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(57) Abrégée/Abstract:

In accordance with the present invention, there Is provided a stent for insertion into a vessel of a patient. The stent has a front and
back open ends and a longitudinal axis extending therebetween. The stent has a plurality of adjacent hoops that are held In
alignment with the longitudinal axis between the front and back open ends by a thin film tube. The hoops are attached to either the
iInner or outer surface of the thin film tube. The stent is compressed into a first smaller diameter for insertion into the vessel with a
delivery tube and a second larger diameter for deployment into the vessel. The Inventive stent can be retracted into the delivery
tube If it Is Improperly deployed.
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FIG. /

(57) Abstract: In accordance with the present invention, there is provided a stent for insertion into a vessel of a patient. The stent
& has a front and back open ends and a longitudinal axis extending therebetween. The stent has a plurality of adjacent hoops that are
N held in alignment with the longitudinal axis between the front and back open ends by a thin film tube. The hoops are attached to
either the inner or outer surface of the thin film tube. The stent is compressed into a first smaller diameter for insertion into the
vessel with a delivery tube and a second larger diameter for deployment into the vessel. The inventive stent can be retracted into the

delivery tube if it is improperly deployed.
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STENT SEGMENTS AXIALLY CONNECTED BY THIN FILM

FIELD OF THE INVENTION

The present invention relates to an expandable intraluminal grafts ("stents") for use
within a body passagcway or duct which arc particularly uscful for repairing blood vesscls that
have been narrowed or occluded by disease. The present invention relates even further to such

stents which are self-expanding and made from a super ¢lastic material such as Nitinol.

BACKGROUND OF THE INVENTION BACKGROUND

Percutancous transluminal coronary angioplasty (PTCA) 1s a therapeutic medical
proccdurc uscd to incrcasc blood flow through the coronary artery and can often be uscd as an
alternative to coronary by-pass surgery. In this procedure, the angioplasty balloon is inflated
within the stenosed vessel in order to disrupt the wall components of the vessel to obtain an
cnlarged lumen. With respect to arterial stenosed Icsions, the relatively incompressibic plaque
remains unaltered, while the more elastic medial and adventitial layers of the body passageway
stretch around the plaquc.

Self-expanding stents that are radially and axially flexible have been developed that arc
composed of a plurality of flexible elements that form a self-expanding helix. These stents are
implanted to open or dilate tubular structurcs and have been used for damaged blood vesscls,
bihiary ducts, and other similar organs. The stents arc an improvement over PTCA procedures

because the implanted stent holds the intimal flap and plaque against the inner wall of the vessel

prcventing it from blocking the vesscl.
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Prior art stents have some functional limitations due to their current design. For example,
thc prior art stent can collapse when it is bent around a sharp angle. What 1s needed 1s an

improved stent that 1s more flexible and can be implanted 1n tightly bent vessels.

SUMMARY OF THE INVENTION

The present invention is an improved stent has good radial strength to hold the vessel
open and greater flexibility that is suitable for implantation in more sharply bent vessels. The
inventive stent includes a thin film tubce that 1s attached to a plurality of hoops axially aligned
between the front and back ends of the stent. Each of the hoops includes a plurality of
longitudinal struts and a plurality of loops connecting adjacent struts. The struts and loops torm
a continuous scrpenting pattern around the diameter of the hoop. The thin film tube holds the
hoops together and also provide a space between the adjacent hoops. The stent has a compressed
diamcter for simplificd implantation into the patient and an expanded diameter that 15 assumed
after it 18 inscrted into the paticnt. The inventive stent 1s a tubular member that has front and
back open ends and a longitudinal axis extending therebetween.

The inventive stent has improved flexibilty because the adjacent hoops are held together
with a flexible thin film tube rather than bridges. The thin film tube 1s more flexible than the
bridges because the thin film tube 1s much thinner. The thin film spans the area between the
adjacent hoops and can casily fold when compressed. This improved flexibility allows the stent
to be easily moved through blood vessels and deployed in a bent vessel within the patient. In
contrast, the more rigid bridges that couple the adjacent hoops restrict the bending radius of the

prior art stents.
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The inventive stent has a first smaller diameter for insertion into the vessel and a second
larger diameter for deployment into the vessel. The hoops of the stent include struts and loops
that are bendable so that the hoops can be compressed to the smaller diameter. In the
compressed state, the loops are bent so that the adjacent struts are substantially parallel to the
longitudinal axis of the stent and placed in very closc proximity with only a small gap between
them. The thin film tube 1s attached to the hoops and portions of the thin film tube may be
folded between the gaps betwecen the struts and loops when the stent are compresscd to the
smaller diameter. In the expanded state, the hoops cxpand thereby forming larger gaps between
the struts and loops. Likewise, the thin film tube expands with the hoops to cover the gaps
formed betwecn the struts and loops. The thin film tube also traps plaque and other deposits
between the stent and the vessel wall. In contrast, prior art stents have gaps between the loops,
struts and bridges that may not trap small pieces of plaque and debris.

In a preferred embodiment, the thin film tube and hoops arc made of a super elastic metal
alloy that can changc from thc martensitic molccular phasc to the austenitic phasc by changing
the stent temperature. For implantation, the stent 1s compressed and loaded onto a delivery tube
apparatus. The delivery device holds the stent in the compressed state and 1s used to transport
the stent to a specific arca within a patient. The stent 1s deployed at a damaged area of the blood
vessel by relcasing the stent from the delivery apparatus. In an embodiment, the delivery device
pushes the stent out of the delivery tube while simultancously pulling the delivery tube back to
expose the stent. This allows the inventive stent to expand radially to the inner diameter of the
blood vessel without any axial movement relative to the vessel. The expanded stent remains

axially stationary relative to the blood vesscl to avoid damage during the deployment process.
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The stent may have radio opaque markers which allow the surgeons to monitor the
location for the stent during the delivery procedure. By watching the position of the stent within
the patient, the stent can be positioned within the vesscl more accuratcly.

The radio opaque markers can be attached to the stent by welding the markers to the stent.
Alternatively, the markers may be attached with adhesives, mechanical fastencrs or other
coupling systems.

Another capability is that the inventive stent can be partially deployed and then retracted
if 1t 1s impropcrly positioned within a paticnt. The stent can then moved to the proper location
and redeployed. The inventive stent 1s retracted by pulling the stent back 1into the delivery tube
which causes the stent to be recompressed within the delivery tube so that it can be moved the
propcr position and rcdeployed.

The retraction capability may require longer stents so any positioning error can be
dctected before the stent 1s fully deployed and irrctricvable. In this embodiment, the delivery
device 1s able to cut the inventive stent around the thin film tube between any adjacent hoops. In
this embodiment, the location of a partially deployed stent 1s monitored and 1f the position 1s
corrcct, the portion of the stent in the delivery device is cut and the partially deployed section of
the stent remains in the vessel. If the stent 18 improperly positioned, it can be retracted and
repositioned as described above.

Although the inventive stent is described as being made from a super clastic alloy, 1n an
ecmbodiment, the stent can also be made from more traditional stent materials that arc not seif
expanding, such as stainless steel, cobalt-chromium, ctc. In these embodiments an expansion
mecchanism 1s required to expand the stent after it 1s placed in the patient. The balloon 1s in the

imner of the stent during the implantation process. Markers may be attached to the stent so the
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location can be determined before the stent is expanded. A tube extends from the balloon to a
pump that inflates the balloon and expands the stent. The balloon and delivery apparatus are
removed from the patient after the stent 1s implanted.

In accordance with an aspect of the present invention, there 1s provided a stent for
insertion into a vessel of a patient, the stent comprising: a) a tubular member having front
and back open ends and a longitudinal axis extending therebetween, the tubular member
having a first smaller diameter for insertion into the vessel and a second larger diameter for
deployment 1nto the vessel; b) the tubular member comprising a plurality of adjacent hoops
having inner and outer diameters and extending between the front and back ends of the
tubular member, the hoops comprise a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts; and ¢) a thin film tube having inner and outer diameters, the thin
film tube holding the plurality of hoops apart from each other and in alignment with the
longitudinal axis.

