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MANUFACTURING PROCESS FOR POLYMERIC STENTS

BACKGROUND OF THE INVENTION
Field of the Invention
This invention relates to methods of manufacturing polymeric stents.

Description of the State of the Art

This invention relates to radially expandable endoprostheses, that are adapted to be
implanted in a bodily lumen. An “endoprosthesis” corresponds to an artificial device that
is placed inside the body. A “lumen” refers to a cavity of a tubular organ such as a blood
vessel. A stent is-an example of such an endoprosthesis. Stents are generally cylindrically
shaped devices that function to hold open and sometimes expand a segment of a blood
vessel or other anatomical lumen such as urinary tracts and bile ducts. Stents are often
used in the treatment of atherosclerotic stenosis in blood vessels. “Stenosis’™ refers to a
narrowing or constriction of a bodily passage or orifice. In such treatments, stents
reinforce body vessels and prevent restenosis following angioplasty in the vascular system.
“Restenosis’ refers to the reoccurrence of stenosis in a blood vessel or heart valve after it
has been treated (as by balloon angioplasty, stenting, or valvuloplasty) with apparent
success.

Stents are typically compdsed of scaffolding that includes a pattern or network of
interconnecting structural elements or struts, formed from wires, tubes, or sheets of
material rolled into a cylindrical shape. This scaffolding gets its name because it
physically holds open and, if desired, expands the wall of the passageway. Typically,
stents are capable of being compressed or crimped onto a catheter so that they can be

delivered to and deployed at a treatment site.
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Delivery includes inserting the stent through small lumens using a catheter and
transporting it to the treatment site. Deployment includes expanding the stent to a larger
diameter once it is at the desired location. Mechanical intervention with stents has
reduced the rate of restenosis as compared to balloon angioplasty. Yet, restenosis remains
a significant problem. When restenosis does occur in the stented segment, its treatment
can be challenging, as clinical options are more limited than for those lesions that were
treated solely with a balloon.

Stents are used not only for mechanical intervention but also as vehicles for
providing biological therapy. Biological therapy uses medicated stents to locally
administer a therapeutic substance. Effective concentrations at the treated site require
systemic drug administration which often produces adverse or even toxic side effects.
Local delivery is a preferred treatment method because it administers smaller total
medication levels than systemic miethods, but concentrates the drug at a specific site.
Local delivery thus produces fewer side effects and achieves better results.

A medicated stent may be fabricated by coating the surface of either a metallic or
polymeric scaffolding with a polymeric carrier that includes an active or bioactive agent or
drug. Polymeric scaffolding may also serve as a carrier of an active agent or drug.

The stent must be able to satisfy a number of mechanical requirements. The stent
must be capable of withstanding the structural loads, namely radial compressive forces,
imposed on the stent as it supports the walls of a vessel. Therefore, a stent must possess
adequate radial strength. Radial strength, which is the ability of a stent to resist radial
compressive forces, is due to strength and rigidity around a circumferential direction of the
stent. Radial strength and rigidity, therefore, may also be described as, hoop or

circumferential strength and rigidity.
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Once expanded, the stent must adequately maintain its size and shape throughout its
service life despite the various forces that may come to bear on it, including the cyclic
loading induced by the beating heart. For example, a radially directed force may tend to
cause a stent to recoil inward. In addition, the stent must possess sufficient flexibility to
allow for crimping, expansion, and cyclic loading.

Some treatments with imp}antable medical devices require the presence of the
device only for a limited period of time. Once treatment is complete, which may include
structural tissue support and/or drug delivery, it may be desirable for the stent to be
removed or disappear from the treatment location. One way of having a device disappear
may be by fabricating the device in whole or in part from materials that erode or
disintegrate through exposure to conditions within the body. Thus, erodible portions of
the device can disappear or substantially disappear from the implant region after the
treatment regimen is completed. After the process of disintegration has been completed,
no portion of the device, or an erodible portion of the device will remain. In some
embodiments, very negligible traces or residue may be left behind. Stents fabricated from
biodegradable, bioabsorbable, and/or bioerodable materials such as bioabsorbable
polymers can be designed to completely erode only after the clinical need for them has
ended.

However, there are potential shortcomings in the use of polymers as a material for
implantable medical devices, such as stents. There is a need for a manufacturing process
for a stent that addresses such shortcomings so that a polymeric stent can meet the clinical
and mechanical requirements of a stent.

SUMMARY OF THE INVENTION

Certain embodiments of the invention include a method of fabricating a stent delivery

device comprising forming a polymeric tube using extrusion, the tube being drawn during



10

15

20

25

WO 2007/142736 PCT/US2007/008688

extrusion so that a diameter of the formed tube is less than a target diameter; radially
deforming the formed tube so that the deformed tube comprises the target diameter;_forming
a stent from the deformed tube, wherein forming the stent includes laser machining a stent
pattern in the deformed tube with an ultra-short pulse laser; and crimping the stent on a
support element, wherein a temperature of the stent during crimping is above an ambient
temperature.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a stent.

FIG. 2 depicts an axial cross-section of a polymer tube positioned within an annular
member or mold.

FIG. 3 depicts a deformed polyrﬁer tube in a mold.

FIG. 4 depicts a schematic plot of the crystal nucleation rate and the crystal growth
rate, and the overall rate of crystallization.

FIG. 5 depicts a mathematical representation of a Gaussian laser beam profile.

FIG. 6 depicts a collimated two-dimensional representation of a laser beam.

FIG. 7 depicts an overhead view of the surface of a substrate.

FIG. 8 illustrates a kerf machined by a laser.

FIG. 9 depicts an exemplary stent pattern.

FIG. 10A depicts an exemplary bending element of a stent pattern.

FIG. 10B depicts the strairl distribution along a line offset from the neutral axis of the
bending element depicted in FIG. 10B.

FIG. 11 is a schematic plot of the specific volume of an amorphous polymer vs.

temperature.
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DETAILED DESCRIPTION OF THE INVENTION

Various embodiments of methods of manufacturing a polymeric stent and a
delivery system for a stent are disclosed. A stent can be made of a biostable,
biodegradable, or a combination of a biostable and biodegradable polymer. The terms
degrade, absorb, and erode, as well as degraded, eroded, and absorbed, are used
interchangeably and refer to materials that are capable of being completely eroded, or
absorbed when exposed to bodily conditions.

A stent may include a pattern or network of interconnecting structural elements or
struts. FIG. 1 depicts an example of a three-dimensional view of a stent 10. The stent
may have a pattern that includes a number of interconnecting elements or struts 15. The
embodiments disclosed herein are not limited to stents or to the stent pattern illustrated in
FIG. 1.

The embodiments described herein are easily applicable to other patterns and other
implantable medical devices, including, but not limited to self-expandable stents, balloon-
expandable stents, stent-grafls, and grafts. The structural pattern of the device can be of
virtually any design. The variations in the structure of patterns are virtually unlimited. As
shown in FIG. 1 the geometry or shape of stents vary throughout its structure. A pattern
may include portions of struts that are straight or relatively straight, an example being a
section 20. Patterns may also include intersections of struts with curved or bent portions
or elements as in sections 25 and 30. In addition, patterns may include struts that include
curved or bent portions or elements as in a section 35.

Additionally, a surface of a medical device, such as a stent, may also be
characterized by the relative locatl:on of the surface with respect to a bodily lumen. The
stent includes abluminal surfaces or outer portions, luminal surfaces or inner portions, and

surfaces between the abluminal and luminal surfaces. For example, struts 15 of stent 10
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include luminal faces or surfaces 40, abluminal faces or surfaces 45, and side-wall faces or
surfaces 50.

