such calculations are shown in Figure 14. This calculation assumes a 

coating on only one side and assumes a somewhat idealized surface 

bonding. It is predictive of a technique whereby a thin polyurethane 

film is first formed and subsequently bonded to the fabric. A technique 

for forming thin polyurethane films on a glass surface was developed 

and is described in Appendix A. The minimum thickness which can 

consistently be formed is approximately 0.025 - 0.03 mm. These con¬ 

siderations show the limitations of composites made with the choice of 

materials. 

Several techniques were tried, over a period of six months, to 

achieve a satisfactory composite with the chosen materials. Appendix 

B describes the primary methods as well as advantages and disadvan¬ 

tages of each. None of the methods of Appendix B resulted in a satis¬ 

factory composite. 
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Figure 14: Theoretical Stress-Strain Curves For Composites 



A method was finally developed which produced a composite ap¬ 

proaching the required properties. The technique is reproducible and 

gives a product which is non-permeable, smooth, apparently well bond¬ 

ed, relatively compliant, and pronouncedly anisotropic. A detailed ex¬ 

planation of the procedure is given in Appendix E. Basically, the me¬ 

thod involves first pre-spraying the dacron knit with a dilute polyure¬ 

thane solution. The material is then covered with a thin film of polyure¬ 

thane which is drawn smoothly onto it by vacuum. A solution of 93 per¬ 

cent dimethylformamide - 7 percent water (by volume) is then applied 

to the knitted fabric by inverting the entire vacuum system. The solvent 

solution swells the polyurethane while it is simultaneously held onto the 

fabric by vacuum. After reverting the system to an upright position, the 

composite is allowed to dry under vacuum for four hours. 

Stress-strain curves for a typical composite are given in Figure 15. 

The bonding strength was assessed by peel tests of a 7 mm wide sample 

of composite using the Instron testing instrument. Figure 16 is a copy of 

an Instron record of a peel test for a composite made by this technique. 

Idealy, a straight, horizontal line would indicate complete uniformity of 

bonding over the length of sample. The composite of Figure 16 peeled 

at a cell loading of approximately 135 grams. The "best" bond with pre¬ 

vious techniques for similar compliance material was approximately 5 

grams. 

While the technique consistently gives a composite which is truly 

bonded, both the bond strength and compliance properties differ slightly 
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Figure 16: Copy of Peel Test Results 



34 

with successive procedures. There is an inverse relationship between 

bond strength and compliance. In the very tightly bond composite, the 

polyurethane film evidently is drawn more deeply into the knit, inhibiting 

its distensibility. Figure 17 shows this effect. Bond strength is plotted 

against modulus for samples of several composites. Some improvement 

in compliance is therefore possible at the expense of bond strength. 

The primary variables effecting the composite's bonding and com¬ 

pliance properties are amount and concentration of pre-sprayed polyure¬ 

thane, system pressure at inversion, duration of inversion, concentra¬ 

tion of solvent system used, and drying pressure. The addition of a 

vacuum control device to the system would allow better achievement of 

a particular compliance target. 

Finally, since the composite has a polyurethane coating only on 

one side, consideration was given to lining the other with endothe¬ 

lial cells (smooth muscle cells) in order to provide a blood compatible 

surface on both the aortic and ventricular aspect of the valve. Samples 

of composites formed by various means were submitted to the Tissue Cul¬ 

ture Laboratory at Baylor's Taub Laboratory. None of the preliminary 

composites (Appendix B) were successful as growth sites. The results 

of these tests are given in Appendix F. 

The final composite described above produced an excellent cell 

growth. Figure 18 shows an enlarged section of the material with cell 

attachment. The composite therefore is an attractive biomaterial for 

improving blood compatibility by cell culturing techniques. 
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Thé in vitro testing of human aortic, sinus, and cusp tissue re¬ 

ported by Missirlis gives a "design-criteria" for synthetic material which 

should ultimately result in an excellent prosthesis. This research has 

been a first attempt to design a material which approaches the physio¬ 

logical case. The disparity between the curves of Figure 15 and Figure 

11 clearly shows that more compliant coating materials will be required. 

Nevertheless, the composite represents a better approach with respect to 

compliance and anisotropy than any other previously reported synthetic 

material. 

C. Formation and Characterization of Trileaflet Valves 

1. Preliminary Valves and Loop Tests 

To test the feasibility of the open valve design, three preliminary 

all polyurethane valves were formed using rigid stents. For simplicity 

in forming the stents, a semicircular opened ring geometry was used. 

The polyurethane portion was formed by dipping smooth mandrils of de¬ 

sired diameter into solutions of polyurethanes. By this method, thin 

cylinders of the polyurethane were formed with thicknesses determined 

by the number of dips. The solid stents were formed by cutting poly¬ 

ethylene or polycarbonate tubes to shapes set by the wrapped semicircle 

design. The cylinders of polyurethane were then placed over the cylin¬ 

drical stents. Two of these valves are shown in Figure 19. 