In accordance with another aspect of the present invention, there is provided a stent
for insertion into a vessel of a patient, the stent comprising: a) a tubular member having front
and back open ends and a longitudinal axis extending therebetween, the tubular member
having a first smaller diameter for insertion into the vessel and a second larger diameter for
deployment into the vessel; b) the tubular member comprising a plurality of adjacent hoops
made from a superelastic nickel titanium alloy, the hoops having a thickness and inner and
outer diameters and extending between the front and back ends of the tubular member, the
hoops comprise a plurality of longitudinal struts and a plurality of loops connecting adjacent
struts; and ¢) a thin film tube made from a superelastic nickel titanium alloy, the thin film
tube having inner and outer diameters and holding the plurality of hoops apart from each
other and 1n alignment with the longitudinal axis.

In accordance with another aspect of the present invention, there is provided a method
for tabricating a stent for insertion into a vessel of a patient, the method comprising: a)
forming a plurality of hoops by cutting a tube having a thickness and inner and outer
diameters into patterns comprising a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts; b) vapor depositing a thin film tube having inner and outer
diameters; and ¢) attaching the thin film tube to the plurality of hoops.

In accordance with another aspect of the present invention, there is provided a stent

for insertion into a vessel of a patient, the stent comprising: a) a tubular member having front

and back open ends and a longitudinal axis extending therebetween, the tubular member

having a first smaller diameter for insertion into the vessel and a second larger diameter for

S
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deployment 1nto the vessel; b) the tubular member comprising a plurality of adjacent hoops
having inner and outer diameters and extending between the front and back ends of the
tubular member, the hoops comprise a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts; and ¢) a thin film tube of metal alloy having inner and outer
diameters, the thin film tube holding the plurality of hoops apart from each other and in
alignment with the longitudinal axis, wherein when the tubular member is in the first smaller
diameter, portions of the thin film tube are folded axially inward or axially outward between
at least some of the plurality of longitudinal struts.

In accordance with another aspect ot the present invention, there 1s provided a method
for fabricating a stent for insertion into a vessel of a patient, the method comprising: a)
torming a plurality of hoops by cutting a tube having a thickness and inner and outer
diameters into patterns comprising a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts; b) vapour depositing a thin film tube having inner and outer
diameters; ¢) attaching the thin film tube of metal alloy to the plurality of hoops; and d)
folding portions of the thin film tube axially inwards or axially outwards between at least
some of the plurality of longitudinal struts.

In accordance with another aspect of the present invention, there is provided a stent
for insertion into a vessel of a patient, the stent comprising: a) a tubular member having front
and back open ends and a longitudinal axis extending therebetween, the tubular member
having a first smaller diameter for percutaneous insertion into the vessel and a second larger
diameter for deployment in the vessel; b) the tubular member comprising a structural frame
having a plurality of only discrete, independent, and unconnected adjacent hoops having
inner and outer diameters and extending between the front and back ends of the tubular
member, the hoops comprise a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts each of the plurality of longitudinal struts having a luminal surface,
an abluminal surface, and side walls extending between the luminal and abluminal surfaces:
and ¢) a metallic thin film tube having inner and outer diameters, the thin film tube being
aftixed to at least a portion of the hoops and holding the plurality of hoops apart from each
other and 1n alignment with the longitudinal axis, wherein when the tubular member is in the
first smaller diameter, the thin film tube is folded axially inward between at least some
circumferentially adjacent longitudinal struts, so as to extend past the abluminal surface and
in between the side walls of the circumferentially adjacent longitudinal struts, the portions of
the folded thin film tube containing bends defining a bending line, and the bending line being

parallel to the longitudinal axis.

S5a
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In accordance with another aspect of the present invention, there is provided a stent
for insertion into a vessel of a patient, the stent comprising: a) a tubular member having front
and back open ends and a longitudinal axis extending therebetween, the tubular member
having a first smaller diameter for percutaneous insertion into the vessel and a second larger
diameter for deployment in the vessel; b) the tubular member comprising a structural frame
having a plurality of only discrete, independent and unconnected adjacent hoops made from a
superelastic nickel titanium alloy, the hoops having an inner and outer surtace defining a
thickness there between, and extending between the front and back ends of the tubular
member, the hoops comprise a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts; and c¢) a metallic thin film tube made from a superelastic nickel
titanium alloy aftfixed to at least a portion of the hoops, the thin film tube having inner and
outer diameters and holding the plurality of hoops apart from each other and in alignment
with the longitudinal axis, wherein when the tubular member 1s in the first smaller diameter,
the thin film tube 1s folded between at least some circumferentially adjacent longitudinal
struts so as to extend into an area circumierentially adjacent the hoop thickness, the portions
of folded thin film tube containing bends defining a bending line, and the bending line being
parallel to the longitudinal axis.

[n accordance with another aspect of the present invention, there i1s provided a method
for tabricating a stent for insertion into a vessel of a patient, the stent having a first smaller
diameter for percutaneous insertion into the vessel an a second larger diameter for
deployment 1n the vessel, the method comprising: a) forming a plurality of only discrete,
independent and unconnected hoops by cutting a tube having a thickness and inner and outer
diameters 1nto patterns comprising a plurality of longitudinal struts and a plurality of loops
connecting adjacent struts to form a continuous serpentine patter around the diameter of each
discrete hoop, each of the plurality of longitudinal struts having a luminal surface, an
abluminal surface, and side walls extending between the luminal and abluminal surfaces; b)
orienting the plurality of discrete hoops in spaced apart relationship along a longitudinal axis;
c) vapor depositing a metallic thin film tube having inner and outer diameters; d) affixing the
thin film tube to the plurality of hoops; and ¢) folding the thin film tube along bend lines
parallel to the longitudinal axis so that when the stent is in the smaller diameter, the thin film
tube 1s folded between at least some circumferentially adjacent longitudinal struts so as to

extend between the side walls of the circumferentially adjacent longitudinal struts.
In accordance with another aspect of the present invention, there is provided a stent

for insertion into a vessel of a patient, the stent comprising: a) a tubular member having front
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and back open ends and a longitudinal axis extending therebetween, the tubular member

having a first smaller diameter for percutaneous insertion into the vessel and a second larger
diameter for deployment in the vessel; b) the tubular member comprising a structural frame
having a plurality of only discrete, independent, and unconnected adjacent hoops having an
inner and outer surface defining a thickness therebetween, and extending between the front
and back ends of the tubular member, the hoops comprise a plurality of longitudinal struts
and a plurality of loops connecting adjacent struts; and ¢) a metallic thin film tube having
inner and outer diameters, the thin film tube being atfixed to at least a portion ot the hoops
and holding the plurality of hoops apart from each other and in alignment with the
longitudinal axis, wherein when the tubular member is in the first smaller diameter, the thin
film tube 1s tolded between at least some circumferentially adjacent longitudinal struts, so as
to extend 1nto an area circumfterentially adjacent the hoop thickness, the portions of the
folded thin film tube containing bends defining a bending line, and the bending line being
parallel to the longitudinal axis, wherein the thin film tube 1s attached to some of the hoops
by solder.

In accordance with another aspect of the present invention, there is provided a stent
for insertion into a vessel of a patient, the stent comprising: a) a tubular member having front
and back open ends and a longitudinal axis extending therebetween, the tubular member
having a first smaller diameter for percutaneous insertion into the vessel and a second larger
diameter for deployment in the vessel; b) the tubular member comprising a structural frame
having a plurality of only discrete, independent and unconnected adjacent hoops made from a
superelastic nickel titanium alloy, the hoops having an inner and outer surface defining a
thickness there between, and extending between the front and back ends of the tubular

member, the hoops comprise a plurality of longitudinal struts and a plurality of loops

connecting adjacent struts; and c¢) a metallic thin film tube made from a superelastic nickel
titanium alloy atfixed to at least a portion of the hoops, the thin film tube having inner and
outer diameters and holding the plurality of hoops apart from each other and in alignment
with the longitudinal axis, wherein when the tubular member is in the first smaller diameter,
the thin film tube 1s folded between at least some circumferentially adjacent longitudinal
struts so as to extend into an area circumferentially adjacent the hoop thickness, the portions
of tolded thin film tube containing bends defining a bending line, and the bending line being
parallel to the longitudinal axis; and wherein the thin film tube is cut in a pattern to improve

the flexibility of the stent.
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BRIEF DESCRIPTION OF DRAWINGS

The

foregoing and other aspects of the present invention will best be appreciated with

reference to the detailed description of the invention in conjunction with the accompanying

drawings, wherein:

FIG

FIG.
FIG.
FI1G.
FIG.
FIG.
FIG.
FIG.
FIG.

