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A method and apparatus for pre-stressing
devices incorporating materials subject to stress
softening is disclosed, as well as the resulting
device. The method includes fabricating a heart
valve with an inflow side and an outflow side.
At least a portion of the heart valve includes a
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order to stabilize the stress/strain response of the
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Pre-Stressing Devices Incorporating Materials Subject To Stress Softening

Description

Background Art

The present invention relates to pre-stressing, prior to use, devices incorporating
materials subject to stress softening. In particular, the present invention relates to pre-stressing
elastomer objects subject to stress softening. Even more particularly, the present invention
relates to pre-stressing prosthetic heart valves made, at least partially, of an elastomer.

Some materials (for example nylon, certain wool fibers, and elastomers) experience a
phenomenon called “stress softening.” As a result of this phenomenon, the stress-strain curve of
a material prior to being loaded is different from that of the material after being loaded and
unloaded. For some materials, the properties of the first loading and any subsequent loading can
be dramatically different. Elastomers are subject to stress softening in a behavior known as the
“Mullins’ Effect.”

Many devices include materials subject to stress softening. For example, prosthetic heart
valves sometimes include materials subject to stress softening, including elastomers.

Ever since 1950, when blood oxygenators made open heart surgery feasible, it has been
possible to treat some forms of heart disease by replacing one of the patient’s heart valves with a
prosthetic valve. Early heart valve prostheses inciuded bail-and-cage valves and disc-and-cage
valves in which a ball or a disc was housed in a cage. One side of the cage provided an orifice
through which blood flowed either into or out of the heart, depending on the valve being
replaced. When blood flowed in a forward direction, the energy of the blood flow forced the ball
or disc to the back of the cage allowing blood to flow through the valve. When blood attempted
to flow in a reverse direction, or “regurgitate”, the energy of the blood flow forced the ball or
disc into the orifice in the valve and blocked the flow of blood.

A bi-leaflet valve comprised an annular valve body in which two opposed leaflet
occluders were pivotally mounted. The occluders were substantially rigid and moved between a
closed position, in which the two leaflets were mated and blocked blood flow in the reverse
direction, and an open position, in which the occluders were pivoted away from each other and
did not block blood flow in the forward direction. The energy of blood flow caused the
occluders to move between their open and closed positions.

A tri-leaflet valve comprised an annular valve body in which three leaflets were mounted
to a portion of the valve body, called a “stent,” located at the circumference of the annulus.
When blood flowed in the forward direction, the energy of the blood flow deflected the three

leaflets away from the center of the annujus and allowed blood to flow through. When blood
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flowed in the reverse direction, the three leaflets engaged each other in a coaptive region,
occluded the valve body annulus and prevented the flow of blood. The valve leaflets were made
from tissue, such as specially treated porcine or bovine pericardial tissue, or from man-made
materials such as ceramic materials, elastomers or other biocompatible polymers.

Disclosure of Invention

The present invention is directed toward pre-stressing elastomer devices that can be stress
softened. The design of the device utilizing the present invention uses properties of the materials
after stress softening rather than before. Prior to implantation, the device is pre-stressed to
subject it to the stress that it is expected to experience in use. Pre-stressing causes the device to
experience stress softening and operate as designed.

In general. in one aspect. the invention features a method for manufacturing a prosthetic
heart valve. The method comprises fabricating a heart valve. The valve has an inflow side and
an outflow side. At least a portion of the heart valve comprises a material subject to stress
softening. The material experiences stress when a pressure differential occurs between the inflow
side and the outflow side. The method includes creating a stress in the material prior to use.

Implementations of the invention may include one or more of the following: Creating a
pressure differential may comprise raising the stress to the point where the material subject to
stress softening experiences the stress that it is expected to experience in use. Creating a
pressure differential may comprise raising the stress to the point where the marerial subject to
stress softening experiences more stress than it is expected to experience in use. The method may
comprise removing the stress. The method may comprise cyclically creating and removing the
stress a predefined number of times. Creating the stress may comprise applying pressure to the
outflow side of the valve with a fluid. The fluid may be a gas or a liquid. Creating the stress
may comprise applying a weight to the valve. Applying a weight may comprise applying a
weight to the outflow side of the valve or applying a weight to the inflow side of the valve.
Creating the stress may comprise applying a vacuum to the valve. accelerating the valve,
vibrating the valve, applying a static head of fluid to the outflow side of the valve, pumping fluid
into a chamber on the outflow side of the valve, pumping fluid out of a chamber on the inflow
side of the valve, or creating a pressure differential between the inflow side and the outflow side
of the valve. The valve may have an annular portion supporting three leaflets and the method
may further comprise supporting the annular portion of the valve when creating the stress.
Supporting the annular portion of the valve may comprise placing an annular collar inside the
annular portion of the valve.