The valves were tested in the mock loop shown in Figure 2. The 

flow performance is summarized in Table 1. One commercial ball and 
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(a) Open Position 
Biomer Over 
Polyethylene Ring 

(c) Open Position 
Estane Over 
Polycarbonate Ring 

FIGURE 19: PRELIMINARY RIGID STENT 

POLYURETHANE VALVES 
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TABLE 1 

SUMMARY OF PRELIMINARY VALVE PERFORMANCE 

Performance Starr-Edwards McK#1 McK#2 McK#3 

% Backflow (over net flow) 13.4 13.0 21.7 17 
Net flow (liters/minute) 7.35 7.56 6.98 7.21 
Max. positive flow (cc/sec) 433 467 467 450 
Max. negative flow (cc/sec) 
Percent of total backflow 

167 183 133 150 

occurring while valve is 
in closed position * — 13.9 58 * 11 

* Torn cusp on this valve at commissural edge. 

System Characteristics for 20 Aug. 1974 Data 

200 mmHg air drive pressure 

15 mmHg maintained during diastole 

200 msec - systolic duration 

60 beats/minute 

Outlet head pressure 1-1/4 psig 

34 cm glycerine head 

Rotameter setting: 6.2 - 6.5 
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cage valve (Starr-Edwards) was tested for comparison. Typical flow 

recorder printouts and details of the valve designs are given in Appen¬ 

dix F. 

While the design and materials of these early valves were crude, 

they did perform a check valve function without prolapse in the pulsatile 

flow test. Even though the coaptation was imperfect, at least one of the 

valves allowed less backflow than the commercial valve. 

2. Composite Material Valves 

(a) Description - Initially, several fabric (uncoated) valves were fab¬ 

ricated by continuous suturing to a wire stent. Photographs of these 

valves are given in Figure 20. With the bonded composites, however, it 

was found that puncturing the material with a needle caused a serious 

gap as a small section of polyurethane tore away from the knit. There¬ 

fore, alternate methods of attachment were chosen. 

Valve No. 1 (Figure 21a) - The composite material was wrapped 

around a 24-gauge wire stent and "Lexan" ring on which the wire stent 

was mounted. Medical adhesive (Dow "Silastic" Type A) was used to 

cover the non cusp area of the composite on the interior of the valve. 

Single "cheater stiches" were tied to hold the free edges of adjacent cusps 

together just inside the commissural tips of the wire stent. The coated 

side of the valve was placed in the ventricular aspect. This assembly 

was then fitted into a sinus tube (Appendix D) for testing. In the finish¬ 

ed valve, two of the three leaflets coapted perfectly but the third sealed 

slightly below the other two, leaving a slight visible opening at the 

closed center position. Valve inside diameter was 1.0 inches. 
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FIGURE 20: FABRIC VALVES SUTURED TO 
WIRE STENT 
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Valve No. 2 - A 24-gauge wire stent was attached to a brass 

base ring and the entire wire and brass unit covered by wrapping 

with polyfilament polyester thread (Ethicon "Mersilene" 000). The com¬ 

posite material was formed into a cylinder and placed over the ring. The 

composite was attached to the brass base ring by wrapping the outer cir¬ 

cumference with Mersilene followed by painting with polyurethane solu¬ 

tion. The composite was not continuously attached to the wire stent. It 

was bound only by 3 knots on the commissural tips approximately 3 mm 

from the ends. Cheater stitches were used to improve seal at the com¬ 

missures. The coated side was placed in the ventricular aspect. Again, 

in the finished valve, one of the cusps closed slightly below the other two 

leaving a slight opening in the closed center position. Valve diameter 

was 1.0 inches. 

Valve No. 3 - Similar to number 2 except the wire stent was not 

covered by wrapping with thread. A slight border of polyurethane thin 

film was left on the composite and fitted so as to extend beyond the free 

edge of the cusps. The composite was formed into a cylinder and fitted 

over the ring. It was attached by wrapping circumferentially around the 

brass ring base. Three knots attached the material to the ring at the com¬ 

missures. No cheater stitches were used. The coated side was placed in 

the ventricular aspect. All three leaflets met exactly in coaptation. 

Valve diameter was 1.0 inches. 

Valve No: 4 (Figure 21b) - Composite formed on same ring as 
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valve number 3. Excess polyurethane ridge left beyond free edge of 

leaflets. Attachment to ring same as valve number 3. Coated side of 

composite placed in aortic aspect. One leaflet closed slightly below the 

others leaving a slight opening in the closed center position. Valve dia¬ 

meter -1.0 inches. 

Valve No : 5- Composite formed into cylinder and fitted over a 22- 

gauge wire stent set on a brass ring. Composite bound to base ring by 

circumferential wrapping with Mersilene thread. Non cusp areas of com¬ 

posite painted with a stiffer polyurethane (Goodyear TPU-123) for en¬ 

hanced non cusp area rigidity. Single attachment knots placed on com¬ 

missures. Cheater stitches used at commissural site of free edges. 