FIG
FIG
FIG

. 1 1s a flat view of a portion of a hoop 1n the compressed state.

2 1s a flat view of a portion of a hoop in the expanded state.

3 1s a view of an embodiment of the stent with external hoops.

4 1s a view of an embodiment of the stent with internal hoops.

5 1s a view of an embodiment of the stent with external and internal hoops.
6 1s an enlarged sectional view of the stent in the expanded state.

7 1s an enlarged sectional view of the stent in the expanded state.

8 1s a side view of the thin film tube.

9 1s a side view of the stent partially deployed 1n a vessel.

. 10 1s a simplified cross-sectional view of the stent delivery apparatus.

. 11 1s an enlarged cross-sectional view of the distal end of the delivery apparatus.

. 12 1s a stress strain curve for super elastic alloys such as Nitinol.

5d
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DETAILED DESCRIPTION

The inventive stent includes a plurality of hoops and a thin film tube which arc madc of a

super clastic metal alloy or more traditional materials such as stainless steel, cobalt-chromium,
etc. Although the super elastic alloy is described as Nitinol, any alloy with similar super elastic
propcertics may be uscd. In the preferred cmbodiment, the hoops of the inventive stent arc made
from Nitinol tube stock which 1s commercially available from a numbcer of suppliers including
Nitinol Devices and Components, Fremont California. Alternatively, the Nitinol tube used to
form thc hoops may be fabricated through a vapor deposition process. The thin film tubc 1s
preferably made through a deposition process, but may also be made from very thin tube stock.

Vapor deposition, as used herein, refers to any process of depositing metals and metal
compounds from a sourcc to a substratc or target by dissipating mctal 1ons from the sourcc in a
vaporous medium. The vapor deposition process builds a layer of Nitinol by depositing
molccules of the alloy onto a cylindrical mandrel in a vacuum chamber. Examples of vapor
deposition processcs that may be uscd to makc the present invention include evaporation vapor
deposition, sputtering deposition, chemical vapor deposition, etc.

In the cvaporation vapor deposition process, vapor 1s generated by hecating a source
material to a temperature to cause the vaporization thercof. The evaporating mctal atom leaves
the surface of the Nitinol source material in a straight line. Therctore, the highest quality
deposition laycrs are deposited when the source-to-substrate distance 1s less than the mean path
distance between collisions of the vaporized metal and the surrounding vacuum chamber. The

substrate may be rotated or translated during the evaporation process so that a uniform Nitinol

layer 1s deposited on the substrate.
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In the sputtering process, a source matcrial 1s placed in a vacuum chamber with a
substratc matcrial. A radio-frequency power source gives the substrate has a positive charge
relative to the Nitinol source matenal. The source material is bombarded with inert gas 1ons
from an 10on beam or a plasma discharge to cause the source material to dislodge. Thesc
dislodgced atoms arc then deposited onto the substrate to form the thin film laycr.

In the chemical vapor deposition process, reactant gases that may be diluted 1n a carrier
gas are injected into a reaction chamber. The gas mixture 1s heated and the atoms arc deposited
on a mandrcl. The thickncss of the hoops may range from about 0.005 to about 0.1 inch. The
thickness of the thin film tube 1s less than the thickness of the hoops and may range from about
0.0001 to about 0.05 inch. Although the hoops and thin film tube may vary in thickness, the
hoops arc gencrally much thicker than the thin film tube. The deposition continucs until the
desired thickness 1s formed. The Nitinol tube 1s removed from the mandre] before being
machined.

As discusscd above, the hoops have a first small diamcter for inscrtion into a vessel and a
second larger diameter for deployment into the vesscl. In all figures, ike numerals indicate the
samc element throughout the views. With reference to FIG. 1, a scctional view of a hoop 52 1n
the compressed state 1s 1llustrated. The hoops 52 each includc a plurality of longitudinal struts
60 and a plurality of loops 62 that connect the adjacent struts 60. The adjacent struts 60 are
connccted with loops 62 in an alternating pattcrn at opposite ends of the struts 62, forming a
serpentine or ‘S’ shaped pattern. In the compressed state, the loops 62 arc substantially semi-
circular and creates very sharp bend. The angle between the struts 60 may only be about 0° to
5°. Thus, the spacc between the struts 60 1s small because the 180° bends of the loops 62 cause

the struts 60 to bec compressed close to each other.
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With reference to FIG. 2, a sectional view of a hoop 52 in the expanded state 1s
illustrated. The cxpansion of the hoop 52 may only be in the circumference and not the width.
In the cxpanded statc, the angle o between adjacent struts 60 connected by the loops 62 INCICascs
from a compressed angle of about 0° to 5° to an cxpanded angle of about 30° to 70°. The
cxpanded angle a of the loops 62 causcs the struts 60 to scparate and causcs thc hoop 52 to
expand in circumference and diameter. As the circumferenee ot the hoop 52 cxpands, thc width
of the hoop 52 get narrower because the struts 60 arc angled across the width rather than running
perpendicular across the widths.

The gcometry of the struts improves the distribution of strain throughout the hoops. The
number of struts and loops as well as the design of these components are important factors when
determining the working properties and fatigue life of the stent. Hoops that have a large quantity
of smallcr sized struts have greater radial rigidity than hoops madc with fewer larger struts. For
example, a stent where the ratio of the number of struts per hoop to the strut length L (1n inches)
that is greater than 400 has increased rigidity.

The stent hoops can be fabricated in various different ways. In an embodiment, the
Nitinol tube is loaded into a machine that cuts the predetermined pattern of the cxpanded hoop.
Machines that can cut sheets of Nitinol are well known to those of ordinary skill in the art and
are commercially available. During this machining process, the tube is typically held stationary
while a cutting tool, preferably under microprocessor control, moves over the shect and cuts the
desired hoop pattern. The pattern dimensions and styles, laser positioning requirements, and
other information are programmed into a microprocessor which controls all aspects of the

process. The cutting tool can be a laser, laser chemical etch, water jet, electrical discharge

machining, etc.
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In another embodiment, a photochemical etch process may be used to cut the desired
hoop pattcern into the Nitinol tube. This process can include various proccss steps that arc
generally known as photolithography. A photoresist layer 1s deposited onto the Nitinol tube and
exposing the photosensitive layer to a pattern of light that matches the desired pattern that the
hoop 1s to be cut into. The light chemically alters the exposcd arcas of the photoresist layer and a
chemical reaction 1s used to remove the portions of the photosensitive layer that were not
exposed to light. An etch process then cuts through the areas of the Nitinol that are not covered
by the photoresist to form the patterned medical sheet. The remaining photoresist i1s removed to
producc the hoops.

Although the thin film tube can be used 1n its planc uniform thickness state, various
fcaturcs may also be formed 1n the thin film tubc including slots, grooves, holes, ctc. Thesc
features can cut into a solid thin film tube or formed during the thin film tube deposition process.
The same machining or etching fabrication processes described above with respect to the hoops
can be also be used with the thin film tube. Grooves may be formed in the thin film tube by
performing a partial etch or with a mechanical tool that removes some of the thin film tube
material.

The Nitinol tubes used to form the hoops and thin film tube may be formed into the
desired tully expanded patterns while 1n the austenitic phase or in the martensitic phase. The
phasc of the Nitinol matcrial 1s temperature dependent. In general, the austenitic transition
temperature Ay 1S between 10° C to 50° C about 37° C and more preferably about 24° C to about
37° C. At temperatures above the austenitic transition temperature, the Nitinol will be in the

Austentitic phase. At lower temperatures, the Nitinol may be fully or partially in the martensitic
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phase. If the stent hoop pattern is cut in the martensitic phase, it can then be maintained in the
cxpandcd shape while 1t is heat treated to convert the Nitinol to the austenitic phasc.

The inventive stent 1s assembled by attaching the hoops to the thin film tube. FIGS. 3-5,
show three embodiments of the inventive stent 50 in 1its compressed state with the hoops 52(a)-
52(d) attached to the thin film tube 70. The thin film tube 70 has an inncr surfacc 91, an outer
surface 93 and a longitudinal axis 83 that runs through the center of the tube between the two
cnds 72 and 74. The diameter 97 of the thin film tube 70 in the expanded state is similar to the
diametcer of the hoops 52(a)-52(d) in the cxpanded statc.