In general, in another aspect, the invention features a method for manufacturing an

object. At least a portion of the object comprises materials subject to stress softening. The
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method comprises pre-stressing prior to use the portion of the object comprising materials subject
to stress softening.

In general, in another aspect the invention features an object comprising a flexible
member. The flexible member comprises a material subject to stress softening. The flexible
member is pre-stressed to the étress it is expected to experience in use.

Implementations of the invention may include one or more of the following. The
material may comprise an elastomer. The object may comprise a valve. The valve may
comprise a valve body and three flexible leaflets coupled to the valve body. The flexible member
may be part of the valve. The flexible member may have a different performance after being
pre-stressed than before being pre-stressed. The performance of the flexible member after pre-
stressing may be closer to a desired performance of the flexible member than the performance of
the flexible member before pre-stressing.

In general, in another aspect. the invention features a tri-leaflet heart valve comprising an
elastomer portion. The elastomer portion is pre-stressed., prior to implantation, to the stress it is
expected to experience in use.

Implementations of the invention may include one or more of the following. The
elastomer portion may be pre-stressed. prior to implantation, beyond the stress it is expected to
experience in use. The tri-leaflet heart valve may comprise an annular valve body and three
leaflets coupled to the annular vaive body. The annular valve body may comprise the pre-
stressed elastomer portion. At least one of the three leaflets may comprise the pre-stressed
elastomer portion.

In general, in another aspect, the invention features a method for pre-stressing a tri-
leaflet heart valve to meet a performance requirement. The heart valve has an inflow side and an
outflow side and comprises an elastomer portion subject to stress softening. The elastomer
portion of the heart valve experiences stress when a pressure differential occurs between the
inflow side and the outflow side. The method includes creating a stress in the elastomer portion.
The method includes repeating a predetermined number of cycles: raising the stress to a
predetermined amount and lowering the stress to cause the heart valve to meet the performance
requirement.

Implementations of the invention may include one or more of the following. The
predetermined number of cycles may be less than 100. The predetermined number of cycles may
be between 25 and 75.

Brief Description of Drawings

Fig. 1 is a perspective view of a polymer valve.
Fig. 2 is a top view of the polymer valve of Fig. 1.

Fig. 3 is a perspective view of a polymer valve.
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Fig. 4 is a top view of the polymer valve of Fig. 3.

Fig. S is an example of a stress/strain plot for a metal.

Fig. 6 is a stress/strain plot for an elastomer subject to stress softening.

Figs. 7, 8, 9, 10, 11, 12 and 13 illustrate apparatus for pre-stressing a tri-leaflet
prosthetic heart valve. |

Figs. 14 and 15 illustrate a device to prevent the inward deflection of a stent while a tri-
leaflet prosthetic heart valve is being pre-stressed.

Best Mode for Carrying Out the Invention

A tri-leaflet heart valve prosthesis 10 comprises an annular elastic valve body 12 and
three flexible leaflets 14 made of a biocompatible polymer such as silicone or polyurethane, as
shown in Fig. 1. Each leaflet has an attachment edge by which it is coupled to the valve body
along an attachment curve 16. Each leaflet has a free edge 18 that is not coupled to the valve
body. A sewing ring 20 is coupled to the base of the valve body 12 and provides a place for
sutures to be applied when the valve is implanted. The valve body comprises an annular base 22
and a leaflet support, comprising three shaped posts 24, that supports the leaflets 14.

When fluid flow is in the forward direction, i.e. in the direction of the arrow shown in
Fig. 1, the pressure of the blood flow causes the leaflets 14 to deflect away from a central
longitudinal axis 26 of the valve body that is generally parallel to the three posts 24. In this
“open” position, the leaflets 14 define a large flow orifice. as shown in Fig. 2. With the leaflets
in the open position shown in Figs. 1 and 2, the valve presents little resistance to fluid flow.

When the pressure of blood flow is insufficient to overcome the elastic force biasing the
valve toward a closed or partially closed position. the leaflets deflect toward axis 26, as shown in
Figs. 3 and 4. In this “closed” position, each leaflet would occlude more than one-third of the
valve body’s orifice were it not for the presence of the other leaflets. Consequently, when the
three leaflets deflect toward axis 26, they engage each other and form coaptive areas along the
free edges 18, which help the valve seal against reverse flow. Further, when the leaflets press
together, each leaflet forms a “triple point” 28 at the point where the three leaflets come
together, as shown in Fig. 4. The place where the leaflets 14 come together adjacent the posts 24
is called the “commissure” 30, as shown in Fig. 3.