Slight rounded taper used, reaching 3 mm beyond theoretical coaptation 

point. No significant coaptation defect was discernable. Valve dia¬ 

meter -1.0 inches. 

(b) Initial Regurgitation Testing - The valves were tested for back- 

flow using the apparatus shown in Figure 3. The results are shown in 

Figure 22 where volume of leakage is plotted versus time for various 

heights of fluid. The slope of the curve at a particular height gives 

flow rate as a function of a pressure differential simulating diastole. 

For a physiological valve, increased pressure should improve coaptation 

(up to some point which exceeds the mechanical limits of the tissue). For 

a properly coapting synthetic valve, a smaller slope would therefore be 

expected at lower abscissa values of Figure 22 (i.e., higher sealing 

pressure). The three valves tested show slightly higher regurgitation 
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(a) Composite #1 
Mounted in Sinus 
Tube (Viewed From 
Aortic Position) 

FIGURE 21: COMPOSITE VALVES 
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at higher pressures which indicates that the fabrication procedure is not 

sophisticated enough to produce perfect coaptation. 

Valve number 3 developed a tear in the polyurethane coating dur¬ 

ing backflow testing. All of the backflow occurred through this area of 

non coating. When this spot was covered, there was absolutely no back- 

flow through this valve. 

Visualization with food coloring dyes showed that the predominant 

leakage in valves 1,2, and 4 occurred at the coaptation point. As dis¬ 

cussed above, all three of these valves had a single cusp which did not 

meet the others exactly. Nevertheless, the rates of backflow for these 

valves are significantly less than corresponding rates for the preliminary 

polyurethane valves (Table 1). Also, the majority of total backflow in a 

pulsatile situation occurs while the valve is closing and not in the closed 

position. A more meaningful assessment of overall valve performance re¬ 

quires pulsatile flow testing. 

(c) Pulsatile Flow Performance Testing - Valve number 1 was sub¬ 

mitted to the Baylor Flow Dynamics Laboratory for fatigue testing. 

Valves 2, 4, and 5 were tested in the Rice mock loop. 

All of the valves exhibited early failure of the cusp composite 

material. The polyurethane thin film was peeled from the knit and allow¬ 

ed excessive backflow through the exposed dacron. Because of the pre¬ 

mature failure, neither flow loop was sufficiently tuned or instrumented 

to yield meaningful instantaneous flow or pressure drop data across the 

valves. The information gleened from the pulsatile tests of the composite 
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valves is therefore completely qualitative. The composite material at its 

present state of development is unsuitable to withstand the stresses gen- 
» 

erated in the pulsatile cycling. On the other hand, the observed function 

of the valves prior to material failure was encouraging. The cusps open¬ 

ed and coapted smoothly and simultaneously. In the closed position, 

viewed from the aortic side, no gaps existed at the coaptation point, free 

edge surfaces, or commissural edges. This observation, though short¬ 

lived, encouraged our predilection toward the conceptual design of the 

prosthesis, with respect to both geometry and anisotropy. 

Valve No. 1. This valve was mounted in a Biomer polyurethane 

tube and tested at 70 beats per minute in the Baylor mock loop. Re¬ 

moved after 24 hours, the valve showed material failure on two of the 

cusps. The coating had torn and separated from the dacron near the 

base of the valve. 

Valve No. 2. Tested in the Rice loop, this valve showed compo¬ 

site failure on one cusp, with coating (polyurethane) peeling from the 

free edge. 

Valve No, 3. Material failed on one cusp during static test. No 

pulsatile testing was done on this valve. 

Valve No. 4. Tested in the Rice loop, the valve had complete 

degradation of the polyurethane film on all cusps. 

Valve No. 5. Tested in the Rice loop, the valve showed poly¬ 

urethane separation from the fabric on two cusps with peeling from the 

free edges. 
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(d) Discussion of Composite Failure - The peel test procedure using 

the Instron instrument was an arbitrary measurement of bond strength. 

It provided a quantitative value to which adhesion of the composité mate¬ 

rial could be related. The application of forces in the Instron peel test 

was not, however, analogous to forces acting on the composite during 

the pulsatile testing of the valve. There is no simple, direct calcula¬ 

tion which can predict corresponding forces and thereby explain com¬ 

posite failure in relation to the simple peel test. 

If one assumed that a minute tear existed in the polyurethane 

film, then a case could be made for shear stresses having a tendency to 

peel the film from the fabric somewhat analogously to the Instron test. 

The shearing force can be calculated from pressure drop considerations 

through the open valve. A "worst case" model would assume the shear 

force acting on the entire "length" of the open valve. The force so cal¬ 

culated could be visualized as being resisted along the circumferential 

length of the tear. Such a calculation was made for the conditions of the 

pulsatile tests. The calculated force indication was*^ 0.4 gm/mm com¬ 

pared to a "peel strength" on the order of 15 gm/mm. A simple model 

can also be tested to predict cohesive failure of the polyurethane film. 

