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EXPANDABLE MEDICAL DEVICE WITH
DIFFERENTIAL HINGE PERFORMANCE

BACKGROUND OF THE INVENTION

Field of the Invention

The invention relates to an expandable medical device, such as a stent, and more
particularly, the invention relates to an expandable medical device having hinges or strain

concentration features.

Description of the Related Art

Permanent and biodegradable stents are used for implantation within a body
passageway to maintain patency of the passageway. Coronary stents are typically introduced
percutaneously, and transported transluminally until positioned at a desired location. These
stents are then expanded either mechanically, such as by the expansion of a balloon
positioned inside the device, or expand themselves by releasing stored energy upon actuation
within the body. When the stent 1s permanent and expanded within the lumen, the stent
becomes encapsulated within the body tissue and remains a permanent implant. When the
stent 1s biodegradable and expanded within the lumen, the stent becomes encapsulated within
the body tissue and degrades over time.

Known stent designs include monotfilament wire coil stents (U.S. Pat. No. 4,969,458);
welded metal cages (U.S. Pat. Nos. 4,733,665 and 4,776,337); and, most prominently,
thin-walled metal cylinders with axial slots formed around the circumference (U.S. Pat. Nos.
4,733,665; 4,739,762; and 4,776,337). Known construction materials for use in stents
include polymers, organic fabrics, biocompatible metals, such as stainless steel, gold, silver,
tantalum, titanium, and shape memory alloys, such as Nitinol.

Many stents are delivered to an implantation site and deployed by a balloon catheter.
Balloon expandable stents are mounted on a balloon at a distal end of a balloon catheter and
expanded by inflation of the balloon. However, as the balloon is inflated, often the ends of

the balloon and stent will expand first followed by expansion of the center of the balloon and
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stent. This expansion in a dumbbell shape can result in displacement of the lesion toward the
center of the stent.

The stent can also recoil inward after expansion. However, the ends of the stent can
recoil further than a center portion due to concentration of the inward forces applied by the
vessel walls on the ends of the stent. This can result in an implanted stent with inwardly
tapering ends.

Accordingly, it would be desirable to provide an expandable medical device, such as a
stent, having improved uniformity during expansion and/or improved uniformity after

expansion.

Summary of the Invention

The present invention relates to an expandable medical device having reduced
sections or hinges with differing performance depending on their location on the device.

In accordance with one aspect of the invention, an expandable medical device
includes at least one middle expandable ring formed of a plurality of substantially rigid struts
interconnected by deformable ductile hinges and two end expandable rings one located at
each opposite axial end of the expandable medical device and interconnected to the at least
one middle expandable ring by flexible connecting elements. The end expandable rings are
formed of a plurality of substantially rigid struts interconnected by deformable ductile hinges.
The ductile hinges of the at least one middle expandable ring have a hinge width less than a
hinge width of the ductile hinges of the end expandable rings.

In accordance with another aspect of the invention, a method of improving crimping
of stents onto balloons comprises the steps of forming a stent with a plurality of struts and a
plurality of ductile hinges, forming a portion of the plurality of ductile hinges located at axial
ends of the stent with a larger width than a remainder of the plurality of ductile hinges,
crimping the stent onto a balloon catheter by compressing the stent to a uniform crimped
diameter along the axis of the stent, and releasing the compressive force of crimping and
causing the stent to recoil a first percentage at the axial ends of the stent and a second
percentage at a middle portion of the stent, wherein the second percentage is greater than the
first percentage. The ductile hinges are designed to deform plastically upon radial expansion
or compression of the stent while the struts experience substantially no plastic deformation

upon radial expansion or compression.
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In accordance with a further aspect of the invention, a stent and delivery system
includes a balloon catheter and a stent crimped onto the balloon catheter, wherein a crimped
center portion of the stent has a first diameter which is greater than second and third

diameters of opposite end portions of the stent.

Brief Description of the Drawing Figures

The invention will now be described in greater detail with reference to the preferred

embodiments illustrated in the accompanying drawings, in which like elements bear like
reference numerals, and wherein:

FIG. 1A is an enlarged perspective view of one example of a stent according to the
present invention in a semi expanded configuration.

FIG. 1B is a top view of the stent of FIG. 1A which has been unrolled and
laid flat.

FIG. 2 is an enlarged view of a portion of the stent of FIGS. 1A and 1B.