From this discussion, it is clear that a tri-leaflet heart valve experiences mechanical stress
during use. Each leaflet experiences one load when the valve opens to allow the leaflet to deflect
out of the way of blood flow. When the blood flow stops, the leaflets are unloaded and return to
the position shown in Fig. 3. Subsequently, when the blood attempts to flow in the opposite
direction, or “regurgitate”, the leaflets experience a different load causing the leafiets to bow

toward axis 26 as shown in Fig. 3. When the blood pressure in the “regurgitation” direction
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ends, the leaflets are unloaded. The rest of the valve experiences similar mechanical stresses as
the valve operates.

Furthermore, these stresses are applied to the valve cyclically. That is, because the
prosthetic heart valve is replacing a native heart valve it will rhythmically and cyclically repeat
the cycle of opening, closiﬁg and experiencing back pressure. This cycle of loading and
unloading the valve will stress soften the portions of the valve subject to that phenomenon.

Referring to Figs. 5 and 6, the effect of this cycle of loading and unloading the valve is
to change its mechanical characteristics and, consequently, to change the performance of the
valve. Figure 5 shows the stress-strain plot for a metal. A curve 32 shows the relationship
between stress and strain for the metal. At a level of stress defined by the yield point 34, the
material ceases to be elastic. Beyond the yield point 34, plastic deformation is induced. At a
level of strain defined by a cross 36 the metal fails. Absent the effect of stress softening, the
elastic loading curve is the same as the elastic unloading curve. That is, the relationship between
stress and strain will be the same as the metal is being loaded as when it is being unloaded as
long as the loading remains below the yield point 34. Further, the relationship between elastic
stress and strain will remain the same from one loading to the next.

Fig. 6 shows the stress-strain plot for a material subject to stress softening, such as an
elastomer. Again, a curve 38, known as the “virgin” stress/strain curve, shows the relationship
between stress and strain for the material. This material does not exhibit an elastic and plastic
region as discussed with respect to Fig. 5. At a level of strain defined by a cross 40, the material
fails. The unloading curve may not be the same as the loading curve for materials subject to
stress softening. For example, if the material is loaded to point A on curve 38. stress softening
will change the characteristics of the material so that it will unload along curve 42.
Subsequently, when the material is loaded again it will follow curve 42 until it merges with and
follows curve 38 as shown in Fig. 6. If the material is later loaded to point B on curve 38, it will
follow curve 44 as it is unloaded. Subsequently, when the material is foaded again it will follow
curve 44 until it merges with and follows curve 38 as shown in Fig. 6. Stress softening can
occur at any point along the stress/strain curve.

If after being stress softened the material is left unstressed for a period of time, the
stress/strain curve of the material will migrate toward, without necessarily reaching, the original
“virgin” stress/strain curve. Once stress is applied to the material again, however, it will soften
again. For some materials, this re-softening will occur more easily than the original softening.
Materials in heart valves may not experience this phenomenon because their operational stress is
continuous.

Thus, material subject to stress softening has a form of “memory”. Its performance

depends on the stresses that it has been subjected to in the past. Further, its performance will
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change each time the level of stress applied to the material reaches a high point the material has
never experienced before. In the prior art, designers of devices incorporating materials subject
to stress softening used the virgin stress-strain curve of materials in their designs. In the
invention, the device is designed using the expected post-stress-softening properties of the
materials. Consequently, the device will meet its performance criteria after stress softening has
occurred. Further, the device is pre-stressed after manufacture but before being placed into use
so that when it is placed into use it has the desired performance characteristics and a stabilized
stress/strain response that will not vary under operational stresses.

In one embodiment of the invention, a prosthetic tri-leaflet heart vaive including at least a
portion that is subject to stress softening is designed using the post-stress-softening properties of
the material. The valve is manufactured and, prior to being implanted. is subjected to stress so
that the valve material subject to stress softening experiences the stress that the material is
expected to experience in use. In one embodiment. the material is an elastomer.

Valve designers consider the stress-strain relationships of the materials they are using in
the valve design to meet a variety of performance characteristics. For example, the shape of the
free edge 18 of each leaflet 14 when the leaflet is between its fully open position and its fully
closed position is partially governed by the stress-strain relationship of the leaflet material. That
shape affects the valve’s flow charécteristics which are important to the proper operation of the
valve after being implanted.

Further, the shapes of the leaflets in their closed positions are affected by the stress/strain
relationship for the leaflet material. If the design of the leaflets does not anticipate the effect of
stress softening, the leaflets may sag excessively or prolapse after implantation.