A stent such as stent 10 may be fabricated from a polymeric tube or a sheet by
rolling and bonding the sheet to form the tube. A tube or sheet can be formed by extrusion
or injection molding. A stent pattem, such as the one pictured in FIG. 1, can be formed in
a tube or sheet with a technique such as laser cutting or chemical etching. The stent can
then be crimped on to a balloon or catheter for delivery into a bodily lumen.

A stent made from a biodegradable polymer is intended to remain in the body for a
duration of time until its intended function of, for example, maintaining vascular patency
and/or drug delivery is accomplished. After the process of degradation, erosion,
absorption, and/or resorption has been completed, no portion of the biodegradable stent, or
a biodegradable portion of the stent will remain. In some embodiments, very negligible
traces or residue may be left behind.

The duration of a treatment period depends on the bodily disorder that is being
treated. In treatments of coronary heart disease involving use of stents in diseased vessels,
the duration can be in a range from about a month to a few years. However, the duration
is typically up to about six months, twelve months, eighteen months, or two years. In
some situations, the treatment period can extend beyond two years. Stents composed of
biodegradable polymers are particularly attractive since they can be designed to remain in
the body during the above-mentioned time frames.

In addition, to biodegradability, there are severél properties that are generally
desirable for a stent to have that greatly facilitate the delivery, deployment, and treatment
of a diseased vessel. As indicated above, a stent has certain mechanical requirements. A
stent must have sufficient radial strength to withstand structural loads, namely radial

compressive forces, imposed on the stent as it supports the walls of a vessel. In addition,
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the stent must possess sufficient flexibility to allow for crimping, expansion, and cyclic
loading. Also, a sufficiently low profile, that includes diameter and size of struts, is
important. As the profile of a stent decreases, the easier is its delivery, and the smaller the
disruption of blood flow.

Polymers tend to have a number of shortcomings for use as materials for stents.
One such shortcoming is that many biodegradable polymers have a relatively low modulus,
and thus relatively low radial strength. Compared to metals, the sirength to weight ratio of
polymers is smaller than that of metals. A polymeric stent with inadequete radial strength
can result in mechanical failure or recoil inward after implantation into a vessel. To
compensate for the relatively low modulus, a polymeric stent requires significantly thicker
struts than a metallic stent, which results in an undesirably large profile.

Another shortcoming of polymers is that many polymers, such as biodegradable
polymers, tend to be brittle under biological conditions or conditions within a human body.
Specifically, such polymers can have a Tg above human body temperature which is
approximately 37 °C. These polymer systems exhibit a brittle fracture mechanism in
which there is little or no plastic defofmation prior to failure. As aresult, a stent
fabricated from such polymers can have insufficient toughness for the range of use of a
stent. In particular, it is important for a stent to be resistant to fracture throughout the
range of use of a stent, i.e., crimping, delivery, deployment, and during a desired treatment
period.

Other potential problems with polymeric stents include creep, stress relaxation, and
physical aging. Creep refers to the gradual deformation that occurs in a polymeric
contruct subjected to an applied load. Creep occurs even when the applied load is constant.

| It is believed that the delayed response of polymer chains to stress during

deformation causes creep behavior. As a polymer is deformed, polymeric chains in an
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initial state rearrange to adopt a new equilibrium configuration. Rearrangement of chains
takes place slowly with the chains retracting by folding back to their initial state. For
example, an expanded stent can retract radially inward, reducing the effectiveness of a
stent in maintaining desired vascular patenéy. The rate at which polymers creep depends
not only on the load, but also on temperature. In general, a loaded construct creeps faster
at higher temperatures.

Stress relaxation is also a consequence of delayed molecular motions as in creep.
Contrary to creep, however, which is experienced when the load is constant, stress
relaxation occurs when deformation (or strain) is constant and is manifested by a reduction
in the force (stress) required to maintain a constant deformation. The mechanism
responsible for both stress relaxation and creep will result in recoil, as the stent may
experience deformation in response to an applied load (ffom the vessel). Unlike stress
rela.xation, the deformation imposed on the stent may change with time. Unlike creep, the
applied load will also change with time.

Physical aging, as used herein, refers to densification in the amorphous regions of a
semi-crystalline polymer. Densification is the increase in density of a material or region
of a material. Densification results from residual and applied stresses. As used herein, a
“residual stress” includes, without limitation, the stress in a bulk polymer thatisin a non-
equilibrium thermodynamic state. Physical aging of semi-crystalline polymers that have
glass transition temperatures (Tg) above their normal storage temperature, which, for the
purposes of this invention is room temperature, i.e., from about 15 °C to about 35 °C,
occurs primarily through the phenomenon known as densification.

Densification occurs wher{ a semi-crystalline polymer is cooled at a non-
equilibrium rate from a temperature above its Tg to a temperature below its Tg. Non-

equilibrium cooling is normally what will occur in most industrial settings since
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equilibrium cooling is very slow and would be considered economically impractical. The
non-equilibrium cooling rate results in the polymer chains of the amorphous domains
being trapped at non-optimal separation distances in the glassy state that forms when the
temperature goes below Tg. The chains then attempt to achieve optimal separation by
coordinated localized chain motion. The reordering of polymer chains tends to increase
the modulus of the polymer resulting in a brittle or more brittle polymer. Thus,
densification of a polymer initially selected for its toughness and elasticity could cause
failure of a coating or polymeric scaffolding when the polymer ages or densifies and
becomes brittle.

Certain embodiments of the present invention relate to methods of fabricating a
polwn§ﬁc stents that have one or more above-mentioned required or desirable properties
including biodegradability, adequate toughness in the conditions of use of a stent, and a
strength to weight ratio close to metals resulting in an acceptable stent profile. The
embodiments can also reduce or eliminate above mentioned shortcomings of polymeric
materials such as creep, stress relaxation, and physical aging.

In certain embodiments, a method of forming a stent may include forming a tube
and laser machining a tube to form a stent pattern in a manner that the formed stent has the
above-mentioned required or desirable properties. Certain embodiments of a method of

fabricating a stent may include:

(1) forming a polymeric tube using extrusion,

(2) radially deforming the formed tube, and

(3) forming a stent from the deformed tube by laser machining a stent pattern in the
deformed tube with an ultra-short pulse laser.

In some embodiments, the tubing can be extruded to dimensions that allow radial

deformation of the tube to a desired size for fabrication of a stent. Radial deformation
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tends to increase the radial strengt’h of the tubing, and the subsequently fabricated stent.
Additionally, the tube can be extruded so that the resultant tube has relatively low
crystallinity which reduces brittle behavior and increases toughness.

Other embodiments of a method of fabricating a polymeric stent can include one or
more of the following of the additional features:

(1) the method can include the use of an ultrafast laser reduces the deleterious
affects on mechanical properties of the polymer during laser machining,

(2) the method can include forming a stent pattern in which the strain experienced
by the stent is spread or distributed over a relatively large area rather than being highly
concentrated when the stent is def_ormed, and

(4) embodiments can include fabricating the stent from a semicrystalline polymer
which can reduce or eliminate creep, stress relaxation, and physical aging.

Further embodiments can include fabricating a stent delivery device by crimping
the stent on a support element such that the temperature of the stent during crimping is
above an ambient temperature. Heating a stent during crimping can reduce or eliminate
radially outward recoiling of a crimped stent which can result in an unacceptable profile
for delivery. .

Polymer tubes may be formed using various types of forming methods, including,
but not limited to extrusion or injection molding. Alternatively, a polymer tube may be
formed from sheets that are rolled.and bonded into a tube. Representative examples of
extruders include, but are not limited to, single screw extruders, intermeshing co-rotating
and counter-rotating twin-screw extruders and other multiple screw masticating extruders.