Detailed Description

FIGS. 1A 1B, and 2 illustrate a stent 10 formed from a plurality of expandable rings
20 and a plurality of flexible bridging elements 30 connecting the rings. The stent 10 is
expandable from an insertion configuration to an expanded implanted configuration by
deployment of an expanding device, such as a balloon catheter. The stent 10 is illustrated in
a partially expanded configuration for ease of illustration. The expandable rings 20 provide
radial hoop strength to the stent while the flexible bridging elements 30 allow the stent to flex
axially during delivery and afier implantation. The stent 10 is configured with expandable
rings having different configurations for the end rings 20A and the middle rings 20 to achieve
improved crimping, expansion, and post-expansion properties of the stent.

The expansion of a stent by a balloon catheter involves mounting the stent on the
balloon and inflating the balloon with a fluid. When the balloon inflates, the first portions of
the balloon to inflate are the end portions outside the boundaries of the stent. This is due to
the constraining forces of the stent impeding the expansion of the portion of the balloon
under the stent. The balloon then inflates inward from the ends creating a slight hourglass
shape in the stent and balloon during expansion. Upon complete expansion, the stent will
generally reach an even expansion eliminating the hourglass effect due to the relatively fixed

shape of the inelastic balloons used to deploy the stents.
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When the stent is enlarged in an artery in this hourglass shape, the lesion can be
remodeled toward a center of the stent creating a densified lesion and an undesirable
narrowing in the center of the stent. In addition, when the stent is deployed at a bifurcation,
the hourglass shaped expanding profile of the stent can displace the lesion toward the
junction of the bifurcation and possibly increasing occlusion of the branch vessel.

In the event that a stent opens in an hourglass shape with one end opening first, the
stent can tend to migrate during deployment. The migration of a stent during deployment can
result in an improper placement of the stent.

To address these difficulties in stent expansion uniformity, the stent 10 described
herein i1s configured with expandable rings 20A at either end of the stent having increased
radial strength compared to the expandable middle rings 20. This difference between the
configuration of the stent at the middle and ends of the stent results in more even expansion
properties of the stent and better crimping properties of the stent.

As shown in FIGS. 1, 1B and 2 the expandable rings 20, 20A are formed by a
plurality of struts 22 and a plurality of ductile hinges 24, 24 A arranged such that upon
expansion, the ductile hinges are deformed while the struts are not deformed or not
significantly deformed. The ductile hinge 24, 24A and strut 22 structures are described in
further detail in U.S. Patent No. 6,241,762 which is incorporated herein by reference in its
entirety. The ductile hinges 24, 24 A can be straight or curved, tapered or of constant width.
Preferably, the hinges are somewhat curved and tapered to achieve substantially uniform
strain along the length of the hinges. By increasing the widths of the ductile hinges 24, 24A
in the end rings 20A compared to the middle rings 20 the stent can be designed for more
uniform expansion and improved crimping.

The term “width” as used herein means a dimension of an element in a plane of the
cylindrical surface of the stent. The width is generally measured along a line substantially
perpendicular to the edges of the element at any particular location along the element. When
the edges of the element are not parallel, the width is measured along a line substantially
perpendicular to a line bisecting an angle created by the edges of the element.

The rings 20, 20A have alternating open and closed ends. In the arrangement shown
in FIG. 2, the closed ends 26 of the rings 20, 20A are aligned with closed ends of adjacent
rings and the closed ends are interconnected by the flexible bridging elements 30 or other
connecting elements. Structures having aligned adjacent closed ends 26 as shown can be

referred to as structures which are substantially 180° out of phase. The expandable rings 20,
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20A shown have generally Z-shaped structures. However, the expandable rings may
alternatively be formed in any of the other known ring structures including serpentine rings
(S-shaped structures), other Z-shaped structures, diamond structures, chevron shapes, or the
like which are in phase or out of phase.

The flexible bridging elements 30 are designed with elements having varying widths
contoured to distribute strain substantially uniformly along the bridging elements. The
contoured shapes of the bridging elements 30 maximizes fatigue strength and flexibility of
the bridging elements. Although contoured bridging elements 30 have been shown, many
other shaped bridging elements can be used including S-shaped, M-shaped, V-shaped,
straight, or other known structures. The bridging elements 30, as shown connect each of the
adjacent closed ends 26 forming a closed cell structure. However, every other or every third
end can be interconnected forming an open cell structure.