In the valve's closed position, the film can be visualized as being sup¬ 

ported by "beams" of the fabric material. The length between "beams" 

is known approximately from magnified photographs of the material. 

Also, a representative pressure difference across the valve in the closed 

position can be chosen and the stress in the thin film can be obtained 
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from the deformation calculated. The results can be compared to the 

known stress-strain properties of the polyurethane. This calculation 

was done using a pressure difference of 80 mm Hg. The calculated 

stress was < 18 gm/mm at an extension ratio below 1.05 — far below 

a region where failure could be expected. 

In reality, the supporting fabric is more compliant than the poly¬ 

urethane, and so the above model is oversimplified. Another calculation 

considered the composite material supported between points approxi¬ 

mately 1" apart (the valve diameter) and stressed by a pressure drop of 

80 mm Hg. From measured stress-strain behavior of the composite, a 

calculation of the deformation and stress of the material was made. For 

this case, an extension ratio of approximately 1.5 was calculated. This 

is significantly greater than the other model, but still far below the 

values which would cause rupture of the polyurethane. 

These considerations obviously do not model the true dynamic 

stresses which confront a working valve. More sophisticated models, 

complete with the description of the composite, might lead to a satis¬ 

factory explanation of the early failure observed. The fabric material 

has open areas of which are large compared with the thickness of the 

film. The film is therefore bound at discontinuous points to the fabric. 

Also, the roughly rectangular fabric shape has areas of uneven surface 

at the intersection of fiber units. One speculation is that intense "local 

stresses" occur at these loops and provide sites for multiple adhesive 

and/or cohesive failure of the material. 
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Also, because the polyurethanes presently available are stiff com¬ 

pared with the desired material, very thin coatings are necessary. In 

producing films of this thickness, even slight non-uniformities produce 

areas subject to excessive stresses. 

3. Flexible Ring Polyurethane Valves 

In the course of the research, several ideas evolved for forming 

all polyurethane valves, in the open position, automatically "mounted" 

in polyurethane tubes or rings by a solvent casting process. Initially, 

the ideas were intended to provide foolproof techniques to make a num¬ 

ber of valves quickly and to evaluate the effect of geometrical changes 

in cusp description. The valves have generated considerable interest 

because of their potential for incorporation into the ventricular bypass 

pumps. The details of formation of the valves is given in Appendix H. 

Results: Method I. Cusps formed on outside of Biomer tube and 

inverted to assume correct position. Initial loop test showed only a 

"spike" backflow indicating very rapid closing properties. Continual 

pulsing, however, caused layer separation at the commissural positions 

resulting in excessive backflow. 

Method II. Cusps and sinuses formed in opposite positions and 

inverted after curing. Good cusp formation resulted, but sinuses did 

not invert to proper dimension. This valve was not tested. 

Method III. Cusps and sinuses formed in outer, natural positions 

followed by melting of inner Epolene wax cylinder and sinus segment. 
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This valve showed excellent performance in preliminary loop testing. 

Figure 23 shows a tracing of the instantaneous flow from a typical cycle. 

The total backflow was less than 7% of the net flow. 
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Valve Is 1.0" I.D. with cusps 
of semi-elliptical open planar 
geometry. Sinuses modeled 
after anatomical description 
of Reid and Bellhouse^. 

Flows are integrated values of tracing 
total positive flow = 
total neg. flow = 
net flow = 
backflow (% of net) = 
peak flow = 

4.17 liters/min 
0.27 liters/min 
3.90 liters/min 
6.9% 
20 liters/min 

effective stroke volume = 65 ml 

Instantaneous Flow 
(liters/min) 

15.0 

1.S 

I ■ I . .1 , 
o.i o.i. o.'S 

Time (Sec) 

Figure 23: Typical Cycle of Instantaneous Flow Versus Time For Poly¬ 
urethane Open Cusp, Sinus Integrated, Trileaflet Valve 
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IV. SUMMARY OF MAJOR FINDINGS AND CONCLUSIONS 

(1) A method has been developed for forming a composite biomaterial, 

using polyurethane coated dacron, which has compliance and anisotropic 

properties resembling natural human aortic valve cusp tissue. 

(2) The composite material formed is an attractive biomaterial for cell 

culturing to optimize thromboresistance. 

(3) Preliminary in vitro pulsatile flow loop testing indicates that the 

composite fails within minutes of cycling. The material, at its present 

level of development, is unsuitable for prosthetic valve leaflets. 

(4) The composite forming technique should, however, be applicable 

for forming materials using other choices of fiber, polyurethane, and 

solvent. 

(5) A geometrical description of aortic valve cusps in the open, planar 

configuration has been developed. The feasibility of forming functional 

trileaflet valves according to this concept has been demonstrated both 

with rigid and non rigid mounting rings. 

(6) A technique has been developed by which a polyurethane trileaflet 

valve can be formed, including sinuses of Valsalva, by a solvent casting 

technique. Preliminary performance data for this valve indicate excel¬ 

lent potential for incorporation into left ventricular bypass pumps. 