In extrusion, a polymer melt is conveyed through an extruder and forced through a
die in the shape of as an annular film in the shape of a tube. The annular film can be

cooled below the melting point, Tm, of the polymer to form an extruded polymeric tube.

10
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In one embodiment, the annular film in the shape of a tube can be axially drawn or
stretched. As the tube is drawn, its diameter decreases. Therefore, the tube can be drawn
to have a selected diameter. In some embodiments, the annular film may be drawn by a.
puller. The puller may include a conveyor assembly that supports and sizes the annular
film.

The annular film may be cooled during expansion and/or after drawing. For
example, the annular film may be conveyed through a water bath at a selected temperature.
Alternatively, the annular film may be cooled by air at a selected temperature. The
annular film may be cooled at or near an ambient temperature, e.g. 25 °C. Alternatively,
the annular film may be cooled at a temperature below ambient temperature.

As mentioned above, polymers tend of have a relatively low strength to weight
ratio as compared to metals. Fabrication of a polymeric stent with strquth comparable to
a conventional metallic stent can require undesirably large struts.

Thus, in certain embodiments, a method of fabricating a stent may include
modifying the mechanical properties of polymer construct, such as a tube, to have
desirable mechanical properties. The polymer can be modified to increase the strength,
modulus, and/or toughness of the polymer tube. In some embodiments, the polymer can
be modified to allow fabrication of a polymeric stent with strength comparable to a
conventional metallic stent and with strut dimensions that are close to the dimensions of

conventional metallic stents.

It is well known by those skilled in the art that the mechanical properties of a
polymer can be modified by applying stress to a polymer. The strength and modulus of a
polymer can be increased along the direction of the applied stress. The application of

stress can induce molecular orientation along the direction of stress which can increase the

11
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strength and modulus along the direction. Molecular orientation refers to the relative

orientation of polymer chains along a longitudinal or covalent axis of the polymer chains.

Molecular orientation can be induced in polymers that are completely amorphous,
partially or semi-crystalline, or almost completely crystalline. A partially or semi-
crystalline polymer includes crystalline regions separated by amorphous regions. The
crystalline regions do not necessarily have the same or similar orientation of polymer
chains. However, a high degree of orientation of crystallites may be induced by applying
stress to a semi-crystalline polymer. The stress may also induce orientation in the
amorphous regions.

Due to the magnitude and directions of stresses imposed on a stent during use, it is
important for the mechanical stability of a device to have an adequate magnitude of
strength both in axial and circumferential directions. Therefore, an adequate balance of
axial and circumferential strength is also important for mechanical stability. The relative
amount of axial and circumferential orientation may depend on a number of factors such
as the stent pattern, initial diameter of the tube, final diameter of the stent, and crimped
diameter of the stent. Polymer tubes formed by extrusion methods tend to possess a
significant degree of axial polymér chain alignment. However, such conventionally
extruded tubes tend to possess no or substantially no polymer chain alignment in the
circumferential direction.

Some embodiments of a method of fabricating a stent may include radially
deforming a polymeric tube about a cylindrical axis of the tube. The tube can be radially
deformed to increase the strength and modulus in the circumferential direction. The
increase in strength and modulus can be due to the induced molecular orientation in the

circumferential direction.

12
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Additionally, the method may further include axially deforming the tube along the
cylindrical axis of the tube. In one embodiment, the tube may be axially deformed by
applying a tensile force to the tube along the cyliﬁdﬁcal axis. Axial deformation of the
polymer tube may induce axial molecular orientation, and hence, increase the axial
strength and modulus or rigidity. Various embodiments may include radially deforming
the tube prior to, subsequent to, and/or contemporaneously with axial deformation the tube.

The degree of polymer chain alignment induced with applied stress may depend
upon the temperature of the polymer. Above Tg, polymer chain alighment may be readily
induced with applied stress since polymer chains have greater mobility than below Tg.
Consequently, the amount of deformation depends on the temperature of a polymeric
material. Therefore, it is advmtaéeous to radially deform the tube at a temperature above
Tg.

Additionally, the polymeric tube may be heat set to allow polymeric chains to
rearrange upon deformation. “Heat setting,” as used herein, refers to maintaining a
polymer at an elevated temperature to allow polymer chains in the heated polymer to
move toward a state of thennodynamic equilibrium. In a deformed polymeric tube,
polymeric chains are allowed to equilibrate towards the induced highly oriented structure
at the elevated temperature. Since polymer chain alignment is a time and temperature
dependent process, a highly oriented structure that is thermodynamically stable at a given
temperature may not be formed instantaneously. Thus, the polymeric tube may be
maintained in a deformed state at an elevated temperature for a period of time.

A tube can be radially deformed using blow molding. FIGs. 2 and 3 illustrate an
embodiment of deforming a polymeric tube in manufacturing a stent. FIG. 2 depicts an
axial cross-section of a polymeric tube 150 with an outside diameter 155 positioned within

an annular member or mold 160. Mold 160 may act to limit the radial deformation of

13
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polymeric tube 150 to a diameter 165, the inside diameter of mold 160. Polymer tube 150
may be closed at a distal end 170. Distal end 170 may be open in subsequent
manufacturing steps. A fluid may be conveyed, as indicated by an arrow 175, into an open
proximal end 180 of polymeric tul_)e 150. A tensile force 195 is applied at proximal end
180 and a distal end 170.

Polymeric tube 150 may be heated by heating the gas to a temperature above
ambient temperature prior to conveying the gas into polymeric tube 150. Alternatively,
the polymeric tube may be heated by heating the exterior of mold 160. The tube may also
be heated by the mold. The increase in pressure inside of polymer tube 150 facilitated by
an increase in temperature of the polymeric tube causes radial deformation of polymer
tube 150, as indicated by an arrow 185. FIG. 3 depicts polymeric tube 150 in a deformed
state with an outside diameter 190 within annular member 160.

Additionally, as indicated above, the pressure inside the tube and the temperature
of the tube may be maintained at the elevated temperature for a period of time to allow the
polymeric tube to be heat set. The period of time may be between about one minute and
about two hours, or more narrowly, between about two minutes and about ten minutes.

Furthermore, the tube may be expanded to a target diameter. In one embodiment,
the target diameter may be the diameter at which a stent pattern is formed by laser
machining the tube. The target diameter can also correspond to the diameter of a stent
prior to crimping. The degree of radial deformation may be quantified by a blow-up ratio

or radial draw ratio:

Qutside Diameter of Deformed Tube

Original Inside Diameter of Tube

14
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In some embodiments, the radial draw ratio of a polymeric tube for use in fabricating a
stent may be between about 1 and 20, or more narrowly between about 2 and 6. Similarly,

the degree of axial deformation may be quantified by an axial draw ratio:

Length of Deformed Tube
Original Length of Tube

In some embodiments, a stent can be fabricated from the radially expanded tube by
laser machining. The stent may then be crimped on to a delivery device such as a balloon.
Therefore, the extruded tube must have a diameter that is less than a target diameter, the
target diameter corresponding to a diameter at which a stent pattern is formed by laser
machining or a diameter of a stent prior to crimping. Thus, the extruded tube can then be
radially expanded to the target diameter.