Another valve performance characteristic affected by the stress-strain relationships of the
materials used to manufacture the valve is the stress level in the materials. Not having
knowledge of stress softening might result in inaccurate estimates of the stress levels and
therefore inaccurate estimates of fatigue life.

In a preferred embodiment, after the valve is designed using the post-stress-softening
characteristics of the valve materials, and after the valve is manufactured, the valve is subjected
to stress so that the material subject to stress softening is subjected to the stress it is expected to
experience in use. In another embodiment, the material is subjected to more stress than it is
expected to experience in use. In still another embodiment, the valve is implanted in the patient
without subjecting it to any stress. In that embodiment, the material subject to stress softening is
stress softened by the opening and closing of the valve as it is used.

Fig. 7 illustrates a generic apparatus 46 for pre-stressing the valve material subject to
stress softening. The apparatus 46 allows stress to be placed on the valve material. For

example, the apparatus may secure the valve 10. A fluid may be pumped into a chamber 48 on
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the outflow side 50 of the valve 10 to create a pressure difference 52 between the chamber 48 on
the outflow side of the valve 10 and a chamber 54 on the inflow side of the chamber. The fluid
may be a liquid, such as water, or a gas such as air.

An example of the use of a liquid to create the stress is illustrated in Fig. 8. A column of
water 56 on the outflow side 50 of the valve 10 places stress on the material of the valve 10.

An example of the use of a gas to create the stress is illustrated in Fig. 9 (the apparatus
shown in Fig. 9 could also be used with a liquid). A pump 58 pumps gas into the chamber 48 on
the outflow side 50 of the valve and, optionally, evacuates gas from the chamber 54 on the inflow
side of the valve. This action creates a pressure differential between the inflow side of the valve
10 and the outflow side of the valve 10, which creates stress in the valve materials.

In another embodiment. the valve materials are subjected to stress by resting a solid mass
60. preferably sculpted to match the shape of the outflow side of the valve 10. on the outflow
side of the valve, as shown in Fig. 10. The weight of the mass 60 pressing down on the outflow
side of the valve 10 creates the desired stress.

In another embodiment, a weight 62 is attached to the inflow side of the valve 10,
preferably by an adhesive. The weight hanging from the inflow side of the valve creates the
desired stress in the vaive materials.

In another embodiment, the valve 10 is placed at the end of a flexible member 64, as
illustrated in Fig. 12. A vibration is then initiated in the flexible member 64. The vibration of
the flexible member 64 causes the valve to accelerate back and forth. The inertia of the valve
gives rise to the desired stress.

In another embodiment, the valve 10 is secured to a centrifuge 66. as shown in Fig. 13.
The rotation of the centrifuge causes the materials of the valve 10 to experience the desired
stress.

In some of the embodiments, the stress applied to accomplish pre-stressing is cyclically
raised and lowered. That is. a cycle of raising the stress to a predetermined amount and then
lowering it is repeated a predetermined number of times.

The predetermined amount of stress applied during each cycle depends on the design of
the valve and the material or materials that are incorporated into the design. Further, the amount
of stress applied and the rate that the stress is applied and lowered may vary from cycle to cycle.

Preferably, the number of cycles is between 1 and 100. More preferably, the number of
cycles is between 25 and 75. Even more preferably, the number of cycles is between 30 and 50.

Pre-stressing the portions of the valve subject to stress softening beyond the level
expected in use may stress and possibly damage portions of the valve that are not subject to stress
softening. For example, a stent, which is a piece of metal or plastic configured to support the

valve body that roughly has the shape of and follows the contours of the attachment curves 16,
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may yield under the stresses imposed by pre-stressing. To reduce the stress experienced by the
stent 68, a hollow collar 70 is placed inside the valve body 12, as illustrated in Figs. 14 and 15.
The collar 70 reduces the inward deflection of the stent 68, particularly in the area of the
commissures, as the valve is experiencing stress, such as, for example, when pressure is being
applied to the outflow side of the valve.

The foregoing describes preferred embodiments of the invention and is given by way of
example only. The invention is not limited to any of the specific features described herein, but

includes all variations thereof within the scope of the appended claims.
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WHAT IS CLAIMED IS:

PCT/US00/06287

L. A method for manufacturing a prosthetic heart valve, comprising the steps of:

fabricating a heart valve, the valve having an inflow side and an outflow side, at least
a portion of the heart valve comprising a material subject to stress softening,

the material experiencing stress when a pressure differential occurs between

the inflow side and the outflow side;

creating a stress in the material prior to use.