(7) A technique has been developed whereby thin wire stents can be 

formed into preselected aortic ring geometries. The stents can be used 

for attaching the composite material of valve leaflets or as ring reinforce¬ 

ment for the all-polyurethane valves. 
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V. RECOMMENDATIONS 

(1) Establish a standard series of in vitro performance tests whereby 

prototype valves can be meaningfully evaluated. 

(2) Continue efforts to procure more compliant polyurethane materials 

to serve as the coating or matrix material for the composite. 

(3) Purchase and incorporate a vacuum control device for the compo¬ 

site forming technique in order to establish better control over bond 

strength and compliance targets. 

(4) Conduct experiments for forming composites via the method de¬ 

scribed (Appendix E) while varying first vacuum and secondly the 

amount of pre-sprayed polyurethane. Use the Instron instrument to 

measure stress-strain behavior and bond strength of the composites 

formed. 

(5) Continue development of the polyurethane valves formed in the 

open position, with integrally formed sinuses, via the solvent casting 

technique. 

(6) The size of the all-polyurethane valves should be compatible with 

the requirements of the Rice and/or Baylor bypass pumps. 

(7) Since the available polyurethane is significantly stiffer than natu¬ 

ral tissue, design the semielliptical cusps using a 1.5/1.0 ratio of major 

to minor axis in order to enhance the geometrical advantage for coapta¬ 

tion. 
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APPENDIX A: SOLVENT CASTING OF THIN POLYURETHANE FILMS 

The polyurethane obtained from Stanford Research Institute and de¬ 

signated 3-2000-l-E was received in pellet form. It was solubilized using 

dimethyformamide (DMF) solvent. A solution of 10% polyurethane by weight 

in DMF was first made. A portion of the solution was poured onto a clean 

glass surface according to the photo sequence in Figure A1. The glass was 

bordered with masking tape which set the size of the thin film formed. A tef¬ 

lon rod was drawn across the glass to distribute the solution evenly and rake 

excess out of the bordered area. The glass was placed in a vented oven at 

70° C for 25 minutes during which solvent evaporated. The product was then 

carefully peeled from the glass. Thickness of the film is approximately 0.025 - 

0.03 mm. 
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FIGURE A1: SEQUENCE OF FORMATION OF 
THIN FILM OF POLYURETHANE 



APPENDIX B: DESCRIPTION OF PRIMARY COMPOSITE FORMING TECHNIQUES 

1. Simple Dipping Technique: Fabric was held open in special holder 

and dipped once in 10% polyurethane solution. The composite was 

oven dried at 70° C for 30 minutes. 

« 

Results: The polyurethane did not form a continuous coating but 

bound around individual loops and folds of the knit. The composite 

was excessively stiff. Because of poor compliance and complete per¬ 

meability, the material was obviously unsuitable. 

Figure A2: 

Stress vs Extension 
For Coated and Un¬ 
coated Fabric By 
Dipping Technique 

EXTENSION RATIO, X 
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2. Rolling Technique: Knitted fabric was first placed onto glass surface. 

Polyurethane solution was then distributed evenly over it with "Teflon" 

rod. The material was placed in oven at 70°C for 30 minutes. 

Results: The process was reproducible. The composite was smooth 

and well bonded. However,.the compliance was substantially poorer. 

Also, the composite displayed a "tent" effect in that it appeared non- 

permeable until both sides became wetted. After wetting, the material 

would not hold fluid. 

Figure A3: 

Stress vs Extension 
For Composite Made 
By Rolling Technique 
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3. Soaking Technique: A thin polyurethane film was formed on the glass 

surface but not removed from glass. Knitted material was placed over 

the film. A solution of 93% DMF - 7% H2O was distributed over the fabric 

to swell the film and allow the knit to settle into it. 

Results: Almost identical to method 2. 

4. Heat-Vacuum Technique: A thin polyurethane film was formed as de¬ 

scribed earlier. It was held above the knitted fabric in a heating- 

vacuum instrument. The polyurethane was heated for various times at 

a particular setting of the heating element and then rapidly drawn onto 

the fabric. 

Results: Smooth covering of film onto fabric, but no bond. If the heat¬ 

ing was maintained till the polyurethane film began to show visible sag, 

the material immediately was destroyed by the heat before vacuum could 

be applied. 

5. Pressing Method: Polyurethane solution was poured and distributed 

onto a bordered glass surface as in the forming of thin films (Appendix 

A). Before curing, a piece of fabric was placed onto the wetted surface. 

Various weights were applied to force the material into the solution. 

The weighted assembly was placed in oven at 70°C for times ranging 

from 30 minutes to several hours. 

Results: Using a scrap dacron material, the initial effort gave an ex¬ 

cellent bond and compliance characteristics which matched closely the 

theoretically expected values. The resulting material was non 



permeable and smooth. However, the success could not be repeated 

with the scrap cloth or with the fine dacron knit. All subsequent com¬ 

posites were poorly bonded or had areas of complete permeability. 

Despite initial encouragement, the method was abandoned. 