The degree of induced strength due to radial expansion depends on the amount of
radial expansion as quantified by the blow-up ratio. Thus, the degree of radial expansion
is determined by the extruded diameter and the target diameter. In some embodiments, the
extruded diameter can be used to determine the degree of radial expansion. The smaller
the extruded diameter, the larger is the degree of radial expansion. In some embodiments,
the extruded diameter can be controlled by the drawing of the polymer film as it exits the
die. For a die having a diameter similar to the target diameter, the axial draw down ratio

can be between 1 and 3. The axial drawdown ratio is defined as:

Drawn Length of Tube
Original Length of Tube

In further embodiments, it may be desirable to control the degree of crystallinity in

a polymer tube during extrusion, radial deformation, and/or axial deformation to reduce or
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eliminate physical aging, creep, and stress relaxation in a stent. Additionally, it is also

desirable to control crystallinity to increase the toughness of a stent.

As discussed above, physical aging, creep, and stress relaxation are due at least in
part to rearrangement of polymer chains in amorphous regions of a polymer. Thus, as
crystallinity increases in a polymer, physical aging, creep, and stress relaxation tend to
reduced. Therefore, it is advantageous to use crystalline or semi-crystalline polymers for a

stent to reduce or eliminate physical aging, creep, and stress relaxation.

However, crystalline and sem-crystalline polymers can be relatively brittle at
biological conditions, i.e., the temperature of the human body. In particular, such
polymers can have a Tg below the body temperature. These polymers can have a low
fracture toughness and are thus susceptible to mechanical failure during use, for example,
during crimping, deployment, and treatment. It is important for a stent to have a high
fracture toughness throughout the range of stress experienced during use. For a semi-
crystalline polymer, the higher the crystallinity, the more likely the polymer will be brittle
under biological conditions.

Semi-crystalline polymers can contain both amorphous and crystalline domains at
temperatures below their melting point. Amorphous regions are those in which polymer
chains are in relatively disordered configurations. Crystalline domains are those in which
polymer chains are in ordered configurations with segments of polymer chains essentially
parallel to one another.

In certain embodiments, the crystallinity of an extruded tube can be controlled by
controlling the temperature of cooling the annular film exiting the die. In general,
crystallization tends to occur in a polymer at temperatures between Tg and Tm of the

polymer. The rate of crystallization in this range varies with temperature. FIG. 4 depicts a
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schematic plot of the crystal nucleation rate (Ry), the crystal growth rate (Rcg), and the
overall rate of crystallization (Rco). The crystal nucleation rate is the growth rate of new
crystals and the crystal growth rate is the rate of growth of formed crystals. The overall

rate of crystallization is the sum of curves Ry and Reg.

In certain embodiments, tt;e temperature of the annular tube exiting the extruder
during cooling can be at a temperature at which the overall crystallization rate is relatively
low. In some embodiments, the temperature can be in a range in which the crystal
nucleation rate is larger than the crystal growth rate. In one embodiment, the temperature
can be in a range in which the crystal nucleation rate is substantially larger than the crystal
growth rate. For example, the temperature can be where the ratio of the crystal nucleation
rate to crystal growth rate is 2, 5, 10, 50, 100, or greater than 100. In another embodiment,
the temperature range may be in range, AT shown in FIG. 4, between about Tg to about
0.5(Tm - Tg) + Tg.

The resulting polymeric tube may then have relatively low crystallinity.
Additionally, since the nucleation rate is higher than the crystal growth rate, the resulting
polymer can have a relatively large number of crystalline domains that are relatively small.
As the size of the crystalline domains decreases along with an increase in the number of
domains, the polymer may become less brittle and, thus, which increases the fracture
toughness.

Although the crystallinity of the resulting polymer can be relatively low, the
presence of the relatively large number of relatively small crystalline domains can reduce
or eliminate physical aging, creep, and stress relaxation. It is believed that crystallites
inhibit movement of polymer chains in the amorphous regions. As indicated above, such

movement contributes to physical.aging, creep, and stress relaxation.
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Additionally, crystallinity in a polymeric tube can also be controlled during radial
deformation to increase fracture toughness and reduce physical aging, creep, and stress
relaxation. As indicated above, it is desirable to radial deform at a temperature above a Tg
of the polymer to facilitate deformation and to heat set the polymer above the Tg. Asa
result, crystallization tends to occur in the polymer during deformation and heat setting.
In addition, crystallinity in addition to orientation may be induced in the polymer during
deformation. This process is referred to as strain-induced crystallization.

Thus, embodiments of the method can include radially deforming and/or heat
setting in temperature ranges described above for extrusion. Deforming and heat setting a
tube in such a temperature range can result in a radially deformed tube with a higher
fracture toughness and reduced physical aging, creep, and stress relaxation for the same
reasons as explained above for extrusion.

In other embodiments, an extruded tube can be formed that is amorphous or
substantially amorphous. An amorphous polymeric tube can be formed by quenching the
annular tube exiting the die so that its temperature is reduced to a temperature from above
Tm to below Tg so that no or substantially no crystallization occurs in the polymer during
cooling. Thus, an amorphous glassy polymer can be formed. The tube can then be
deformed and heat set, as describéd above, at a temperature that results in high fracture
toughness and with reduced physical aging, creep, and stress relaxation.

Additionally, certain embodiments of a method of fabricating a stent can include
laser machining a stent pattern in an extruded and radially deformed tube. In some
embodiments, a stent pattern may be formed with an ultrashort-pulse lasers. “Ultrashort-
pulse lasers” refer to lasers having pulses with durations shorter than about a picosecond
(=10""%). Ultrashort-pulse lasers can include both picosecond and femtosecond (=10"%)

lasers. The ultrashort-pulse laser is clearly distinguishable from conventional continuous
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wave and long-pulse lasers (nanosecond (10%) laser) which have significantly longer
pulses. Certain embodiments of the present method may employ femtosecond lasers
having pulses shorter than about 10™'* second.

The ultrashort-pulse lasers are known to artisans. For example, they are
thoroughly disclosed by M. D. Perry et al. in Ultrashort-Pulse Laser Machining, Section
K-ICALEQ 1998, pp.1-20. Representative examples of femtosecond lasers include, but
are not limited to a Ti:sapphire laser (735 nm-1035 nm) and an excimer-dye laser (220
nm-300 nm, 380 nm-760 nm).

A significant advantage of ultra-short lasers as compared to longer pulse lasers is
that ultra-short lasers tend to result in a significantly smaller heat affected zone (HAZ).
A HAZ refers to a portion of a target substrate that is not removed, but is still exposed to
energy from the laser beam, either directly or indirectly. Direct exposure may be due to
exposure to the substrate from a section of the beam with an intensity that is not great
enough to remove substrate material through either a thermal or nonthermal mechanism.
For example, the portions of a beam near its edges may not have an intensity sufficiently
high to remove substrate material. Most laser beams have a spatially uneven or
nonuniform beam intensity profile, for example, a Gaussian beam profile. A substrate can

also be exposed to energy indirectly due to heat conduction.

A heat affected zone in a target substrate is undesirable for a number of reasons. In
polymers, heat can cause thermal distortion and roughness at the machined surface. The
heat can also alter properties of a polymer such as mechanical strength and degradation

rate. The heat can also cause chemical degradation that can affect the mechanical

properties and degradation rate.
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Additionally, heat can modify molecular structure of a polymer, such as degree of
crystallinity and polymer chain alignment. Mechanical properties are highly dependent on
molecular structure. As mentioned above, a high degree of crystallinity and/or polymer
chain alignment is associated with a stiff, high modulus material. Heating a polymer
above its melting point can result in an undesirable increase or decrease in crystallinity
once the polymer resolidifies. Melting a polymer may also result in a loss of polymer
chain alignment induced by radial expansion, which can adversely affect mechanical

properties.