2. The method of claim 1 wherein creating a pressure differential comprises

raising the stress to the point where the material subject to stress softening

experiences the stress that it is expected to experience in use.

3. The method of claim 2 wherein creating a pressure differential comprises

raising the stress to the point where the material subject to stress softening

experiences more stress than it is expected to experience in use.

4. The method of claim 1 further comprising
removing the stress.

5. The method of claim 4 further comprising

cyclically creating and removing the stress a predefined number of times.

6. The method of claim 1 wherein creating the stress comprises
applying pressure to the outflow side of the valve with a fluid.

7. The method of claim 6 wherein the fluid is a gas.

8. The method of claim 6 wherein the fluid is a liquid.

9. The method of claim 1 wherein creating the stress comprises
applying a weight to the valve.

10. The method of claim 9 wherein applying a weight comprises
applying a weight to the outflow side of the valve.

11. The method of claim 9 wherein applying a weight comprises
applying a weight to the inflow side of the valve.

12. The method of claim 1 wherein creating the stress comprises
applying a vacuum to the valve.

13. The method of claim 1 wherein creating the stress comprises
accelerating the valve.

14. The method of claim | wherein creating the stress comprises
vibrating the valve.

15. The method of claim 1 wherein creating the stress comprises

applying a static head of fluid to the outflow side of the valve.
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16. The method of claim 1 wherein creating the stress comprises

pumping fluid into a chamber on the outflow side of the valve.

17. The method of claim | wherein creating the stress comprises

pumping fluid out of a chamber on the inflow side of the valve.

18. The method of claim 1 wherein creating the stress comprises

creating a pressure differential between the inflow side and the outflow side of the
valve.

19. The method of claim | wherein the valve has an annular portion supporting three
leaflets, further comprising

supporting the annular portion of the vaive when creating the stress.

20. The method of claim 19 wherein supporting the annular portion of the valve
comprises

placing an annular collar inside the annular portion of the valve.

21. A method for manufacturing an object, at least a portion of the object
comprising materials subject to stress softening, the method comprising the
steps of:

pre-stressing prior to use the portion of the object comprising materials subject to
stress softening.

22. The method of claim 21, wherein pre-stressing comprises

subjecting the portion of the object comprising the material subject to stress softening
to the stress it is expected to experience in use.

23. The method of claim 21, wherein pre-stressing comprises
subjecting the portion of the object comprising the material subject to stress

softening to more stress than it is expected to experience in use.

24. An object, comprising:-

a flexible member having a material subject to stress softening;
the flexible member being pre-stressed to the stress it is expected to

experience

in use.

25. The object of claim 24 wherein

the flexible member is pre-stressed beyond the stress it is expected to experience in
use.

26. The object of claim 24 wherein the material comprises an elastomer.

27. The object of claim 24 further comprising

a valve comprising

a valve body;
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three flexible leaflets coupled to the valve body;

the flexible member being part of the valve.

28. The object of claim 24 further comprising

the flexible member having a different performance after being pre-stressed than

before being pre-stressed.

28. The object of claim 28 wherein the performance of the flexible member after
pre-stressing is closer to a desired performance of the flexible member than the
performance of the flexible member before pre-stressing.

29. A tri-leaflet heart valve, comprising:

an elastomer portion;

the elastomer portion being pre-stressed, prior to implantation. to the stress it is

expected to experience in use.

31. The tri-leaflet heart valve of claim 30 wherein

the elastomer portion is pre-stressed, prior to implantation, beyond the stress it is

expected to experience in use.

32. The tri-leaflet heart valve of claim 30 further comprising

an annular valve body; and

three leaflets coupled to the annular valve body.

33. The tri-leaflet heart valve of claim 32 wherein

the annular valve body comprises the pre-stressed elastomer portion.

34. The tri-leaflet heart valve of claim 32 wherein

at least one of the three leaflets comprises the pre-stressed elastomer portion.

35. A method for pre-stressing a tri-leaflet heart valve to meet a performance

requirement. the method comprising the steps of:
providing the heart valve having an inflow side and an outflow side, the heart
valve comprising an elastomer portion subject to stress softening, the elastomer
portion of the heart valve experiencing stress when a pressure differential occurs
between the inflow side and the outflow side:
creating a stress in the elastomer portion;
repeating a predetermined number of cycles:
raising the stress to a predetermined amount; and lowering the stress;
to cause the heart valve to meet the performance requirement.
36. The method of claim 35 wherein the predetermined number of cycles is less
than 100.
37. The method of claim 35 wherein the predetermined number of cycles is

between 25 and 75.
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