For simplicity, FIGS. 3-5 tllustrated the stents 50 as having four hoops 52(a) — 52(d),
however, the actual stent may have many more hoops. A longitudinal axis 83 cxtends through
the center of the stent 50 between the ends 72 and 74. The thin film tube 70 keeps the hoops
52(a) — 52(d) separated and aligned with the longitudinal axis 83. As shown in FIG. 7, when the
stent 50 1s compressed, small folds 62 are formed in the thin film tube 70. In the cxpanded state,
the stent diameter cxpands and the thin film tube 70 1s unfolded. The inventive thin film tube 70
can trap accumulate plaque and other hazardous build up between the stent and the passageway
or duct.

In a first cmbodiment shown in FIG. 3, all of the hoops 52(a) — 52(d) are attached to the
outer surface 93 of thin film tube 70. The hoops 52(a) — 52(d) are uniform in size and may be
welded or adhesively bonded to the outer surface of the thin film tube. The hoops 52(a) — 52(d)
arc equally spaced apart from cach other along the length of the thin film tube 70. The spacing P
of the hoops 52(a) — 52(d) affects the stiffness of the stent 50. The stent 50 will be stiffer if the
hoops 52(a) — 52(d) arc placed very closc to cach other on the thin film tube, rather than spaced

tarther apart.
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In a second embodiment shown in FIG. 4, a stent is shown with the hoops 52(a) — 52(d)
attached to the inner surface 91 of the thin film tube 70. In this cmbodiment, the hoops 52(a) -
52(d) arc concealed from view by the thin film tube 70. For clarity, the thin film tube 70 1s
shown as partially covering hoop 52(d) and completely removed from hoops 52(a) — 52(c). The
thin film tubc 70 providcs a smooth outcr surface for the stent 50 and may reduce the friction of
the stent 50 as it is deployed or retracted through a tubular delivery device.

In a third embodiment shown in FIG. 5, the hoops 52(a) — 52(d) arc arranged 1n an
alternating pattern along the Iength of the thin film tube 70. Hoops 52(a) and 52(c) arc attached
to the outer surface 93 while the adjacent hoops 52(b) and 52(d) are attached to the inner surtace
91of the thin film tube 70. This alternating pattern of hoops 52 coupled to the inner and outer
surfaccs of the thin tube 70 may continuc along the length of the stent 50. In the compressed
state the hoops 52(a) and 52(c) attached to the outer surface 93 of the thin film tube 70 may have
a larger diameter than the hoops 52(b) and 52(d) which are attached to the inner surface 91. The
thin film tubc 70 may have a uniform diamecter and thickness along the axial length. In other
embodiments, the stent may have an arrangement of hoops that are attached to the inner and
outer surfaces of the thin film tube in any pattern. For cxample, the stent may have pattern that
includes one or more adjacent hoops mounted on the inner surface thin film tube followed by one
or more adjacent hoops mounted on the outer surface.

The alternating inner and outer surface pattern of hoops may inherently prevent excessive
movement of the hoops even if the hoops are not bonded to the thin film tube. The stent
illustrated in FIG. 5 has a pattern of hoops mounted inside and outside the thin film tube. If the
inner diameter of the outer hoops 52(a) and (c) is smaller than the outer diameter of the inner

hoops 52(b) and (d), the adjacent hoops can only slide a limited distance along the thin film tube.
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When two adjacent hoops move close to each other, the tube is pinched between the outer
diameter of onc of the hoops and the inner diameter of the adjacent hoop preventing any further
movement of the hoops.

The hoops are preferably attached to the thin film tube in the expanded state. As
discusscd, the hoops arc attached to cither the inner surface or the outer surface of the thin film
tube. It may be easicr to attach the hoops to the outer surface of the expanded thin film tube
because the contact areas at the outer surface are more accessible to machinery. Therc are
various ways in which the thin film tubc can be attached to the hoops including: welding,
soldering, adhesives, and mechanical coupling. In an embodiment, the hoops are welded at one
or more locations at the junctions between the hoops and the thin film tube. If the hoop 1s
welded to the thin film tube at more than onc point, the weld points may be symmctrically
spaced around the diametcr of the hoop. For example, if two weld points arc used, the welds
should be on opposite sides on the hoop. If four weld points arc used, the welds should be
spaced at 90° intcrvals around the hoop. In order to avoid damage to the supcer clastic alloy thin
film tube, special welding methods may be required. For example, lascr welding 1s used to
attach two Nitinol parts.

Contamination damage caused by environmental oxygen and nitrogen make 1t imperative
to carry out any joining process involving melting in either a vacuum or in an inert gas
atmosphere. CO, and ND:YAG laser welding can both be uscd to weld Nitinol. Electron beam
welding can also be used to weld smaller parts together in a vacuum processing chamber. Other
possible welding methods include: friction welding and fusion welding.

In an embodiment, the hoops arc soldered or brazed to the thin film tube. This process

requires melting a solder or brazing material which flows between the hoops and the thin film
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contact points and bonds the components together. In order to obtain a strong soldered or brazed
bond, it may bc nccessary to deposit an intcrmediate metal layer of: nickel, copper, gold or other
suitable metal surface onto the joint surfaces. This intermediate metal layer will accept the
solder or brazing material with a mild flux such as a halogen based flux. Localized heat 1s
required for soldering and brazing. In an cmbodiment, ultrasonic soldcring with a Sn bascd
solder may be used to bind the Nitinol parts together. Another possible method for bonding the
thin film tube to the hoops is diffusion bonding.

In another embodiment, the thin film tube may be deposited directly onto the hoops so
that the thin film tube is deposited and bonded to the hoops simultaneously. In this embodiment,
the expanded hoops arc placed on a cylindrical mandrel that holds the hoops in alignment. The
thin film tube is then vapor deposited dircctly onto the hoops and mandrel. The deposited
material is fused to the hoops during the deposition process and forms a thin film that covers the
gaps between all of the struts and loops of the adjacent hoops. If the mandrel has an outer
diameter that is similar to the inner diamcter of the hoops, the stent will be similar to the stent
illustrated in FIG. 3. In another cmbodiment, the outer diameter of the hoops may be held within
a tube and the Nitinol thin film may be dcposited on the inner surfaces of the hoops torming a
film at the outer diameter of the hoops between the struts and loops. This stent is similar to the
illustration 1n FI1G. 4.

In an embodiment, adhesives are used to attach the thin film tube to the hoops. The
adhesive must be biocompatible with the patient. Thc adhesive may be a thermal sct polymer, an
epoxy adhesive or any other type of biocompatible adhesive. The adhcsive may be applied while

the hoops and thin film tube are fully expanded to avoid applying the adhesive between adjacent
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struts and loops. Alternatively, the adhesive may be applied to the hoops in the compressed state
to help hold the stent in the compressed state during the delivery process.

In other embodiments, mechanical connections may be used to fasten the hoops to the
thin film tube. For example, the hoops and thin film tube are held together with tabs and slots.
Morc spccifically, thin tabs may be formed on the cnds of the hoops on the loop scctions.

During the stent assembly process, the tabs are bent and placed through corresponding slots
tormed around the diameter of the thin film tubc.

The invenuive stent components arc held together when the stent 1s compressed and
during the insertion process. However, once the stent 1s deployed inside a passageway or duct,
the connection between the hoops and thin film tube may be less critical. When the stent is
deployced within the patient, the hoops cxpand and the bonds may be broken. As the hoop
expands radially, 1t holds the thin film tube against the inner walls of the vessel. In the cxpanded
state there 18 no need for these components to be bonded together. The stent components should
not be scparated 1f the thin film tubce is mounted to the inner diameter of the hoops.

In different embodiments of the present invention, various different surface processes can
be performed on the hoops and thin film tube. For example, surface processing may be
performed on the stent or on the hoops and/or thin film tube individually before assembly. In
one embodiment, the hoops and thin film tubc may be passivated by exposing the Nitinol to
oxygen to form a layer of metal oxide which helps to prevent corrosion. The hoops and thin film
tube may also be polished to remove any rough surfaces through processes such as: mechanical
polishing, electro polishing or chemical mechanical polishing. This polishing removes any sharp

surfaces that may have been formed during the cutting processes.
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Alternatively, the hoops and thin film tube may be textured to improve the adhesion of
coatings applicd to the stent. The texturing can be through photochemical ctching, sand blasting,
tumbling, etc. These textured surfaces can then be coated with different materials that will
improve the stent’s performance. These chemical coatings are gencrally intended to improve the
biocompatibility of the stent within the paticnt’s body by preventing rejection and resisting
infection. Thesc surface coatings include polymers, therapeutic agents and bioactive materials.
In an embodiment, the thin film tube may be used as a drug delivery system. The thin film tube
may bc coatcd with polymers, therapeutic agents, bioactive materials which arc delivered to the
damaged vessel when the stent is deployed into the paticnt. As the stent expands, the coated thin
film tube contacts the inner diameter of the vessel, delivering the coated drugs to the target arca.