In addition, since heat from the laser modifies the properties of the substrate
locally, the mechanical properties may become spatially nonuniform. Such nonuniformity
may lead to mechanical instabilities such as cracking.

Longer-pulse lasers remove material from a surface principally through a thermal
mechanism. The laser energy that is absorbed results in a temperature increase at and near
the absorption site. As the temperature increases to the melting or boiling point, material
is removed by conventional melting or vaporization. Depending on the pulse duration of
the laser, the temperature rise in the irradiated zone may be very fast, resulting in thermal
ablation and shock. An advantage of ultrashort-pulse lasers over longer-pulse lasers is that
the ultrashort-pulse deposits its energy so fast that is does not interact with the plume of
vaporized material, which would distort and bend the incoming beam and produce a
rough-edged cut.

Unlike long-pulse lasers, ultrashort-pulse lasers allow material removal by a
nonthermal mechanism. Extremely precise and rapid machining can be achieved with
essentially no thermal ablation and shock. The nonthermal mechanism involves optical
breakdown in the target material which results in material removal. As discussed below,

optical breakdown may also occur with a gas, in particular with a process gas in contact
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with the beam at the surface of the target substrate. Optical breakdown tends to occur at a
certain threshold intensity of laser radiation that is material dependent. Specifically each
material has its own laser-induced optical breakdown threshold which characterizes the
intensity required to ablate the material at a particular pulse width.

During optical breakdown of material, a very high free electron density, i.e.,
plasma, is produced. The plasma can be produced through mechanisms such as
multiphoton absorption and avalanche ionization.

In optical breakdown, a critical density plasma is created in a time scale much
shorter than electron kinetic energy is transferred to the substrate lattice. The resulting
plasma is far from thermal equilibrium. The target material is converted from its initial
solid-state directly into a fully ionized plasma on a time scale too short for thermal
equilibrium to be established with a target material lattice. Therefore, there is negligible
heat conduction beyond the region removed. As a result, there is negligible thermal stress
or shock to the material beyond approximately 1 micron from the laser machined surface.

In laser machining with longer-pulse and ultra-fast pulse lasers, material removal
tends to occur in an area or region of direct interaction of a laser beam with the targét
material or substrate. Laser machining typically involves focusing a laser beam onto an
area or region of the substrate. The area of direct interaction corresponds to a focus
diameter (Dg) on the target material that can be calculated from:

Di=127*f*N/D
where fis the focal length of a focusing optic, A 1s the wave length of the laser, and D is

the beam diameter on the optic.

FIG. 5 depicts an axial cross-section of a laser beam 501 traveling in the “z”
direction as indicated by an arrow 502. A mathematical representation 504 in the form of

a Gaussian beam profile is shown superimposed on the beam. The profile has a maximum
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intensity (Imax) at the beam center (x=0) and then decreases with distance on either side of
the maximum. The sections of the beam close to the edge may not remove material.
However, such sections may still deposit energy into the material that can have
undesirable thermal affects. Additionally, a portion of the substrate may also be heated
through conduction.

FIGs. 6-8 are schematic illustrations of laser machining a substrate. FIG. 6 depicts
a collimated two-dimensional representation of a laser beam 610 passing through a
focusing lens 612 with a focal point 614. A focused laser beam 616 decreases in diameter
with distance from lens 612. Beam 616 impinges on a substrate 618. The region of direct
interaction of the laser beam has a diameter Dy.

FIG. 7 depicts an overhead view of the surface of substrate 618 showing region
720 with a diameter Dp which corresponds to an area in which material is removed from
the substrate. Region 720 is smaller than the area of direct interaction of the laser which
has a diameter Dy. FIG. 8 illustrates that translation of the laser beam or substrate allows
the laser beam to cut a trench or kerf 824 with at least a width Dp. Energy is deposited in
region 828, but does not remove material. Region 828 corresponds to a portion of a heat
affected zone. The heat affected zone can extend beyond region 828 since substrate
material can also be heated by heat conduction.

Assemblies for laser machining stents have been described in numerous patents
including U.S. Patent Nos. 6,521,865 and 6,131,266. Such assemblies can readily be
modified for use with an ultra-fast pulse laser. Generally, a laser beam source may be
positioned to direct the beam from the laser beam source to remove material from a
substrate held by a fixture. In some embodiments, a polymeric tube can be disposed in a
rotatable collet fixture of a machine-controlled apparatus that positions the tubing relative

to a laser. According to machine-encoded instructions, the tube can be rotated and moved

22



10

15

20

WO 2007/142736 PCT/US2007/008688

axially relative to the laser which can also be machine-controlled. The laser selectiVely
removes the material from the tubing resulting in a pattern cut into the tube. The tube is

therefore cut into the discrete pattern of a finished stent.

In certain embodiments, the process of cutting a pattern for the stent into the tubing
can be automated except for loading and unloading the length of tubing. The automation
may be done, for example, using a CNC-opposing collet fixture for axial rotation of the
length of tubing. A collet fixture may act in conjunction with a CNC X/Y table to move
the length of tubing axially relative to a machine-controlled laser as deséribed. The
program for control of the apparatus is dependent on the particular configuration used and
the pattern formed. CNC equipment manufactured and sold by Anorad Corporation in
Hauppauge, New York may be used for positioning the tube.

It is desirable for a stent to have a stent pattern which allows the strain experienced
by the stent to be spread or distributed over a relatively large area rather than being highly
concentrated when the stent is deformed. During crimping and expansion, curved regions
configured to bend can experience a strain that is localized. Such regions of the stent can

be the most susceptible to fracture.

FIG. 9 depicts an exemplary stent pattern 900 for use with embodiments of a
polymeric tube or a sheet. In an embodiment, stent pattern 900 can be cut from a
polymeric tube using embodiments of the laser machining process described herein. The

polymeric tube can be a radially and/or axially expanded tube, as described above.

Stent pattern 900 is shown in a flattened condition so that the pattern can be clearly
viewed. When the flattened portion of stent pattern 900 is in a cylindrical form, it forms a

radially expandable stent.
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As depicted in FIG. 9, stent pattern 900 includes a plurality of cylindrical rings 902
with each ring including a plurality of diamond shaped cells 904. Embodiments of stent
pattern 900 may have any number of rings 902 depending a desired length of a stent. For
reference, line A--A represents the longitudinal axis of a stent using the pattern depicted in
FIG. 9. Diamond shaped cells 904 are made up of bar arms 906 and 908 that form a
curved element and bar arms 910 and 912 that form an opposing curved element.

Pattern 900 further includes linking arms 916 that connect adjacent cylindrical
rings. Linking arms 916 are parallel to line A-A and connect adjacent rings between
intersection 918 of cylindrically adjacent diamond-shaped elements 904 of one ring and
and intersection 918 of cylindrically adjacent diamond shaped elements 904 of an adjacent
ring. As shown, linking elements connect every other iﬁtersgction along the
circumference.

Generally, a stent is allowed to be crimped or expanded through flexing of curved
or bending elements. A stent with a pattern 900 can be crimped or compressed principally
through flexing of curved elements between

(1) bar arms within diamond-shaped cells symmetric about the longitudinal axis
bar arms, for example, bar arms 906 and 908 with an angle 6, (bending or curved element
1))

(2) bar arms of cylindrically adjacent diamond-shaped cells, for example, bar arms
906 and 908 with an angle 8> (bending or curved element 2)

(3) a bar arm of a diamond-shaped cell and a linking bar arm 916, for example, bar
arms 908 and linking bar arm 916 with an angle §; (bending or curved element 3)

When a stent having a stent pattern 900 is crimped, bending elements 1, 2, and 3
flex inward and angles §,, 8,, and 3 decrease, allowing the stent to be radially compressed.