Sequential Degradation: In this technique, reproducible but stiff com¬ 

posite is first formed by method 2 or 3. Such a composite has a smooth, 

shiny side on the glass contact surface. Instead of removing the com¬ 

posite, pure DMF solvent is applied to the "back side", the idea being 

to solubilize the polyurethane which binds the dacron fibers without 

leaving solvent on it long enough to attack the smooth glass contact 

layer. 

Results: The figure below shows the improvement in compliance 

effected by this technique. However, the final product was no longer 

impermeable. 

Figure A4: 

Effect on Com¬ 
pliance By 
Sequential 
Degradation 

EXTENSION RATIO, \ 



7. Intermediate Phase Téchniqüe: An initial composite was formed as in 

Item 2 except a gelatin solution was used instead of polyurethane. After 

drying, polyurethane solution was rolled over this and then oven cured 

at 70° C. The finished product was released from glass and placed in 

hot water to dissolve gelatin, leaving the desired composite. 

Results: Dramatic improvement in compliance. Composite well bonded. 

There are areas without smooth cover. Composite is highly permeable. 

Compliance 
Improvement With 
Degelatination 

Figure A5: 

COMPLIANT DIRECTION, 
BEFORE DEGELATINATION 

AFTER 
DEGELATINATION 

1.0 LI 1.2 1.3 1.4 1.5 

EXTENSION . X. 
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8. Solvent Swéll-Vacuùm Technique: Several variations on this techni¬ 

que were tried before a successful technique evolved (Appendix E). 

A thin film was first formed and placed in a vacuum assembly so that 

it could be drawn onto the knitted fabric. A solvent (DMF) solution 

was introduced to wet and swell the thin film, after which it was pulled 

onto the fabric. The first problem was that pure DMF immediately dis¬ 

solved such a thin film rather than swelled it. A series of experiments 

eventually produced a solvent consisting of 93% DMF - 7% H2O (by vol¬ 

ume) which produced the desired effect. 

If the polyurethane was first wetted with solvent, then vacuumed 

onto the fabric, it invariably wrinkled. If vacuum was applied first, 

the film was smoothly and evenly drawn onto the fabric, but the fabric 

contact side could not be wetted with solvent solution and no bond could 

be effected. One method sought to resolve the problem was to use a 

"vacuum sponge" technique. A piece of thick fabric (scrap dacron 

velour) was soaked with the 93% DMF solution and placed in a Buchner 

funnel. (See drawing, Appendix E.) The knitted dacron fabric was 

placed over this and the thin polyurethane film was set over the fabrics. 

When vacuum was applied, it was believed that the film would be pulled 

onto the fabric, compressing the sponge and releasing solvent solution 

which would wet the proper fabric contacting side of the polyurethane 

film. 
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Results: No bond was achieved. On application of vacuum, the sponge 

immediately lost solvent before the thin film was drawn onto the fabric. 

A variation of the vacuum technique eventually produced an ap¬ 

parently satisfactory bond. That is detailed in Appendix E. 
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APPENDIX C: FORMATION OF WIRE STENTS 

A 24-gauge nickel (20%) - chromium (80%) wire was used to form the 

stents. Initially, the wire was bent in a planar arrangement around small 

nails driven into a board at points on an elliptical pattern. The discontinu¬ 

ities of curvature at the bending sites were undesirable and a better method 

was selected. The sequence is shown in the photos below. 

The open valve, opened ring shape of 

the points of cusp attachment is first marked 

on a surface. Single loops of the wire are 

cut and by adjusting the free ends, the curve 

of the wire can be made to match exactly the 

pattern curve. When the shape is superim¬ 

posed on the pattern, the excess lower edge 

of the wire loop is taped onto a stiff paper 

holder. 

Two other loops are formed and taped 

to the underlying holder. The loops are at¬ 

tached so that the commissural sections of the 

rings are touching. 

The holder is released from the pattern 

and the inner commissures are bound to¬ 

gether by silver solder after heating over a 
(b) 

Bunsen burner flame. 
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The entire planar assembly is 

wrapped carefully around a cylindrical 

rod slightly smaller than the valve dia¬ 

meter (some overlap to counter recoil 

tendency of wire) . The cylindrical ring 

is next positioned so that the unattached 

commissures are touching. Dental cast¬ 

ing stone is applied to the upper and 

lower ring to hold it in the proper posi¬ 

tion. The third commissural edges are 

then soldered together. 

The stone is removed from the 

ring and the lower portion cut off. The 

sharp commissural points are smoothed 

to produce the finished ring. 

FIGURE A-6: SEQUENCE OF FORMA¬ 
TION OF WIRE STENTS 

(e) 



APPENDIX D: MAKING OF SINUS TUBE FOR MOUNTING VALVES 

On the outside of a 1" diameter smooth plastic tube, the outline of the 

points of cusp attachment was marked. Over this area, sinuses were sculp¬ 

tured with modeling clay according to the description of sinus anatomy by 

Reid (reference 3). The clay was coated with a low melting wax to provide a 

smoother surface. This item was then used to form an RTV Silicone Rubber 

mold. Melted Epolene wax was poured into this mold forming a countermold 

suitable for dipping. The solid Epolene cast was dipped repeatedly in a Bio- 

mer segmented polyurethane solution with curing after each dip. The fin¬ 

ished Biomer tube was then carefully pulled off the Epolene cast. 