In an cmbodiment, somc of the hoops and thin film tubc may also be coated with a radio-
opaquc material that is detectable with x-rays. The radio-opaquc materials may alternatively be
attached to the Nitinol hoops or thin film tube by laser welding, adhesives, mechanical fasteners,
ctc. During or aftcr implantation within the paticnt, the implant arca can be x-raycd to determine
the cxact position of the stent. If the stent is improperly positioned, the error can be detected and
corrected.

After the stent is assembled and all surface coatings are performed, the stent is ready for
implantation. The stent is normally cooled below the martensitic to transform the Nitinol to the
martensitic phase before the stent is compressed into a compact state for delivery into a patient.
The martensitic transformation temperaturc M may be between about 0° to 15° C. In the
martcnsitic phasc, the hoops and thin film tubc of the stent can be compressed into a small arca.
As shown in FIG. 1, in the compressed shape, there may be very small gaps G between the

adjacent struts and loops. The compressed Nitinol alloy will remain in the compressed shape as
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long as the temperature remains below the austenitic transition temperature. Because the stent
must cxpand after deployment, the austenitic transition temperature Ag 1s lower than the patient’s
body tempcrature.

In the compressed state, the thin film tube is preferably folded between the struts of the
hoops. FIGS. 6 and 7 show a partial cross scction of the stent with the thin film tube 70 attached
to the outer diameter of the hoops at the struts 60 like the stent shown in FIG. 4. FIG. 6 shows
the stent in the expanded state with the planar thin film tube 70 covering the gaps 65 between the
adjaccnt struts 60 in a substantially planar manner. FIG. 7 shows the stent in the compressed
state with very small gaps 65 between the adjacent struts 60. As the stent 1s compressed, the
diameter of the thin film tube 70 must also be reduced. In the preferrcd embodiment, the thin
film tubc 70 folds axially inward between the adjacent struts 60. In this compressed
configuration, the outer diameter of the compressed stent is fairly smooth because any sharp
cdges formed by the folded thin film 62 are bent inward. In the stent embodiment shown in FIG.
3 wherc the thin film tube is attached to the inncr diamcter of the hoops, the thin film may fold
outward into the gap between the adjacent struts. Alternatively, the thin film tube may be folded
away from the gaps between the struts 60 when the stent is compressed.

As discussed above, the thin film tube may have various surface features such as holes
and slots. In onc embodiment, the thin film tube may have grooves that help to create the inward
folds between the struts. For example, grooves may be formed in the thin film tube along the
inner surface close to the edges of the struts and in the outer surface in the middle of the gap

between the struts. The thin film tube will tend to bend at the grooves preferably in the manner

described with reference to FIG. 7.
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A crimping tool is used to compress the stent onto the delivery device. In an
embodiment, the crimping tool is designed to push the thin film tube between the adjacent struts
as the stent is compressed. After the is compressed, the crimping tool is removed and the stent 1s
ready for implantation with the thin film tube folded between the adjacent struts.

With reference to FIG. 8, the thin film tube 70 may have other featurcs that alter the
performance of the stent. For example, radial slots 61 allow the thin film tube 70 to expand and
contract axially along the center axis 83 without folding or buckling. The slot separates while
the thin film tube 70 is in tension and may overlap in compression. This radial slots 61 makcs
the stent more flexible axially so it can bend away from the central axis 83 more easily. The thin
film but may also have axial slots 63 that allow the stent to be more flexible in diameter. This
allows the stent to expand in diameter beyond the fully expanded outer diameter of the thin film
tube 70 or contract with less folding the thin film tube 70.

The thin film tube may also have a pattern of holes that make the stent porous. This
porosity is controlled by the size and concentration of holcs in the thin film tube. A largc
concentration of large holes will be very porous while a small concentration of small holes will
be much less porous. The pattern of holes may producc a stent that has variable porosity along
the length. For example, the stent may be very porous at the ends which allows some blood to
circulate and non-porous at the center. Alternatively, the stent may have a variable porosity
around the circumfercnce.

The inventive stent is deployed into a vessel with a delivery apparatus. With reference to
FIG. 9, the stent 50 is held in a compressed statc within a sheath 40 as the delivery device moves
through a patient’s blood vessel to a deployment position. When the stent 50 properly

positioned, the sheath 40 is retracted exposing the stent 50. With the sheath 40 removed, the
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hoops 52 and thin film 70 expand to the mner diameter of the vessel 95. Normally, the
stent 50 1s fully deployed in this manner and the delivery device 1s removed from the
patient. However, in an embodiment, the delivery apparatus can retrieve a partially
deployed stent 50 by sliding the sheath 40 back over the exposed stent 50. The sheath
40 causes stent 50 to be recompressed as it 1s retracted into the delivery device. When
the stent 1s fully retracted, it can be repositioned and redeployed. This capability 1s
useful if the stent 50 1s improperly deployed within the vessel 935.

This retractable feature of the present invention can be better understood
through a briet description of a delivery apparatus, as shown in FIGS. 10 and 11. The
delivery apparatus 1 comprises inner and outer coaxial tubes. The inner tube is called
the shaft 10 and the outer tube 1s called the sheath 40. Shaft 10 has proximal and distal
ends 12 and 14 respectively. The distal end 14 of the shaft terminates at a luer lock
hub 5. Preterably, shaft 10 has a proximal portion 16 which i1s made from a relatively
stiff material such as stainless steel, Nitinol, or any other suitable material, and an
distal portion 18 which 1s made from a polyethylene, polyimide, pellethane, Pebax™,
Vestamid™, Cristamid™, Grillamid™ or any other suitable material known to those
of ordinary skill in the art. The two portions are joined together by any number of
means known to those of ordinary skill in the art. The stainless steel proximal end
gives the shaft the necessary rigidity or stiffness it needs to effectively push out the
stent, while the polymeric distal portion provides the necessary flexibility to navigate
tortuous vessels.

The distal portion 18 of the shaft has a distal tip 20 attached thereto. The distal
tip 20 has a proximal end 34 whose diameter is substantially the same as the outer
diameter of the sheath 40. The distal tip tapers to a smaller diameter from its proximal

end to its distal end, wherein the distal end 36 of the distal tip has a diameter smaller
than the inner diameter of the sheath. Also attached to distal portion 18 of shaft 10 is a

stop 22 which 1s proximal to the distal tip 20. Stop
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22 can be made from any number of materials known in the art, including stainless steel, and 1s
cven more preferably made from a highly radiopaque matcerial such as platinum, gold tantalum.
The diametcer of stop 22 1s substantially the same as the inner diameter of sheath 40, and would
actually make frictional contact with the inner surface of the sheath. Stop 22 1s releasably
coupled to the end of the stent 50 and helps to push the stent 50 out of the sheath during
deployment, and hclps the stent from migrating proximally into the sheath 40.

A stent bed 24 1s defined as being that portion of the shaft between the distal tip 20 and
the stop 22. The stent bed 24 and the stent 50 are coaxial so that the portion of shaft 18
comprising the stent bed 24 1s located within the lumen of the stent 50. However, the stent bed
24 docs not make any contact with stent 50 itself Lastly, shaft 10 has a guidewire lumen 28
cxtending along its length from 1ts proximal cnd 12 and cxiting through its distal tip 20. This
allows the shaft 10 to reccive a guidewire much in the same way that an ordinary balloon
angioplasty catheter rcceives a guidewire. Such guidewires are well known in art and help guide
cathcters and other medical devices through the vasculature of the body.