Similarly, a stent is allowed to expand when angles §;, 82, and 03, increase. With respect
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to bending elements 1 and 2, each of the bar arms of the respective bending elements tend
to bend toward or away from each other. However, in bending element 3, the bar arm of
the diamond-shaped element tends to bend toward the linking bar arm, the linking bar arm
which tends to remain relatively parallel to the longitudinal axis.

The region at and adjacent to the apices of the bending elemenis: apex 920, 922,
and 924, experience a high degree of stress and strain during crimping and expansion. The
spatial distribution of the strain depends on the geometry of the bending portion. The
strain can vary from being highly localized to being widely distributed in the apex regions.

FIG. 10A depicts an exemplary bending element 1000 and FIG. 10B depicts the
strain distribution along a line 1001 at the inner surface of bending element 1000 that
follows its curvature. Curve 1003 corresponds to a strain distribution that is highly
localized while curve 1004 represeénts a more disperse strain distribution. In general, a
more disperse strain distribution is more desirable since the more localized the strain, the
more likely is mechanical failure at the region of strain concentration. As shown by curve
103, the maximum strain experienced by bending arm 1000 increases the more
concentrated the strain distribution, resulting in a higher likelihood of fracture.

In general, the radius of curvature of a bending arm is directly related to the
distribution of stress in a bending arm that is in either a crimped or compressed state. The
larger the radius of curvature of an unstressed bending arm, the more widely dispersed or
distributed is the strain.

Therefore, the stress concentration in bending elements 1,2, and 3 can be
controlled at least by the radius ot: curvature, Ry, R, and R, respectively, which are
depicted in FIG. 10. In general, the radii should be as large as possible while still allowing

a stent to reach a desired crimped diameter.
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An exemplary stent with a stent pattern 900 can have six diamond-shaped cells
with a circumference of 0.264 in. In generél, a stent with stent pattern 900 can have a ratio
of its outer circumference to the number of cells around the circumferences of 0.264 in/§
cells or 0.044 in/cell. In some embodiments, a stent having a disperse strain distribution in
curved elements can have R;=0.0056 in, R;=0.0034, and/or R3=0.005. In pther
embodiments, suéh a stent can have an R; between 0.004'in and 0.006 in, R; between
0.0025 in and 0.004 in, and/or R3 between 0.004 in and 0.006 in.

Embodiments of the stents above tend to have relatively disperse distribution of
strain in the apex regions of bending elements 1, 2, and 3. For example, the magnitude of
stress tends to be below the ultimate strength of stents fabricated according to the
embodiments described herein.

As discussed above, prior to delivery into the body a stent is compressed or
crimped onto a catheter so that it can be inserted into small vessels. Once the stent is
delivered to the treatment site, it can be expanded or deployed at a treatment site.
Generally, stent crimping is the act of affixing the stent to the delivery catheter or delivery
balloon so that it remains affixed to the catheter or balloon until the physician desires to
deliver the stent at a treatment site. There are numerous crimpers available for crimping
stents including, but not limited to, the roll crimper, collet crimper, and wedge crimper.

Conventionally, crimping is performed at ambient conditions. A shortcoming of
polymeric stents as compared with metallic stents is that they can be relatively brittle at
ambient conditions. Such polymers have a Tg that is above ambient conditions. As
discussed above, there are regions of a stent subjected to relatively high stress and strain
during crimping. Thus, such regions are susceptible to mechanical failure in such high
strain regions due to the brittle nature of the polymer at ambient conditions. Another

shortcoming of polymeric stents with respect to crimping is that polymeric stents can have
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a tendency to recoil outward from a crimped diameter. The recoiling can result in poor

stent retention.

Certain embodiments of a crimping method for polymeric stents are described
herein which reduce or eliminate recoil and reduce or eliminate mechanical damage due to
the crimping process. In some embodiments, a stent may be crimped at a temperature

above ambient conditions that reduces or eliminates recoil and mechanical failure.

As discussed above, below Tg a polymer tends to be brittle and thus is susceptible
to fracture at a relatively low elongation when subjected to stress. Generally, the glass
transition temperature, Tg, is the temperature at which the amorphous domains of a
polymer change from a brittle vitreous state to a solid deformable or ductile state at
atmospheric pressure. When an amorphous or semicrystalline polymer is exposed to an
increasing temperature, the coefficient of expansion and the heat capacity of the polymer
both increase as the temperature is raised, indicating increased molecular motion. As the
temperature is raised, the actual molecular volume in the sample remains constant, and so
a higher coefficient of expansion points to an increase in free volume associated with the
system and therefore increased freedom for the molecules to move. The increasing heat
capacity corresponds to an increase in heat dissipation through movement. The Tgof a
given polymer can be dependent on the heating rate and can be influenced by the thermal
history of the polymer. Furthermore, the chemical structure of the polymer heavily

influences the glass transition by affecting mobility.

The transition from the brittle to ductile state is not sharp or discontinuous for an
amorphous polymer. Rather, as the temperature of the polymer approaches Tg, the
polymer becomes less brittle. The smoothness of the transition for an amorphous polymer

can be illustrated by the temperature dependence of a number of properties. For example,
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FIG. 11 is a schematic plot of the specific volume of an amorphous polymer vs.
temperature. In the glassy and ductile states, the specific volume vs. temperature is
substantially linear, with each state having a different slope. As FIG. 11 shows, as the
temperature is increased in the linear glassy region, at a temperature Ty the slope
becomes nonlinear through a continuous transition region AT,. As shown, the Tg is
determined by the intersection of the slope of the specific volume vs. temperature in the

brittle and ductile states.

The specific volume data depicted in FIG. 11 for an amorphous polymer can be
obtained in a dilatometer. In this apparatus, a sample is placed in a glass bulb and a
confining liquid, usually mercury, is introduced into the bulb so that the liquid surrounds
the sample and extends partway up a narrow bore glass capillary tube. A capillary tube is
used so that relatively small chanées in polymer volume caused by changing the

temperature produce easily measured changes in the height of the mercury in the capillary.

The determination of Tg for amorphous materials, such as polymers by
dilatometric methods (as well as by other methods) are found to be rate dependent. For
example, a higher cooling rate can result in a higher value of Tg. Tg can also be
determined using differential scanning calorimetry. Other methods can also be used that

use measurements of quantities such as density, dielectric constant, and elastic modulus.

The increase in the specific volume is associated with increased molecular motion
which can result in less brittle behavior. Therefore, a polymer deformed in this region is
less susceptible to mechanical fail‘ure. Additionally, a deformed polymer is less likely to
recoil towards the undeformed state. This reduction in the polymers desire to return to an
undeformed state is due to the large scale segmental chain motion that is possible for the

polymer above Tg. This increased chain motion will result in very low residual stress in
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the deformed state, which reduces the desire for the polymer to return to an undeformed
state. For polymers deformed below Tg, there will be some retained stress in the polymer,
which will result in a desire for the polymer to return to the undeformed state. Therefore,
it can be desirable for a stent to be at a temperature above the nonlinear transition, Ty,
during crimping. In some embodiments, a polymeric stent may be at a temperature
between Ty and Tg, or more nan:owly in arange Tnp + .90*AT,, Tnyr +.70*AT,, T

+.50*AT,, Tnp + .30*AT,, or T, + .10*AT,, during crimping.

In further embodiments, the stent may be crimped at a selected temperature Ts,
which is less than Tg. Other embodiments include crimping in a temperature interval Ts —
AT;<T < Ts+ AT;. For example, Ts may be Tg - 25°C and AT may be 5°C, 15°C, or

20°C.