(a) 
Epolene Wax Cast 

(b) 
Finished Tube 

FIGURE A-7: FORMATION OF SINUS TUBE 
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APPENDIX E: DETAILS OF SUCCESSFUL COMPOSITE FORMING TECHNIQUE 

A section (approximately 3" x 2") of the 0.15 mm fine knitted dacron 

material is first cut. The material has a tendency to roll up and to prevent 

this, it is attached to a larger piece of heavier fabric. It is attached to the 

heavier fabric by applying drops of 10% polyurethane solution at points along 

the perimeter (dots in Figure A-8 (a)). 

The fabric is next sprayed with a dilute (5% by weight polyurethane 

in DMF) solution of the S.R.I. polyurethane using an artist's spray brush 

with 20 psig air pressure. The spray brush is held approximately 4 inches 

from the fabric. The polyurethane solution is applied at a loading of approxi¬ 

mately 0.15 ml/in2. The fabric is dried for 30 minutes at 70°C. The spray¬ 

ing has a negligible effect on compliance of the knit. 

» 
The material (knit and backing) is placed into a Buchner funnel over 

a wire gauze section of approximately equal size. (The wire gauze acts as 

a "distributor" so that vacuum is more evenly applied. Without the gauze, 

rounded impressions are inherent in the composite, corresponding to the 

H 

holes in the Buchner funnel.) 

A silicone rubber seal is placed over the material. The center 

section of the seal is cut out to a rectangular shape slightly larger than the 

knitted fabric. Finally, the thin polyurethane film (Appendix A) is placed 

over the seal. 

Sixty-five ml of a solution of 93% DMF - 7% H2O is placed in the 

Erlenmeyer flask. The vacuum pump is turned on and the thin film of 
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polyurethane is drawn evenly onto the knit. When the gauge indicates 

15 mm Hg vacuum, the pump is turned off and, if properly prepared, the 

system holds this vacuum. 

At this point, the entire flask-filter apparatus is inverted. The 

solvent-water solution flows by gravity onto the fabric and wets the thin 

film on the fabric contact side. The operation is observed in a mirror and 

the system is left inverted until the entire surface is visibly wetted. 

Usually, this requires 6-7 seconds. By this technique, the polyurethane 

becomes swelled by the solvent-water solution as it is simultaneously held 

onto the fabric by vacuum. The wetting effect of the solution on both the 

thin film and pre-sprayed polyurethane enhances the bonding. Without 

the pre-spraying, the procedure does not produce a bond. 

Frequently, the vacuum begins to drop (pressure rises) while the 

system is inverted. This is caused by leakage around the seal and not by 

breaks in the composite. To insure that there is not separation of the knit 

and polyurethane, the vacuum pump is turned back on if the vacuum drops to 

5 mm Hg. The amount of solvent-water solution in the Erlenmeyer flask is 

calculated so that on inversion, the net force on the composite will always 

be in the proper direction, i.e.,to hold the film onto the fabric. (When 

separation occurs, even after good wetting, the bond never is retained.) 

After proper wetting, the system is reverted to the upright position. 

Vacuum is maintained at approximately 5 mm Hg with the pump running for 

approximately 4 hours to dry the fabric. 
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APPENDIX F: EVALUATION OF PRELIMINARY COMPOSITES AS CELL 
GROWTH SURFACES 

Five dacron fabric-polyurethane composites were used as substrates 

for tissue culture. The materials were cut into squares of about 1 cm2 

and attached to petri dishes with Silastic 891 adhesive. The dishes were 

then autoclaved. The materials were covered with complete medium 

(McCays 5a modified, 20% fetal calf serum, containing antibiotics - 

penicillen, streptomycin and Fungizone) and incubated at 37°C for 1 hour. 

Then the materials were seeded with primary endothelial cells from calf 

aorta which had been removed from the aorta with collagenase. The 

cultures were maintained at 37°C in an atmosphere of 5% CO2, 95% air for 

3 weeks with twice weekly feedings. After 3 weeks they were fixed in 

methanol and stained in May Greenwald Giemsa. 

The growth of endothelial cells was confluent on the petri dish 

bottoms. Cell density on the materials was uniformly sparse, although 

cells did attach and grow to the dacron fibers as well as to the polyurethane. 

Although the materials did not provide as attractive a substrate as 

did glass for cell growth, no toxic effects of the material on the cells were 

observed. 
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APPENDIX G-1: PERFORMANCE SUMMARY OF PRELIMINARY, RIGID STENT 
POLYURETHANE VALVE NO. 1 

This valve is "Biomer" polyurethane mounted on a polyethylene ring. 