Sheath 40 1s preferably a polymeric catheter and has a proximal end 42 terminating at a
hub 52. Sheath 40 also has a distal end 44 which terminates at the proximal end 34 of distal tip
20 of the shaft 18, when the stent 1s 1n 1ts fully un-deployed position. The distal end 44 of sheath
40 includes a radiopaque marker band 46 disposed along its outer surface. As will be explained
below, the stent 1s fully deployed when the marker band 46 1s lined up with radiopaque stop 22,
thus indicating to the physician that it is now safe to remove the apparatus 1 from the body.
Sheath 40 preferably comprises an outer polymeric layer and an inner polymeric layer.
Positioned between outer and inner layers a braided reinforcing layer. Braided reinforcing layer

1s preferably made from stainless steel. The use of braided reinforcing layers in other types of
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medical devices can be found in U.S. Pat. Nos. 3,585,707 1ssued to Stevens on
Jun. 22, 1971, 5,045,072 1ssued to Castillo et al. on Sep. 3, 1991, and U.S. Pat. No.
5,254,107 1ssued to Soltesz on Oct. 19, 1993.

FIGS. 10 and 11 show the stent 50 as being in its fully un-deployed position.
This is the position the stent is in when the apparatus 1 is inserted into the vasculature
and its distal end is navigated to a target site. Stent 50 1s disposed around stent bed 24
and at the distal end 44 of sheath 40. The distal tip 20 of the shaft 10 1s distal to the
distal end 44 of the sheath 40, and the proximal end 12 of the shatt 10 is proximal to
the proximal end 42 of the sheath 40. The stent 50 1s 1n a compressed state and makes
frictional contact with the inner surface 48 of the sheath 40.

When being inserted into a patient, sheath 40 and shatt 10 are locked together
at their proximal ends by a Touhy Borst valve 8. This prevents any sliding movement
between the shaft and sheath which could result in a premature deployment or partial
deployment of the stent. When the stent 50 reaches 1ts target site and 1s ready for
deployment, the Touhy Borst valve 8 1s opened so that that the sheath 40 and shaft 10
are no longer locked together.

The method under which apparatus 1 deploys stent 50 should be readily
apparent. The apparatus 1 1s first inserted into a vessel so that the stent bed 24 1s at a
target diseased site. Once this has occurred the physician would open the Touhy Borst
valve 8. The physician would then grasp the proximal end 12 of shaft 10 so as to hold
it in place. Thereatter, the physician would grasp the proximal end 42 of sheath 40
and shde 1t proximal, relative to the shatt 40. Stop 22 prevents the stent 50 from
sliding back with the sheath 40, so that as the sheath 40 1s moved back, the stent 50 is
pushed out of the distal end 44 of the sheath 40. Stent deployment is complete when
the radiopaque band 46 on the sheath 40 1s proximal to radiopaque stop 22. The

apparatus 1 can now be withdrawn through stent 50 and removed from the patient.
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In the retractable embodiment, the stop 22 1s releasably coupled to the stent 50. If the
stent 50 18 properly positioned, the physician actuates a relcase mechanism and the stop 22
releases the stent 50 into the patient before removing the delivery apparatus 1. If a partially
deployed stent 50 needs to be recovered, the physician would hold the proximal end 12 of shaft
10 1n placc and slide the proximal cnd 42 of the sheath 40 to retract the stent 50 back within the
sheath 40. After the stent 50 15 fully retracted, the delivery device 1 can be repositioned and the
stent S0 can be redeployed as described above.

In an altcrnative ecmbodiment, delivery device can cut the stent to a desired Iength when a
cutting mechanism 1s actuated by the physician. As discussed above, the hoops of the inventive
stent are held together by a thin film tube. In this embodiment, the delivery device only deploys
a portion of the stent. After the desired length of the stent has been deployed into the patient, it
can shorten the stent at one of the thin film sections between the adjacent hoops still in the
dchivery device. The delivery device may include onc or more small blades that cuts through of
the thin film around the diamcter between two adjacent hoops. The blades may cxtend radially
and may also rotate within the delivery device to cut the thin film portion of the stent. The
bladces arc located within the sheath and do not come in contact with the patient. After the stent
1s cut and fully deployed in the patient, the delivery device and the unused portion of the stent
are removed from the patient.

In other embodiments, the stent may be broken by pulling two adjacent hoops apart until
the thin film tube tears. In this embodiment, the delivery device has a mechanical device is used
to scparate the hoops that are adjacent to the section of thin film that is to be torn. The thin film
material will tear if an applied stress excecds the ultimate tensile strength of the thin film tube.

The thin film may be perforated or have a groove that reduces the forces needed to break the thin
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film of the stent 50. After the stent 50 1s cut or broken, it 1s fully deployed in the vessel of the
paticnt before the delivery devicee is removed.

For indications such as threatened vessel closure, suboptimal PTCA results, etc., that
require a drug-cluting platform with minimal radial strength, the balloon expansion stent dehivery
mcthod may be usced for improved placement accuracy. In this cmbodiment, the thin film tube is
attached to the outer diameter of a scrics of hoops. The tube and hoops are then crimped onto the
balloon expansion delivery device. In the crimped state, the smaller diameter, the thin film tube
would have a sufficicent radial force to constrain the super clastic hoops in the compresscd
diamcter for delivery. Thus, the crimped stent on the balloon delivery device can be positioned
within the patient in-vivo. When the stent is properly positioned, the balloon is inflated to
cxpand the hoops and thin film tube. In its cxpanded gcometry, the thin film tube would not
interfere witht ch superelastic behavior of the stent hoops allowing the stent to perform as
intended.

The described balloon cxpanston delivery method can be achicved by plastically
deforming the thin film tube when fully expanded to the final diameter or by any other means of
geomctric design. In the expanded state, the thin film tube may have thinner and smaller
features. The thin film tube may be martensitic or austenitic to optimize the strength balance
between the stents and the thin film tube.

For indications that do not require the stent to be crush resistant and require only a
minimal amount of recoverable strain, the thin film tube in the martensitic phase or possibly the
austenitic phase. With reference to FIG. 12., the thin film tube could then be strained during the

cxpanston of the stent to rcach the second elastic portion 55 of the Nitinol stress-strain curve.
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The thin film tube material would be deformed to maintain its expanded diamecter, yet provide
clastic rccovery and possibly fatigue reststance for small amounts of alternating strain.
As shown 1n the figures, the geometry of the inventive stent changes signitficantly from

the compressed state to its fully expanded state. Referring to FIG. 2, as the stent expands, the
strut angle o and strain levels in the struts and loops are affected. Preferably, all of the struts and

loops will strain 1n a predictable manor so that the stent 1s structurally reliable and uniform in
strength. In addition, 1t 1s preferable to mintmiz¢ the maximum strain ¢xperienced by struts and
loops, since Nitinol’s mechanical strength properties are generally Iimited by strain rather than
by stress like most mctal materials. Most metals have a linear relationship between stress and
strain in an elastic region and break after the stress exceeds the maximum tensile strength of the
metal.

In contrast, when stress 1s applied to a specimen of a metal such as Nitinol exhibiting
super ¢lastic characteristics at a temperature above which the austenite 1s stable (1.¢. the
tcmperature at which the transtormation of martensite phase to the austenite phase 1s complete),
the specimen deforms clastically until it reaches a particular stress level where the alloy then
undergocs a stress-induced phasc transformation trom the austenite phase to the martensite
phase. As the phasc transformation proceeds, the alloy undergocs signiticant increases in strain
but with little or no corresponding increases in stress. The strain increases while the stress
rcmains essentially constant until the transformation of the austenite phase to the martensite
phase 1s complete. Thereafter, further increases in stress are necessary to cause further
dcformation. The martensitic metal first deforms clastically upon the application ot additional

stress and then plastically with permanent residual deformation.
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{f the load on the specimen is removed before any permanent deformation has occurred,
the martensitic phasc specimen will clastically recover and transform back to the austenite phase.
The reduction in stress first causes a decrease in strain. As stress reduction reaches the level at
which the martensite phase transforms back into the austenite phase, the stress level in the
spccimen will remain cssentially constant (but substanttally less than the constant stress level at
which the austenite transforms to the martensite) until the transformation back to the austenite
phase is complete, i1.¢. there is significant recovery in strain with only negligible corresponding
stress reduction. The alloys are structurally stronger and more rigid in the austenitic phasc than
the martensitic phase. After the transformation back to austenite 1s complete, further stress
reduction results in elastic strain reduction. This ability to incur significant strain at relatively
constant stress upon the application of a load and to recover from the deformation upon the
removal of the load 1s commonly referred to as super elasticity or “shape memory.” Sce for
example, U.S. Pat. No. 4,665,905 (Jervis) and U.S. Pat. No. 4,925,445 (Sakamoto et al.).