Furthermore, some embodiments may include a stent at a temperature at or above
Tg during crimping. However, crimping at such a temperature should be done in a manner
that reduces or prevents loss of induced orientation. The higher the molecular weight of

the polymer and/or faster the crimping process the lower the loss of orientation.

A device for crimping the polymeric stent can resemble any crimping device as is
known in the art. Additionally, the device can be especially modified so that it can heat
the stent during crimping. In some embodiments, the device can apply pressure and heat
simultaneously. In these or other embodiments, after crimping, the crimping device can
hold the stent at an elevated temperature, which may be selected such that it is greater than,
equal to, or less than the selected crimping temperature or may be selected to specifically |
exclude temperatures greater than, equal to, or less than the selected crimping temperature.
In some embodiments, the device crimps the polymeric stent while the stent is heated by

other means.
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The stent can be heated for up to one hour, 30 seconds to one hour, or for 30
seconds. In some embodiments, the stent is heated long enough that the material becomes
ductile enough to adequately lower the brittleness of the stent. Adequate means having a
value for the parameter in question such that one of ordinary skill in the art would expect
the invention to function in the particular application. For example, “adequately lower the
brittleness of the stent” means that the brittleness of the stent is reduced enough to warrant
the extr; heating step and the extra cost and complication of the heating step, as viewed by

one of ordinary skill in the art.

For the purposes of the présent invention, the following terms and definitions apply:

“Stress” refers to force per unit area, as in the force acting through a small area
within a plane. Stress can be divided into components, normal and parallel to the plane,
called normal stress and shear stress, respectively. Tensile stress, for example, is a normal
component of stress applied that leads to expansion (increase in length). In addition,
compressive stress is 2 normal component of stress applied to materials resulting in their
compaction {decrease in length). Stress may result in deformation of a material, which
refers to a change in length. “Expansion’; or “compression’’ may be defined as the
increase or decrease in length of a sample of material when the sample is subjected to
stress.

“Strain” refers to the amount of expansion or compression that occurs in a material
at a given stress or load. Strain may be expressed as a fraction or percentage of the
original length, i.e., the change in length divided by the original length. Strain, therefore,
is positive for expansion and negative for compression.

“Strength” refers to the maximum stress along an axis which a material will
withstand prior to fracture. The ultimate strength is calculated from the maximum load

applied during the test divided by the original cross-sectional area.
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“Modulus” may be defined as the ratio of a component of stress or force per unit
area applied to a material divided by the strain along an axis of applied force that results
from the applied force. For examﬁle, a material has both a tensile and. a compressive .
modulus.

The tensile stress on a material may be increased until it reaches a “tensile
strength” which refers to the maximum tensile stress which a material will withstand prior
to fracture. The ultimate tensile strength is calculated from the maximum load applied
during a test divided by the original cross-sectional area. Similarly, “compressive
strength” is the capacity of a material to withstand axially directed pushing forces. When
the limit of compressive sirength is reached, a material is crushed.

“Toughness” is the amount of energy absorbed prior to fracture, or equivalently,
the amount of work required to fracture a material. One measure of toughness is the area
under a stress-strain curve from zero strain to the strain at fracture. The units of toughness
in this case are in energy per unit volume of material. See, e.g., L. H. Van Vlack,
“Elements of Materials Science and Engineering,” pp. 270-271, Addison-Wesley (Reading,
PA, 1989).

The underlying structure or substrate of an implantable medical device, such as a stent
can be completely or at least in part made from a biodegradable polymer or combination of
biodegradable polymers, a biostable polymer or combination of biostable polymers, or a
combination of biodegradable and biostable polymers. Additionally, a polymer-based
coating for a surface of a device can be a biodegradable polymer or combination of
biodegradable polymers, a biostable polymer or combination of biostable polymers, or a

combination of biodegradable and biostable polymers.

It is understood that after the process of degradation, erosion, absorption, and/or

resorption has been completed, no part of the stent will remain or in the case of coating
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applications on a biostable scaffolding, no polymer will remain on the device. In some
embodiments, very negligible traces or residue may be left behind. For stents made from a
biodegradable polymer, the stent is intended to remain in the body for a duration of time until
its intended function of, for example, maintaining vascular patency and/or drug delivery is

accomplished.

Representative examples of polymers that may be used to fabricate or coat an
implantable medical device include, but are not limited to, poly(N-acetylglucosamine)
(Chitin), Chitosan, poly(hydroxyvalerate), poly(lactide-co- glycolide), poly(hydroxybutyrate),
poly(hydroxybutyrate-co-valerate), polyorthoester, polyanhydride, poly(glycolic acid),
poly(glycolide), poly(L-lactic acid), poly(L-lactide), poly(D,L-lactic acid), poly(D,L-lactide),
poly(caprolactone), poly(trimethylene carbonate), polyester amide, poly(glycolic acid-co-
trimethylene carbonate), co-poly(ether-esters) (e.g. PEO/PLA), polyphosphazenes,
biomolecules (such as fibrin, fibrinogen, cellulose, starch, collagen and hyaluronic acid),
polyﬁrethanes, silicones, polyesters, polyolefins, polyisobutylene and ethylene-alphaolefin
copolymers, acrylic polymers and copolymers other than polyacrylates, vinyl halide polymers
and copolymers (such as ponvinyi chloride), polyvinyl ethers (such as polyvinyl methyl
ether), polyvinylidene halides (such as polyvinylidene chloride), polyacrylonitrile, polyvinyl
ketones, polyvinyl aromatics (such as polystyrene), polyvinyl esters (such as polyvinyl
acetate), acrylonitrile-styrene copolymers, ABS resins, polyamides (such as Nylon 66 and
polycaprolactam), polycarbonates, polyoxymethylenes, polyimides, polyethers, polyurethane
rayon, rayon-triacetate, cellulose, cellulose acetate, cellulose butyrate, cellulose acetate
butyrate, cellophane, cellulose nitrate, cellulose propionate, cellulose ethers, and
carboxymethyl cellulose. Another type of polymer based on poly(lactic acid) that can be

used includes graft copolymers, and block copolymers, such as AB block-copolymers
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(“diblock-copolymers™) or ABA block-copolymers (“triblock-copolymers™), or mixtures
thereof.

Additional representative examples of polymers that may be especially well suited for
use in fabricating or coating an implantable medical device include ethylene vinyl alcohol
copolymer (commonly known by the generic name EVOH or by the trade name EVAL),
poly(butyl methacrylate), poly(vinylidene fluoride-co-hexafluororpropene) (e.g., SOLEF
21508, available from Solvay Solexis PVDF, Thorofare, NJ), polyvinylidene fluoride
(otherwise known as KYNAR, available from ATOFINA Chemicals, Philadelphia, PA),
ethylene-vinyl acetate copolymerg, and polyethylene glycol.

EXAMPLES

Some embodiments of the present invention are illustrated by the following

prophetic Examples. The Examples are being given by way of illustration only and not by

way of limitation. The parameters and data are not be construed to unduly limit the scope
of the embodiments of the invention.

Embodiments of a stent can be fabricated from poly(L-lactide) (PLLA).