The stent 10 illustrated in FIGS. 1A, 1B, and 2 is also designed with a plurality of
holes or reservoir within the struts or other elements which can be non-deforming or
substantially non-deforming. The reservoirs allow the stent to deliver one or more beneficial
agents which can be delivered luminally, murally, or bi-directionally. The term "beneficial
agent" as used herein is intended to have 1its broadest possible interpretation and 1s used to
include any therapeutic agent or drug, as well as inactive agents such as barrier layers, carrier
layers, therapeutic layers, or protective layers. Exemplary classes ot therapeutic agents
which can be used in the beneficial agent of the present invention include one or more
antiproliferatives (paclitaxel and rapamycin), antithrombins (i.€., thrombolytics),
immunosuppressants, antilipid agents, anti-inflammatory agents, antineoplastics,
antimetabolites, antiplatelets, angiogenic agents, anti-angiogenic agents, vitamins,
antimitotics, NO donors, nitric oxide release stimulators, anti-sclerosing agents, vasoactive
agents, endothelial growth factors, insulin, insulin growth factors, antioxidants, membrane
stabilizing agents, and anti-restenotics. Although beneficial agent reservoirs have been
1llustrated, the reservoirs can be omitted and the design modified to create a nondrug-eluting
stent, a surface coated drug-eluting stent, or a biodegradable stent structure.

As described above, the stent 10 or other expandable medical device includes at least
one middle expandable ring 20 formed of a plurality of the substantially rigid struts 22
interconnected by the deformable ductile hinges 24. The ends of the stent 10 are formed by
expandable rings 20A located at opposite axial ends of the stent and interconnected to the at

least one middle expandable ring 20 by flexible connecting elements 30. The end expandable
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rings 20A are formed of a plurality of substantially rigid struts 22 interconnected by
deformable ductile hinges 24A. To create the uniform expansion and prevent an hourglass
shape during expansion, the ductile hinges 24 of the at least one middle expandable ring 20
have a hinge width Wg less than a hinge width W, of the ductile hinges 24A in the end
expandable rings 20A. The stent 10 can open in a uniform manner or with the middle
expandable rings 20 opening first to stabilize and prevent migration of the stent during
deployment.

In the illustrated embodiment, two ductile hinges 24, 24A are located adjacent each
bend in the Z-shaped patterns of the expandable rings 20, 20A. However, the hinges can also
be located at other locations, such as, at the apex of an S-shaped pattern. The ductile hinges
24, 24A each have a hinge width W, Wg which is less than widths of the adjacent struts 22,
and the hinges have a hinge length which is less than lengths of the adjacent struts. Thus, the
ductile hinges 24, 24 A are designed to deform plastically upon radial expansion or
compression of the stent 10 while the struts 22 experience no or substantially no plastic
deformation upon radial expansion or compression.

In one preterred embodiment, the ductile hinges 24 of the middle expandable rings 20
have a hinge width Wy about 5% to about 50% less than a hinge width W of the ductile
hinges 20A of the end expandable rings 20A. In another embodiment, the ductile hinges 20
of the middle expandable rings have a hinge width Wg about 5% to about 25% less than a
hinge width W4 of the ductile hinges 20A of the end expandable rings 20A.

A strut width of the end expandable rings 20A and the middle expandable rings 20
as shown are substantially the same. However, the strut widths can also be varied, such as, to
accommodate differing size reservoirs for delivery of different drugs, or amounts of drugs to
the ends and middle of the stent.

In the device illustrated, the ductile hinges 24A of the end expandable rings 20A have
a width about 45% to about 55% less than a width of the substantially rigid struts 22 of the
end expandable rings. The ductile hinges 24 of the middle expandable rings 20 have a width
of about 50% to about 60% less than a width of the substantially rigid struts 22 of the middle
expandable rings. These relationships between the strut widths and hinge widths can be
varied depending on the particular design of the stent and hinge structure.

In the illustrated embodiment, the end expandable rings 20A having the larger width
ductile hinges 24 A each have a length which is about 3% to about 30% of an overall length of

the expandable medical device. Thus, the strengthen portion of the stent accounts for about
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10% to about 60% of the total stent length and is arranged at both ends of the stent. For
example, the strengthened portion at one end of the stent can have a length of about 0.5 mm
to about 10 mm, preferably about 1 to about 3 mm.

The stent 10 described herein configured with expandable rings 20A at either end of
the stent having increased radial strength compared to the expandable middle rings 20 also
provides improved crimping and retention characteristics. When a larger width hinge 24A s
deformed, as in crimping, an increased force required to deform the hinge results in an
increased strain in the hinge for the same deformation. Thus, for the same deformation, the
larger hinge 24A has a higher strain and an associated smaller percentage recoil. When the
stent is crimped to a uniform diameter, the end rings 20A with the wider hinges 24A will
have less recoil than the central rings 20. Thus, the stent 10 is crimped onto a balloon in a
shape having narrowed ends. The narrowed ends of the crimped stent 10 help prevent the
stent ends from flaring off of the balloon, especially during bending of the stent around
corners during advancement. The narrowed ends will also prevent the stent from catching on
tissue as the stent is advanced. According to one example, when the stent 10 is crimped onto
a balloon, the crimped diameter of the end portions is at least 5% less than the crimped
diameter of the middle portion.