The ring has a 1.040" O.D. and 0.852" I.D. (21.6 mm). The design is set 

by semicircles with approximately 1/16" between "edges". There is approxi¬ 

mately 1/8" overlap of the cusps beyond the edges. There is no scalloping. 

The cusps have thicknesses of approximately 0.13, 0.13, and 0.21 mm res¬ 

pectively. 

Flow Performance Positive Negative Net 

liters/stroke 0.1425 0.016 0.1261 

liters/min 8.5476 0.9832 7.5644 

% backflow over net flow 13.0% 

% backflow over total positive flow 11.5% 

max. pos. flow 28 liters/min (467 cc/sec) 

max. neg. flow 11 liters/min (183 cc/sec) 

Figure A-9: Instantaneous Flow Rate Versus Time For Rigid Stent 
Polyurethane Valve No. 1 
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APPENDIX G-2: PERFORMANCE SUMMARY OF PRELIMINARY, RIGID STENT 
POLYURETHANE VALVE NO. 2 

This valve has cusps of Estane polyurethane mounted over a poly¬ 

ethylene ring whose dimensions are identical to Valve #1. The geometry 

is set by three connected semicircles wrapped around the cylinder. The 

cusps are 0.1, 0.1, and 0.13 mm respectively. There is a slight scallop of 

the cusps. This data was taken with a noticeable tear on one cusp. This ex¬ 

plains, I believe, the excessive regurgitation while in the closed position. 

Flow Performance Positive Negative Net 

liters/stroke 0.1417 0.0253 0.1164 

liters/min 0.850 1.518 6.984 

% backflow over net flow 21.7% 

% backflow over total positive flow 17.8% 

max. pos. flow 28 liters/min (467 cc/sec) 

Figure A-10: Instantaneous Flow Rate Versus Time For Rigid Stent 
Polyurethane Valve No. 2 
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APPENDIX G-3: PERFORMANCE SUMMARY OF PRELIMINARY, RIGID STENT 
POLYURETHANE VALVE NO. 3 

This valve is "Estane" polyurethane mounted on a 1/32 inch thick 

"Lexan" mount. The mount geometry is set by three semicircles wrapped 

around the cylinder. There is no cusp material overlapping the "ends" of 

the mount. There is no conscious scallop of the cusps. 

The valve is 0.9375" I.D. (23.8 mm). Cusp thicknesses are 0.1, 0.1, 

and 0.13 mm respectively. 

Flow Performance Positive Negative Net 

I iters/stroke 0.1411 0.0209 0.1202 

liters/min 8.466 1.254 7.212 

% backflow over net flow <7^ 

% backflow over total positive flow 14.8% 

max. pos. flow 27 liters/min (450 cc/sec) 

max. neg. flow 9 liters/min (150 cc/sec) 

Of the total backflow, the amount occurring while the valve 

was in the closed position was 11%. 
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APPENDIX G-4: PERFORMANCE OF STARR-EDWARDS VALVE FOR COM¬ 
PARISON WITH PRELIMINARY POLYURETHANE VALVES 

This is a Starr-Ed wards ball and cage valve with I.D. of 0.815" 

(20.7 mm). 

Flow Performance Positive Negative Net 

liters/stroke 0.139 0.0164 0.122 

liters/min 8.34 0.985 7.35 

% backflow over net flow 13.4% 

% backflow over positive flow 11.8% 

max. pos. flow 26 liters/min 
(433 cc/sec) 

max. neg. flow 10 liters/min 

Figure A-12: Instantaneous Flow Rate Versus Time For Starr-Edwards 
Ball and Cage Valve 
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APPENDIX H: A NEW SOLVENT CAST POLYURETHANE TRILEAFLET VALVE 

We have recently experimented with methods of forming trileaflet 

valves with the relaxed cusps in the open position. The valves are made by 

successive dippings in "Biomer" segmented polyurethane onto an Epolene 

wax mandril. 

The concept may be useful in forming alternate valves for the LVBP 

project. 

Method I. An Epolene wax rod of desired valve diameter is first 

formed. The rod is dipped repeatedly (with subsequent curing after each 

dip). Three cusps are outlined in desired geometry on the outside of the 

tube. Dispersant is painted over the cusps' outline and two additional dips 

applied to the assembly. The dispersant prevents bonding of the latter coats 

of polyurethane only over the cusps area. The "free edges" of the cusps are 

then separated from the mounting tube by use of a scalpel. The tube is then 

removed from the Epolene rod and turned inside out, placing the cusps in 

the correct inner position. 

Besides the minimal pressure drop, an advantage of this procedure is 

that the "valve" is automatically attached to its mounting unit. The problem 

of devising an attachment technique (suturing, gluing, etc.) is circumvented. 

Method II. A cylindrical rod was formed with three indentions corres¬ 

ponding to inverted sinuses. After a series of dips (and curings) in Biomer, 

the indentions were filled with dental stone and machined to coincide with the 

cylinder. The rod was then dipped again to form the cusps, followed by 