Tube manufacturing

A polymeric tube can be fabricated using a 1 in single screw extruder. The
temperature of the polymer melt within the extruder can be between 370°F and 470°F, 390°F
and 450°F, or more narrowly, between 310°F and 430°F. The residence time in extruder can
be less than 15 minutes, less than 10 minutes, or more narrowly, less than 5 minutes. The
tube exiting the die can be cooled or quenched in a water bath. The length of the quench or
cooling distance can be less than 2 inches, less than 1 inch, or more narrowly less than % inch.
The pull rate of the tube from the die can be less than 25 f/min, 20 ft/min, or more narrowly
less than 16 ft /min. The barrel pressure inside the extruder can be between 1800 and 2200

psi. The axial draw down ratio of the tube exiting the die can be approximately 3:1.
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The pre-extrusion and post extrusion number average molecular weight (Mn), weight
average molecular weight (Mw), and polydispersity (PD) can be as follows:
Pre-extrusion - M can be between 255 K and 275 K, Mw can be between 450
510 K and 530 K, and PD can be between 1.9 and 2
S Post-extrusion - Mn can be between 170 K and 190 K, Mw can be between
370 K and 390 K, and PD can be between 2 and 2.1.
The post-extrusion % crystallinity can be between 10% and 15%.
The post-extrusion strain to failure (measured at 98.6 °F (37 °C) and a stretch rate of
0.5 inch/min) can be between 290 % and 310 %.
10 Radial Expansion
The extruded tubing can be expanded from 0.018 in inside diameter (ID) / 0.056 in
outside diameter (OD) to (0.065 in to 0.080 in ID) / (0.077 in to 0.092 in OD), with 30-60%
longitudinal stretch of the tube. The tubing can be expanded by blow molding, as described
above, into a glass mold. The degree of crystallinity after expansion can be between 35 %
15 and 55 %. The temperature of tube during radial expansion can be between 160°F and 180
°F.
The pre-blow molding and post blow molding Mn, Mw, and PD can be as follows:
Pre-blow molding - Mn can be between 175 K and 185 K, Mw can be
between 375 K and 385 K, and PD can be between 2 and 2.1.
20 * Post-blow molding - Mn can be between 160 K and 170 K, Mw can be
between 335 K and 345 K, and PD can be between 1.9 and 2.
Laser machining
Laser machining can be pérformed with a laser having a 120 femto second pulse. The
wavelength of the laser can be 800 nm. The pre-laser cutting and post laser cutting Mn, Mw,

25 and PD can be as follows:
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Pre-laser cutting - Mn can be between 160 K and 170 K, Mw can be between 335 K
and 345 K, and PD can between 1.9 and 2.

Post laser cutting - Mn can be between 115 K and 125 K, Mw can be between 275 K
and 285 K, and PD can between 2.25 and 2.35.

Stent pattern

A stent pattern as depicted in FIG. 9 can be cut with the laser. Stent struts can have a
rectangular or square cross-section. For example, the struts can measure 0.0026 x 0.0065 in
(150 x 150 micron).

Crimping

As indicated above, the stent can be crimped from the cut diameter to a desired
diameter onto a support element, such as a balloon. A sliding wedge style crimper can be
used. The crimp cycle may be between about 25 and 30 seconds. The stent can be heated to
a temperature between 28 °C and 32 °C during crimping. The stent can be crimped from a
0.084 in OD to a2 0.053 in OD.

Deployment

The crimped stent can be deployed with an outward radial pressure in the balloon of 7
atm to 0.118 (3.0 mm) ID or a pressure of 21 atm to 0.138 in (3.5 mm) ID. |

While particular embodiments of the present invention have been shown and
described, it will be obvious to those skilled in the art that changes and modifications can be
made without departing from this invention in its broader aspects. Therefore, the appended
claims are to encompass within their scope all such changes and modifications as fall within

the true spirit and scope of this invention.
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CLAIMS

WHAT IS CLAIMED IS:
1. A method of fabricating a stent delivery device comprising:

forming a polymeric tube using extrusion, the tube being drawn during extrusion
so that a diameter of the formed tube is less than a target diameter;

radially deforming the formed tube so that the deformed tube comprises the target
diameter;

forming a stent from the deformed tube, wherein forming the stent includes laser
machining a stent pattern in the deformed tube with an ultra-short pulse laser; and

crimping the stent on a support element, wherein a temperature of the stent during
crimping is above an ambient temperature.
2. The method of claim 1, wherein the stent pattern comprises

a plurality of cylindrical rings, each ring including a plurality of diamond-shaped
cells having four curved elements defining the apices of the diamond-shaped cell, wherein
a first and a second bar arm forming a longitudinally aligned curved element of the four
curved elements and a third and a fourth bar arm form an opposing longitudinally aligned
curved element of the four curved elements, wherein the first and the third bar arm form a
circumferentially aligned curved element of the four curved elements and the second and
the fourth bar arm form an opposing circumferntially aligned curved element of the four
curved elements; and ’

a plurality of linear bar arms parallel with a longitudinal axis of the stent
connecting adjacent rings, wherein at least one linear bar arm connects an intersection of
two circumferentially adjacent diamond—shaped. cells with an intersection of two

circumferentially adjacent diamond—shaped cells on an adjacent ring.
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10.

11.

12.

13.

The method of claim 2, wherein a ratio of an outer circumference of the stent to the
number of diamond-shaped cells around a circumference of the stent is 0.044
in/cell.

The method of claim 3, wherein a radius of curvature of the opposing
longitudinally aligned curved elements is between 0.004 in and 0.006 in.

The method of claim 3, wherein curved elements between circumferentially
adjacent cells have a radius of curvature of between 0.0025 in and 0.004 in.

The method of claim 3, wherein curved elements between linear bar arms and
adjacent bar arms of the diamond-shaped cells have a radius of curvature of
between 0.004 in and 0.006 in.

The method of claim 1, wherein the support element comprises a catheter and/or
balloon.

The method of claim 1, wherein the target diameter is a diameter at which the stent
pattern is formed by laser machining.

The method of claim 1, wherein the temperature of the stent during crimping is at
or above a Tg of the polymer.

The method of claim 1, wherein the polymeric tube is formed during extrusion at a
temperature at which a crystal nucleation rate is greater than a crystal growth rate
of the polymer.

The method of claim 1, further comprising axially deforming the formed tube,
wherein the radially and axially deformed tube is at the target diameter.

The method of claim 1, wherein the target diameter is a diameter of a stent prior to
crimping.

The method of claim 1, wherein the tube is radially deformed with an expansion

ratio from 2 to 6.
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14, The method of claim 1, wherein the tube is formed during extrusion at a ‘
temperature where a crystal nucleation rate is larger than a crystal growth rate of
the polymer.

15. The method of claim 1, wherein the polymer is a semi-crystalline polymer.

16. A method of manufacturing a stent comprising:
forming a polymeric tube using extrusion, the tube being drawn during extrusion

so that a diameter of the formed tt;be is less than a target diameter;
radially deforming the extruded tube to the target diameter; and
forming a stent from the deformed tube, wherein forming the stent includes laser

machining a stent pattern in the deformed tube with an ultra-short pulse laser.

17. The method of claim 16, wherein the polymer is a semi-crystalline polymer.

18. A method of manufacturing a stent comprising:
radially deforming a polymeric tube about a cylindrical axis of the tube; and
forming a stent from the deformed tube, wherein forming the stent includes laser

machining a stent pattern in the deformed tube with an ultra-short pulse laser.

19. A method comprising:
radially deforming a polymeric tube about a cylindrical axis of the tube; and
fabricating a stent from the deformed tube; and
crimping the stent on a support element, wherein a temperature of the stent during

crimping is above an ambient temperature.

20. A method of manufacturing a stent comprising:
forming a stent from a polymeric tube, wherein forming the stent includes laser

machining a stent pattern in the tube with an ultra-short pulse laser; and
crimping the stent on a catheter or a balloon, wherein a temperature of the stent

during crimping is above an ambient temperature.
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