The transition between martensite and austenitc phascs can be controlicd by the matcerial
temperature. The shape material 1s fully martensitic when 1t 18 colder than the final martensitic
transition tempcrature Myand fully austenitic when the material 1s heated above the final
austenitic transition temperature A, The alloy may be partially martensitic and partially
austenitic at temperatures between the final martensitic transition temperature My and the final
austenitic transition temperature Ay These shape memory alloys are stronger 1n the full
austenitic phase than in the martensitic state, but no longer have the super elastic property.
When a shape memory alloy structure is heated, 1t reverts, or attempts to revert, to its original

heat-stable shape.
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The super elastic metal alloys may comprise nickel, titanium and additional elements
such as: niobium, hafnium, tantalum, tungstcn and gold. The ratio of the nickel and titanium 1n
the super clastic alloy will alter the martensite/austenite transition temperaturces. An alloy having
more than 50.5 atomic % nickel has a complecte transition temperature from the martensite phase
to the austenitc phasc (Ay) below human body temperature, so that austenite is the only stablc
phase at body temperature. The alloy preferably has an A, 1n the range from about 24° C to
about 37° C. The M;1s about 25° to 50° C lower than the Ay

Becausc these super clastic alloys arc capable of cxtreme deformation, it 1s desirable to
design products that will not exceed the maximum allowable strain during use. In trying to
minimize the maximum strain expericnced by the struts and loops, the present invention utilizes
a structural gcometry that distributcs stratn to arcas of the stent which arc Iess susceptibic to
failure. For example with reference to FIGS. 1 and 2, one of the most vulnerable arcas of the
stent 50 1s the inside surface S of the connecting loops 62 defined by the inner radius which
undcrgocs the most detormation and thercfore has the highest Ievel of strain of all the stent
features. This area 1s also critical in that i1t 1s usually compressed into the smallest radius on the
tissue repair matrix. Stress concentrations are minimized by designing the loops 62 with the
largest radit possible and/or have a smaller change 1in angle o between the compressed and fully
cxpanded states shown 1 FIG. 2.

Nitinol can withstand extremely large amounts ot elastic strain deformation, so the above
features arc well suited to a stent made from this alloy. This feature atiows for maximum
uttlization of Nitinol or othcr matcrial capabalitics to cnhance radial strength, improve stent
strength uniformity, improves fatigue lifc by minimizing local strain levels and improves stent

apposition in urregular organ wall shapes and curves.
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Although particular embodiments of the present invention have been shown and
dcscribed, modification may be made to the device and/or method without departing from the
spirit and scopce of the present invention. The terms used in describing the invention arc uscd in

their descriptive sense and not as terms ot limitations.
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What is claimed is:
l. A stent for insertion into a vessel of a patient, the stent comprising:

a) a tubular member having front and back open ends and a longitudinal axis extending
therebetween, the tubular member having a first smaller diameter for insertion into the
vessel and a second larger diameter for deployment into the vessel;

b) the tubular member comprising a plurality of adjacent hoops having inner and outer
diameters and extending between the front and back ends of the tubular member, the
hoops comprise a plurality of longitudinal struts and a plurality of loops connecting
adjacent struts; and

c) athin film tube of metal alloy having inner and outer diameters, the thin film tube
holding the plurality of hoops apart from each other and in alignment with the
longitudinal axis, wherein when the tubular member is in the first smaller diameter,
portions of the thin film tube are folded axially inward or axially outward between at
least some of the plurality of longitudinal struts.

2. The stent according to claim 1, wherein the plurality of adjacent hoops are made from
a superelastic nickel titanium alloy, the hoops having a thickness, and the thin film tube is
made from a superelastic nickel titanium alloy.

3. The stent according to claim 1 or 2, wherein the inner diameter of the thin film tube is
attached to the outer diameters of at least some of the plurality of adjacent hoops, or wherein
the outer diameter of the thin film tube is attached to the inner diameter of at least some ot
the plurality of adjacent hoops.

4. The stent according to claim 1, wherein the thin film tube 1s attached to some of the
hoops of the tubular member with a welded connection, or wherein the thin film tube is

attached to some of the hoops of the tubular member with an adhesive bond, or wherein the
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thin film tube is attached to some of the hoops of the tubular member with a mechanical

connection.
3. The stent according to claim 1, wherein a portion of the thin film tube is porous.
6. The stent according to claim 1, wherein the thin film tube is cut in a pattern to

improve radial and longitudinal flexibility of the stent.

7. The stent according to claim 1, wherein the thin film tube is attached to some of the
hoops of the tubular member with an adhesive bond and has a larger pore size at an end of the

thin film tube than in the center of the thin film tube.

8. The stent according to claim 2, wherein the thin film tube is attached to some of the

hoops of the tubular member with a welded connection.

9. The stent according to claim 2, wherein the thin film tube is cut in a pattern to

tmprove flexibility of the stent.

10.  The stent according to claim 2, wherein the loops and struts have widths which are

less than the thickness of the hoops.

Il. A method for fabricating a stent for insertion into a vessel of a patient, the method
comprising:
a) forming a plurality of hoops by cutting a tube having a thickness and inner and outer

diameters ito patterns comprising a plurality of longitudinal struts and a plurality of

loops connecting adjacent struts;

b) vapour depositing a thin film tube having inner and outer diameters;

¢) attaching the thin film tube of metal alloy to the plurality of hoops; and

d) folding portions of the thin film tube axially inwards or axially outwards between at
least some of the plurality of longitudinal struts.

12.  The method for fabricating the stent of claim 11, wherein the thin film tube is vapour

deposited directly onto the outer diameter of the plurality of hoops.
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13.  The method for fabricating the stent of claim 11 further comprising: breaking the thin
film tube at a gap between two of the adjacent hoops.

14. A stent for insertion into a vessel of a patient, the stent comprising:

a) a tubular member having front and back open ends and a longitudinal axis extending
therebetween, the tubular member having a first smaller diameter for percutaneous
Insertion into the vessel and a second larger diameter for deployment in the vessel;

b) the tubular member comprising a structural frame having a plurality of only discrete,
independent, and unconnected adjacent hoops having inner and outer diameters and
extending between the front and back ends of the tubular member, the hoops comprise
a plurality of longitudinal struts and a plurality of loops connecting adjacent struts
cach of the plurality of longitudinal struts having a luminal surface, an abluminal
surtace, and side walls extending between the luminal and abluminal surfaces; and

¢) a metallic thin film tube having inner and outer diameters, the thin film tube being
affixed to at least a portion of the hoops and holding the plurality of hoops apart from
each other and in alignment with the longitudinal axis, wherein when the tubular
member 1s in the first smaller diameter, the thin film tube is folded axially inward
between at least some circumferentially adjacent longitudinal struts, so as to extend
past the abluminal surface and in between the side walls of the circumferentially
adjacent longitudinal struts, the portions of the folded thin film tube containing bends
detining a bending line, and the bending line being parallel to the longitudinal axis.

15.  The stent according to claim 14, wherein the inner diameter of the thin film tube is
attached to the outer diameters of at least some of the plurality of adjacent hoops.
16.  The stent according to claim 14, wherein the outer diameter of the thin film tube is

attached to the inner diameter of at least some of the plurality of adjacent hoops.
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17.  The stent according to claim 14, wherein the thin film tube is attached to some of the

hoops with a welded connection.

18.  The stent according to claim 14, wherein the thin film tube is attached to some of the
hoops with an adhesive bond.

19.  The stent according to claim 18, wherein the thin film tube has a larger pore size at an
end of the thin film tube than in the center of the thin film tube.

20.  The stent according to claim 14, wherein the thin film tube is attached to some of the
hoops with a mechanical connection.

21.  The stent according to claim 14, wherein a portion of the thin film tube is porous.

22.  The stent according to claim 14, wherein the thin film tube is cut in a pattern to

improve flexibility of the stent.