In the expanded configuration, the end rings 20A having the wider hinges 24A have
ereater strength than the middle rings 30. This greater strength at the stent ends minimize the
tendency of the stent to taper inward at the ends after deployment which can be caused by the
natural inward constriction force of the vessel.

While the invention has been described in detail with reference to the preferred
embodiments thereof, it will be apparent to one skilled in the art that various changes and
modifications can be made and equivalents employed, without departing from the present

invention.
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WHAT IS CLAIMED IS:

1. An expandable medical device comprising:

at least one middle expandable ring formed of a plurality of substantially rigid
struts interconnected by deformable ductile hinges;

two end expandable rings located one at each opposite axial end of the
expandable medical device and interconnected to the at least one middle expandable ring by
tflexible connecting elements, the end expandable rings formed of a plurality of substantially
rigid struts interconnected by deformable ductile hinges;

wherein the ductile hinges of the at least one middle expandable ring have a

hinge width less than a hinge width of the ductile hinges of the end expandable rings.

2. The device of Claim 1, wherein at least two end expandable rings and the at

least one middle expandable ring are formed in S-shaped or Z-shaped patterns.

3. The device of Claim 2, wherein two ductile hinges are located adjacent each

bend in the S-shaped or Z-shaped patterns.

4, The device of Claim 1, wherein the ductile hinges each have a hinge width
which is less than adjacent struts, and the hinges have a hinge length which is less than

adjacent struts.

. The device of Claim 1, wherein the ductile hinges are designed to deform
plastically upon radial expansion or compression of the expandable medical device while the

struts experience no plastic deformation upon radial expansion or compression.

6. The device of Claim 1, wherein the ductile hinges of the at least one middle
expandable ring have a hinge width about 5% to about 50% less than a hinge width of the

ductile hinges of the end expandable rings.

7. The device of Claim 1, wherein the ductile hinges of the at least one middle
expandable ring have a hinge width about 5% to about 25% less than a hinge width of the

ductile hinges of the end expandable rings.
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8. The device of Claim 2, wherein the flexible connecting elements interconnect
the end expandable rings to the middle expandable rings adjacent the bends in the S-shaped
or Z-shaped patterns.

0. The device of Claim 1, wherein the substantially rigid struts of the end
expandable rings and the middle expandable rings have a strut width which is substantially

the same.

10.  The device of Claim 1, wherein the ductile hinges of the end expandable rings
have a width about 45% to about 55% less than a width of the substantially rigid struts of the

end expandable rings.

11.  The device of Claim 1, wherein the ductile hinges of the middle expandable
rings have a width of about 50% to about 60% less than a width of the substantially rigid

struts of the middle expandable rings.

12.  The device of Claim 1, wherein the end expandable rings having the larger
width ductile hinges each have a length which is about 3% to about 30% of an overall length

of the expandable medical device.

13. A method of improving crimping of stents onto balloons, the method

comprising;:

forming a stent with a plurality of struts and a plurality of ductile hinges,
wherein the ductile hinges are designed to deform plastically upon radial expansion or
compression of the stent while the struts experience substantially no plastic deformation upon
radial expansion or compression;

forming a portion of the plurality of ductile hinges located at axial ends of the
stent with a larger width than a remainder of the plurality of ductile hinges;

crimping the stent onto a balloon catheter by compressing the stent to a
uniform crimped diameter along the axis of the stent; and

releasing the compressive force of crimping and causing the stent to recoil a
first percentage at the axial ends of the stent and a second percentage at a middle portion of

the stent, wherein the second percentage is greater than the first percentage.
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14. The method of Claim 13, wherein each of the axial ends of the stent with the
larger width ductile hinges extend for about 3% to about 30% ot the length of the stent.

15.  The method of Claim 13, wherein a crimped diameter of the axial ends is at

least 5% less than a crimped diameter of the middle portion of the stent.

16. A stent and delivery system comprising:
a balloon catheter;
a stent crimped onto the balloon catheter, wherein a crimped center portion of
the stent has a first diameter which is greater than second and third diameters of opposite end

portions of the stent.

17.  The stent and delivery system of Claim 16, wherein the second and third

diameters are at least 5% less than the first diameter.
18.  The stent and delivery system of Claim 16, wherein the stent is formed with a

plurality of ductile hinges, and wherein a portion of the plurality of ductile hinges located at

axial ends of the stent have a larger width than a remainder of the plurality of ductile hinges.

10
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