23.  The stent according to claim 22, wherein the pattern improves radial and longitudinal
flexibility of the stent.
24. A stent for insertion into a vessel of a patient, the stent comprising:

a) a tubular member having front and back open ends and a longitudinal axis extending
therebetween, the tubular member having a first smaller diameter for percutaneous
insertion into the vessel and a second larger diameter for deployment in the vessel;

b) the tubular member comprising a structural frame having a plurality of only discrete,
independent and unconnected adjacent hoops made from a superelastic nickel
titanium alloy, the hoops having an inner and outer surface defining a thickness there
between, and extending between the front and back ends of the tubular member, the
hoops comprise a plurality of longitudinal struts and a plurality of loops connecting

adjacent struts; and

¢) a metallic thin film tube made from a superelastic nickel titanium alloy affixed to at

least a portion of the hoops, the thin film tube having inner and outer diameters and
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holding the plurality of hoops apart from each other and in alignment with the
longitudinal axis, wherein when the tubular member is in the first smaller diameter,
the thin film tube is folded between at least some circumferentially adjacent
longitudinal struts so as to extend into an area circumferentially adjacent the hoop
thickness, the portions of folded thin film tube containing bends defining a bending
line, and the bending line being parallel to the longitudinal axis.

25.  The stent according to claim 24, wherein the inner diameter of the thin film tube is

attached to the outer surface of at least some of the plurality of adjacent hoops.

26.  The stent according to claim 24, wherein the outer diameter of the thin film tube is

attached to the inner surface of at least some of the plurality of adjacent hoops.

27.  The stent according to claim 24, wherein the thin film tube is attached to some of the

hoops of the tubular member with a welded connection.

28.  The stent according to claim 24, wherein the loops and struts have widths which are
less than the thickness of the hoops.

29.  The stent according to claim 14 or 24, wherein the thin film tube is vapor deposited
onto and bonded to at least some of the hoops of the tubular member.

30. A method for fabricating a stent for insertion into a vessel of a patient, the stent
having a first smaller diameter for percutaneous insertion into the vessel an a second larger
diameter for deployment in the vessel, the method comprising:

a) forming a plurality of only discrete, independent and unconnected hoops by cutting a
tube having a thickness and inner and outer diameters into patterns comprising a
plurality of longitudinal struts and a plurality of loops connecting adjacent struts to
form a continuous serpentine patter around the diameter of each discrete hoop, each of
the plurality of longitudinal struts having a luminal surface, an abluminal surface, and

side walls extending between the luminal and abluminal surfaces;
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b) orienting the plurality of discrete hoops in spaced apart relationship along a
longitudinal axis;
c) vapor depositing a metallic thin film tube having inner and outer diameters;
d) affixing the thin film tube to the plurality of hoops; and
e) tolding the thin film tube along bend lines parallel to the longitudinal axis so that
when the stent is in the smaller diameter, the thin film tube is folded between at least
some circumferentially adjacent longitudinal struts so as to extend between the side
walls of the circumferentially adjacent longitudinal struts.
31.  The method for fabricating the stent according to claim 30, wherein the thin film tube
1S vapor deposited directly onto the outer diameter of the plurality of hoops.
32.  The method for fabricating the stent according to claim 30 further comprising:
breaking the thin film tube at a gap between two of the adjacent hoops.
33.  The method for fabricating the stent according to claim 30, wherein attaching the thin
tilm tube to the plurality of hoops comprises attaching the inner diameter of the thin film tube
to the outer diameters of at least some of the plurality of discrete hoops.
34.  The method for fabricating the stent according to claim 30, wherein attaching the thin
film tube to the plurality of hoops comprises attaching the outer diameter of the thin film tube
to the inner diameters of at least some of the plurality of discrete hoops.
35.  The method for fabricating the stent according to claim 30, wherein the thin film tube
is attached to some of the hoops with a welded connection.
36.  The method for fabricating the stent according to claim 30, wherein the thin film tube
1s attached to some of the hoops with an adhesive bond.
37.  The method for fabricating the stent according to claim 30, wherein the thin film tube

s attached to some of the hoops with a mechanical connection.
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38.  The method for fabricating the stent according to claim 30 further comprising cutting
a pattern in the thin film tube, the pattern oriented to improve radial and longitudinal
flexibility of the stent.

39.  The method for fabricating the stent according to claim 30, wherein the step of
attaching the thin film tube to the plurality of hoops further comprises attaching the thin film
tube, 1n an alternating pattern, between an inside surface and an outside surface of adjacent
hoops.

40. A stent for insertion into a vessel of a patient, the stent comprising:

a) a tubular member having front and back open ends and a longitudinal axis extending
therebetween, the tubular member having a first smaller diameter for percutaneous
insertion into the vessel and a second larger diameter for deployment in the vessel;

b) the tubular member comprising a structural frame having a plurality of only discrete,
independent, and unconnected adjacent hoops having an inner and outer surface
defining a thickness therebetween, and extending between the front and back ends of
the tubular member, the hoops comprise a plurality of longitudinal struts and a
plurality of loops connecting adjacent struts; and

c) a metallic thin film tube having inner and outer diameters, the thin film tube being

affixed to at least a portion of the hoops and holding the plurality of hoops apart from

each other and in alignment with the longitudinal axis, wherein when the tubular
member 1s in the first smaller diameter, the thin film tube is folded between at least
some circumferentially adjacent longitudinal struts, so as to extend into an area
circumterentially adjacent the hoop thickness, the portions of the folded thin film tube
containing bends defining a bending line, and the bending line being parallel to the
longitudinal axis, wherein the thin film tube is attached to some of the hoops by

solder.
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41.  The stent according to claim 40, wherein the inner diameter of the thin film tube is
attached to the outer surface of at least some of the plurality of adjacent hoops.
42.  The stent according to claim 40, wherein the outer diameter of the thin film tube 1s
attached to the inner surface of at least some of the plurality of adjacent hoops.

43.  The stent according to claim 40, wherein the thin film tube is attached to some of the

hoops with a welded connection.
44.  The stent according to claim 40, wherein the thin film tube is attached to some of the

hoops with an adhesive bond.

45.  The stent according to claim 40, wherein the thin film tube is attached to some of the
hoops with a mechanical connection.

46.  The stent according to claim 40, wherein a portion of the thin film tube is porous.

47.  The stent according to claim 40, wherein the thin film tube is cut in a pattern to
improve radial and longitudinal flexibility of the stent.

48.  The stent according to claim 47, wherein the thin film tube has a larger pore size at an
end of the thin film tube than in the center of the thin film tube.

49.  The stent according to claim 40, wherein the thin film tube is vapor deposited onto

and bonded to at least some of the hoops.

50.  The stent according to claim 40, wherein the thin film tube has features formed during

a deposition process to improve tlexibility of the stent.
51. A stent for insertion into a vessel of a patient, the stent comprising:

a) a tubular member having front and back open ends and a longitudinal axis extending
therebetween, the tubular member having a first smaller diameter for percutaneous
insertion into the vessel and a second larger diameter for deployment in the vessel;

b) the tubular member comprising a structural frame having a plurality of only discrete,

independent and unconnected adjacent hoops made from a superelastic nickel
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titanium alloy, the hoops having an inner and outer surface defining a thickness there
between, and extending between the front and back ends of the tubular member, the
hoops comprise a plurality of longitudinal struts and a plurality of loops connecting
adjacent struts; and
c) a metallic thin film tube made from a superelastic nickel titanium alloy affixed to at

least a portion of the hoops, the thin film tube having inner and outer diameters and
holding the plurality of hoops apart from each other and in alignment with the
longitudinal axis, wherein when the tubular member is in the first smaller diameter,
the thin film tube is folded between at least some circumferentially adjacent
longitudinal struts so as to extend into an area circumferentially adjacent the hoop
thickness, the portions of folded thin film tube containing bends defining a bending
line, and the bending line being parallel to the longitudinal axis; and wherein the thin
film tube is cut in a pattern to improve flexibility of the stent.

52.  The stent according to claim 51, wherein the inner diameter of the thin film tube 1s

attached to the outer surface of at least some of the plurality of adjacent hoops.

53.  The stent according to claim 52, wherein the loops and struts have widths which are

less than the thickness of the hoops.

54. The stent according to claim 52, wherein the thin film tube has features formed during
a deposition process to improve flexibility of the stent.
55.  The stent according to claim 52, wherein the thin film tube is vapor deposited onto

and bonded to at least some of the hoops.
56.  The stent according to claim 51, wherein the outer diameter of the thin film tube is
attached to the inner surface of at least some of the plurality of adjacent hoops.

57.  The stent according to claim 51, wherein the thin film tube is attached to some of the

hoops with a welded connection.
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